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Abstract

Synergetic use of meteorological information, remote sensing both ground-based ac-
tive (lidar) and passive (sun-photometry) techniques together with backtrajectory analy-
sis and in situ measurements is carried out for the characterization of dust intrusions. A
case study of air masses advected from Saharan region to the Canary Islands and the
Iberian Peninsula, relatively located close and far away from the dust sources, respec-
tively, was monitored from 11 to 19 March 2008. The observations were performed
over three Spanish geographically strategic within the dust-influenced area stations
along a common dust plume pathway. A 4-day long dust event (13—-16 March) over
the Santa Cruz de Tenerife Observatory (SCO), and a linked short 1-day dust episode
(14 March) in the Southern Iberian Peninsula over both the Atmospheric Sounding Sta-
tion “El Arenosillo” (ARN) and the Granada station (GRA) were detected. Meteorologi-
cal situation favoured the dust plume transport over the area under study. Backtrajec-
tory analysis clearly showed the Saharan origin of the dust intrusion. Under the Saha-
ran air masses influence, AERONET Aerosol Optical Depth at 500 nm (AODSOO) ranged

from 0.3 to 0.6 and Angstrom Exponent at 440/675 nm wavelength pair (AE44°/675) was
lower than 0.5, indicating a high loading and predominance of coarse particles during
those dusty events. Lidar observations characterized their vertical layering structure,
identifying different aerosol contributions depending on altitude. In particular, the 3-
km height layer observed over ARN and GRA stations corresponds to that dust plume
transported from Saharan region after crossing through Canary Islands at 3km height
as observed over SCO site as well. No significant differences were found in the li-
dar (extinction-to-backscatter) ratio (LR) estimation for that dust plume over all stations
when a suitable aerosol scenario for lidar data retrieval is selected. Lidar-retrieved LR
values of 65—70 sr were obtained during the principal dusty episodes. These similar LR
values found in all the stations suggest that dust properties were kept unchanged in the
course of its medium-range transport. In addition, the potential impact on surface of
that Saharan dust intrusion over the Iberian Peninsula was evaluated by ground-level
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in situ measurements for particle deposition assessment together with backtrajectory
analysis. However, no connection between those dust plumes and the particle sedi-
mentation registered at ground level is found. Differences on particle deposition pro-
cess observed in both Southern Iberian Peninsula sites are due to the particular dust
transport pattern occurred in each station.

1 Introduction

The important role that suspended matter plays in the radiative balance of the atmo-
sphere is widely known, influencing both solar and thermal radiation. Evaluation of this
aerosol-radiation interaction is essential for climate forcing assessment at both local
and regional scales. However, large uncertainties exist at present caused in particular
by an incomplete characterization of the optical, microphysical and chemical properties
of the aerosols (IPCC, 2007).

Desert dust represents about 40% of aerosol loading yearly injected into the tro-
posphere (Andreade, 1995). One half of this amount is attributed to the Saharan
desert. Since 2001, different studies have reported more precise dust emission es-
timates ranging from 1000 to 2150 Tg yr_1 (see the review work of Zender et al., 2004,
and references therein). Once suspended, the dust particles can be transported by
strong winds at medium- and long-range distances (Hamonou et al., 1999; Ansmann
et al., 2003). In the course of that transport, the atmospheric impact of dust can be dif-
ferent, since physical and chemical transformations can occur, affecting both the optical
and microphysical properties of dust.

Dust particles lifted by outbreaks in the Saharan region can travel very long distances
and reach Europe and Mediterranean areas, and even after crossing the North Atlantic
Ocean, reach the Southeastern United States (Prospero, 1999; Prospero et al., 2002).
In particular, a long-range dust transport characterization during the SAMUM 2006
campaign in North Africa area with dust plumes crossing towards South Europe has
been recently reported (Muller et al., 2009) for transport modelling validation. In that
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work, EARLINET (European Aerosol Research Lidar NETwork, http://www.earlinet.org)
observations together with both AERONET (AErosol RObotic NETwork, http://aeronet.
gsfc.nasa.gov) data and backtrajectory analysis, among others, have been used for
that purpose. At the same time, Mediterranean studies are being carried out in order to
assess the potential impact of the dust in the chemical processes occurring over that
influenced area by using the same kind of instrumentation (Balis et al., 2000; Dulac
et al., 2009).

These studies reflect the importance of the synergetic use of both remote sensing
from ground-based and satellite platforms and in situ observations for the characteri-
zation of the vertical and horizontal distribution of dust. Height-resolved information of
the dust properties is crucial for the understanding of the aerosol-ozone-UV interac-
tions (i.e., Balis et al., 2002; Zerefos et al., 2002; Bonasoni et al., 2004), and even for
both aerosol forecast modelling (i.e., Perez et al., 2006) and satellite data evaluations
(i.e., Pappalardo et al., 2010). On the other hand, the dust impact on surface is getting
more and more important in diverse socio-economic aspects and health issues (WMO,
2003).

A case study of medium-range dust transport from Saharan region as monitored
crossing the Canary Islands and advected to the Iberian Peninsula is shown in this
study. Canary Islands present a singular location due to their close proximity to Sa-
haran dust sources, acting as a first-detection site for fresh-dust observations. Iberian
Peninsula represents the observational environment for potential transformation moni-
toring of those dust plumes, as transported far away from those source regions. Several
studies leading to characterize dust intrusions reaching these dust-influenced areas
have been previously performed by using different aerosol active and passive tech-
niques, modelling methods and air quality methodologies, including ground-based and
satellite platforms (Miiller et al., 2003; Lyamani et al., 2005; Perez et al., 2006; Escud-
ero et al., 2007; Toledano et al., 2007a,b; Cachorro et al., 2008; Guerrero-Rascado
et al., 2008, 2009; Querol et al., 2008; Basart et al., 2009; Tesche et al., 2009). In this
work we intend to extend that kind of dust characterization along the path as based
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on both the potential changes of the dust properties in the course of the same plume
travelling and its impact on surface deposition.

The aim of this work is focused on the monitoring of a dust plume, regarding both
vertical structure and physical/optical features, coming from Saharan region and its po-
tential surface deposition by using lidar, sun-photometry and surface in situ measure-
ments in three Spanish strategic stations deployed along the same path of this dust
plume: the subtropical Santa Cruz de Tenerife Observatory (SCO-AEMET), around
1000 km far from the Saharan dust sources, and two sites located in the South of the
Iberian Peninsula: the Atmospheric Sounding Station “El Arenosillo” (ARN-INTA), and
the Granada station (GRA-UGR), placed at around 1350 km and 1600 km, respectively,
from Canary Islands. A dust event sequentially covering all three stations on March
2008 was monitored and analyzed. Synergetic use of AERONET columnar-integrated
data for dust intrusion evidence and meteorological synoptic situation together with
backtrajectory analysis for dust plume tracking completes this study.

Description of the measurements sites and methodology used in this work are de-
tailed in Sects. 2 and 3, respectively. A meteorological overview for the monitored pe-
riod is shown in Sect. 4. Section 5 presents results and discussion. Main conclusions
are exposed in Sect. 6.

2 Measurement sites

Three Spanish geographically strategic within the dust-influenced area stations have
been chosen for this study in relation to their lidar, sun-photometry and surface in situ
measurement capabilities. The relative position of these three sites respect to Saharan
region is shown in Fig. 1.
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2.1 Santa Cruz de Tenerife Observatory (SCO-AEMET)

The Santa Cruz de Tenerife Observatory (SCO) is a subtropical station (28.5°N
16.2°W, 52ma.s.l.), a coastal urban background site located in Tenerife (Canary Is-
lands). SCO station is managed by the Atmospheric Research Centre of Izana of
the Spanish Agency of Meteorology (AEMET). This station is both a NASA/AERONET
and NASA/MPLNET (MicroPulse Lidar NETwork, http://mplnet.gsfc.nasa.gov) site, and
belongs to the recently formed Spanish and Portuguese Aerosol Lidar NETwork (SPA-
LINET, http://www.lidar.es/spalinet/). It is a multi-instrumented station devoted to atmo-
spheric research focused on both trace gases and particles measurements by using
in situ techniques and meteorological monitoring in continuous operation. Remote
sensing techniques (lidar, sun-photometry) are also used to complement the aerosol
measurement program at SCO site. This station has an excellent location and qualities
for different atmospheric phenomena studies.

Dust research has been performed over SCO station by using both AERONET
columnar-integrated data and different surface in situ measurements for air quality as-
sessment. Results indicate that the mineral dust dominates the aerosol regime as
a consequence of frequent Saharan dust outbreaks (Basart et al., 2009). PM,,/PM, 5
(Particulate Monitor for aerosols less than 10 and 2.5 um size, respectively) concentra-
tions found during African dust outbreaks were higher in SCO than other Spanish sta-
tions due to its closer proximity to African desert source regions (Querol et al., 2008).

2.2 Atmospheric Sounding Station “El Arenosillo” (ARN-INTA)

The Atmospheric Sounding Station “El Arenosillo” (ARN) belongs to National Insti-
tute for Aerospace Technology (INTA) and is located at the Southwest of the Iberian
Peninsula (37.1°N 6.7°W, 40ma.s.l.). ARN is an NASA/AERONET site; it is a multi-
instrumented station dedicated to atmospheric research by in situ and remote sensing
techniques. “El Arenosillo” observatory is located in a rural protected environment,
near the Donana National Park, and at less than 1 km far from the Atlantic coastline.
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The station has an exceptional situation for first dust detection once crossing over the
Southwestern Iberian Peninsula.

Dust research over this station has been focused on both AERONET columnar-
integrated and surface in situ measurements. Previously reported AERONET data for
desert dust events over this site indicate high turbidity and a predominance of coarse
particles (Toledano et al., 2007a,b). In addition, desert dust air masses presented a rel-
evant annual frequency of 18% with a mean duration period of 4 days, and they were
more frequent in February/March and summer months (Prats et al., 2008; Toledano
et al., 2009). The strongest North African desert dust intrusion over the Iberian Penin-
sula was also analyzed over this site (Cachorro et al., 2008). Surface in situ measure-
ments during 2004 summertime show relevant absorption coefficients (Mogo et al.,
2005) and main PM,, sources were regional, crustal, industrial and marine (Gonzalez-
Castanedo et al., 2008). Analysis of the sub-micrometer particle number size distribu-
tion under different aerosol-type occurrence shows a predominance of accumulation
mode particles for desert dust aerosol with a modal diameter around 0.1 um (Sorribas,
2008). ARN is a representative rural background site in the Iberian Peninsula, where
desert dust intrusions are relatively frequent.

2.3 Granada station (GRA-UGR)

Granada station (GRA) is a non-industrialized urban observatory placed in a natu-
ral basin surrounded by mountains with the highest mountain range located to the
Southeast (with altitudes above 3000m). It is managed by the Andalusian Envi-
ronmental Centre (CEAMA) of the University of Granada (UGR). GRA site is both
a NASA/AERONET and EARLINET station, and is also included in SPALINET like
SCO site. Its multi-instrumental capabilities, including active and passive remote sens-
ing and in situ measurements, allow for monitoring and characterizing a wide array of
atmospheric parameters. This station is located at the same latitude than ARN, but
far from the Atlantic coast at the Southeast of the Iberian Peninsula (37.2°N 3.6° W),
about 50 km from the Western Mediterranean coast and at higher altitude (680 ma.s.l.)
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than the other measurement sites involved in this study.

Atmospheric aerosol columnar properties have been characterized over Granada
(Alados-Arboledas et al., 2003) and specially Saharan dust aerosol features and its
variability have already been studied in recent years by using both ground-based
sun-photometer and lidar data (Lyamani et al., 2004, 2005, 2006a,b, 2008; Alados-
Arboledas et al., 2008; Guerrero-Rascado et al., 2008). Recently Guerrero-Rascado
et al. (2009) reported the most extreme Saharan dust outbreak over the South-
eastern Iberian Peninsula from different measurements (active/passive and ground-
based/satellite), revealing the importance of performing multi-instrumental measure-
ments to properly characterize the contribution of different aerosol types from different
sources during extreme events. In addition, aerosol research has also been completed
with surface in situ measurements (i.e., Lyamani et al., 2008, 2010), where results in-
dicate that the particle properties follow a clear diurnal pattern with two local maxima
occurring in early morning and late evening, as caused by local conditions.

3 Methodology

Height-resolved measurements are carried out by using ground-based aerosol lidars
for vertical assessment of the dust intrusion over all three sites. Size-resolved and
optical measurements are performed by surface in situ instrumentation for dust impact
evaluation on surface once over the Iberian Peninsula. Sun-photometry data and air
mass backtrajectory analysis are also included in this study.

3.1 Ground-based lidars: height-resolved measurements

A detailed description of the three aerosol lidars used in this work and their data pro-
cessing is presented. Main characteristics of them are shown in Table 1. Good results
were obtained from a lidar intercomparison on instrument performance and data re-
trieval algorithms of both the SCO and GRA systems previously performed in the frame
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of SPALINET (Sicard et al., 2009). ARN system was tested against the Koldewey
Aerosol Raman Lidar (KARL) managed by the Alfred-Wegener Institute (AWI, Ger-
many) and devoted to long-term Arctic aerosol observations obtaining a good agree-
ment on instrument performance (Cordoba-Jabonero et al., 2009).

3.1.1 SCO and ARN systems

Two INTA Micropulse Lidars (MPL), MPL-3 (SES Inc., USA) and MPL-4 (Sigma Space
Corp., USA) systems as patented by NASA, were deployed at SCO and ARN, respec-
tively, for dust monitoring over these sites. MPL-3 system is the standard micropulse
lidar currently in operation within NASA/MPLNET. An improved version of it, the MPL-4
system, was temporarily installed at ARN in November 2007 to carry out complemen-
tary measurements on aerosol monitoring and research. MPL is a robust system with
high-pulsed (2500 Hz) and low-energy (7—10 pJ, maximal) “eye-safe” Nd:YLF laser at
523nm (MPL-3) and 527 nm (MPL-4), operational in full-time continuous mode (24 h
a day/365 days a year). These features make available both the temporal and vertical
evolution of the dust layering structure with a good resolution.

Lidar backscattered signal is registered in 1-min integrated time and with a vertical
resolution of 75m, as for MPLNET requirements. Raw signal is corrected by several
factors affecting the instrument (Campbell et al., 2002). Corrected profiles are hourly
averaged in order to increase the signal-to-noise (s/n) ratio.

3.1.2 GRA system

The Raman lidar model LR331D400 (Raymetrics S.A., Greece) is a robust system con-
figured in a monostatic biaxial alignment, pointing vertically to the zenith. It is based
on a pulsed Nd:YAG laser with fundamental emission at 1064 nm, and additional emis-
sions at 532 and 355 nm by using second and third harmonic generators. Output ener-
gies are 110, 65 and 60 mJ at 1064, 532 and 355 nm, respectively, and pulses of 7 to
9ns can be fired with a pulse repetition frequency (PRF) of 1, 2, 5 and 10Hz (a PRF
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of 10 Hz has been used in this study). The receiving system consists of a Cassegrain
telescope and a wavelength separation unit with dichroic mirrors, interferential filters
and a polarization cube, that discriminates seven channels corresponding to elastic
wavelengths (1064, 532 parallel-polarized, 532 perpendicular-polarized, and 355 nm),
and to nitrogen and water vapor Raman-shifted wavelengths (387, 408, and 607 nm).
Raman signals are only used for night-time retrievals. Lidar backscattered signal is
registered in 1-min integrated time and with a vertical resolution of 7.5m.

3.1.3 Lidar data processing

A Klett-Fernald-Sasano iterative inversion algorithm (Fernald et al., 1972; Klett, 1981;
Fernald, 1984; Sasano and Nakane, 1984; Klett, 1985; Sasano et al., 1985) is used
to retrieve the height-resolved aerosol backscattering coefficient (molecular backscat-
tering coefficients are obtained from local radiosoundings, if available). AERONET
Aerosol Optical Depth (AOD) is used to constraint the algorithm convergence, es-
timating thus the lidar ratio (LR, extinction-to-backscatter ratio). Once this value is
determined, the corresponding extinction coefficients can be retrieved, and an hourly-
integrated AOD is calculated from day- and night-time measurements.

3.2 Surface in situ instrumentation: size-resolved measurements

Both ARN and GRA sites have similar instrumentation for characterizing surface in situ
aerosol particle properties. Particles in the micrometer (0.5—10.0 um) size range were
monitored with an Aerodynamic Particle Size (APS) Spectrometer (TSI Mod. 3321)
in both stations. This instrument is a time-of-flight spectrometer that measures the
velocity of particles in an accelerating air flow though a nozzle (Holm et al., 1997).
For conversion of the micrometer particle number size distribution to the volume-metric
one, spherical particles with an effective particle density of 2.Ogcm_3 are assumed
by using the algorithm as described by Sioutas et al. (1999). Stokes corrections are
also applied (Wang and Walter, 1987). In addition, an integrating nephelometer (TSI
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Mod. 3563), backscatter shutter included, was used for scattering and backscattering
particle properties measurements by splitting the scattered light into blue (450 nm),
green (550 nm) and red (700 nm) wavelengths. Thus, an additional Angstrom exponent
(AE,) can be inferred from these nephelometer measurements. Other parameter to be

examined is the fraction of backscattered light at 550 nm (backscatter fraction, BSC55O),
defined as the ratio of the integral of the volume scattering function over the backward
half solid angle divided by the same one over the full solid angle. Truncation and
angular scattering corrections were applied (Anderson and Ogren, 1998).

Dry ambient sub-micrometer size distributions were monitored only in ARN site by
using a Scanning Mobility Particle Sizer (SMPS) (Electrostatic Classifier TSI Mod. 3080
and a Condensation Particle Counter TSI Mod. 3022A). This particle spectrometer
uses the relation between the particle mobility and the diameter to calculate the particle
size (Knutson and Whitby, 1975). Data were obtained in the size range of 14.5-604 nm
by using rates of 0.3 and 3.01 min~" for aerosol and sheath flows, respectively. Volume
size distribution for sub-micrometer aerosols was calculated by assuming spherical
particles. Datasets were also corrected for losses caused by diffusion processes inside
of the instrument (Willeke and Baron, 1993).

3.3 AERONET data: columnar-integrated measurements

All three stations are AERONET sites, routinely performing ground-based aerosol
monitoring to assess optical and microphysical properties of the suspended particles.
Columnar-integrated data are used for dust intrusion evidence. AERONET inversion
products (Dubovik and King, 2000; Dubovik et al., 20086) of level 1.5 (Cloud Screened)
are used in this work. Main AERONET parameters used to evidence the dust signa-
ture are the Aerosol Optical Depth (AOD) and the Angstrom Exponent (AE): high AOD
and low (even close to zero) AE values indicate the presence of dust (large particles)
representing dusty conditions over the observational site (Lyamani et al., 2005; Perez
et al., 2006; Toledano et al., 2007a,b; Cachorro et al., 2008; Guerrero-Rascado et al.,
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2009; Basart et al., 2009). Other retrievals like the single scattering albedo (SSA) and
phase function at 180° (P4g,) are taken into account to derive a columnar-integrated
LR (LRAERONET) according to the expression (Welton et al., 2002):

| RAERONET =4m/SSAx Pygye .

These LR"EFONET vajues are considered for lidar ratio evaluation in comparison with
those estimated by using lidar retrieval algorithms. Unfortunately, AERONET particle
size distribution inversions are unavailable for that dusty period, preventing thus the
comparison with surface in situ size-resolved concentration measurements.

Spectrally resolved AOD, AE and those other optical parameters (SSA and Pgy)
are derived at visible wavelengths close to the lidar laser wavelength (523-532 nm),
depending on the spectral availability for each station. AOD at 500 nm is the one se-
lected if available; otherwise the Angstrom formulation (Angstrom, 1964) is used to
derive it. The AE for the 440/675 nm wavelength pair (AE44°/675) is taken and mean
SSA and Pygy values between those at 440 and 675nm is obtained for LRAERONET
calculations.

In particular, the criteria adopted for dust event evidence are based on: 1) AO
values, representing thus a low (AOD500<0.15), moderate (0.15<AOD5°0<0.35) and
high (AOD50°>0.35) dust loading over the station; and 2) a threshold AE*4Y/875 yalue
<0.5 for dust identification. In this sense, two principal aerosol atmospheric scenarios
have been selected according to the following AOD®® and AE*/7 yalues: no-dusty
conditions with low AOD*® and AE**/67%50.5 and dusty conditions corresponding to
moderate and high AOD®® and AE*4%/675 < 5.

D500

3.4 Air mass backtrajectory analysis

Backtrajectories are calculated to determine the origin and the pathway of the air

masses affecting the three stations involved in this study. Backtrajectory analysis is per-

formed by using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
27027

model Version 4 developed by the NOAA’s Air Resources Laboratory (ARL) (Draxler
and Hess, 1998; Draxler et al., 2009). GDAS (Global Data Analysis System) meteo-
rological files generated and maintained by ARL are used as data input. Kinematical
three dimensional backtrajectories are calculated using the vertical wind component
given by the meteorological model (Stohl, 1998). In particular, the dust intrusions ob-
served over each station can be thus potentially associated to Saharan sources by
examining the HYSPLIT 5-day air mass backtrajectories for each one of three stations
(SCO, ARN and GRA). In order to understand the behaviour of the air masses cir-
culating in the boundary layer (BL) and the free troposphere (FT), backtrajectories at
three different altitudes above ground level (a.g.l.) have been calculated: 500 m (near
the surface), 1500 m (representative of the BL top) and 3000 m (characteristic for FT
heights).

4 Meteorological overview

Meteorological situation is examined to explain the synoptic conditions that originate
those aerosol scenarios. Synoptic charts are provided by the NOAA/ESRL Physical
Sciences Division from their website at http://www.esrl.noaa.gov/psd/ (Kalnay et al.,
1996). Selected pictures at three geopotential heights: 700 hPa (around 3000 ma.s.l.),
850hPa (1500 ma.s.l.) and 925hPa (800 ma.s.l.), for three different dates as repre-
sentative of both no-dusty and dusty conditions depending on each station are shown
in Fig. 2.

Meteorological conditions on 11 March are characterised by an Atlantic high pres-
sure system centred over the North Atlantic, between the Azores Islands and the Ca-
nary Islands, a low pressure system over Mauritania at 700 hPa (around 3000 ma.s.l.),
and an enhanced Azores High system shifted eastwards at 850 hPa (1500 ma.s.l.)
and 925hPa (800ma.s.l.) (see Fig. 2). This situation favours the arrival of Atlantic
air masses from Northwestern and Western directions to both ARN and GRA stations.
Nevertheless, Atlantic air masses arrive at SCO station by different pathways, in this
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case from Northeastern direction (see Fig. 2). Next day (12 March) the synoptic situ-
ation is very similar. Air masses have the same origin but with a major influence from
Western direction to ARN and GRA areas. In the case of SCO site, air masses arrive
from Northeastern direction but with a pathway very close to the Africa coastline.

On 13 March a strong Atlantic high pressure system is well identified over Northern
Africa at 700 hPa, extending over the Iberian Peninsula at 850 hPa and 950 hPa. This
synoptic situation favours a Southwestern flow over ARE and GRA sites, while SCO
site is directly affected by air masses arriving directly from African continent.

Synoptic meteorology on 14 March is determined by a high pressure system centred
over Mali at 700 hPa and over Algeria and Libya at 850 hPa and 925 hPa, respectively.
This configuration causes the arrival of air masses from Africa continent at the three
altitude levels considered and over all the three stations (see Fig. 2). However, the air
masses arriving at SCO site have their origin at similar latitudes to the Canary Islands
(over the Western Sahara) while the Saharan air masses reaching both ARN and GRA
stations have their origin at higher latitudes of the African continent.

Next day (15 March) a change in the synoptic conditions respect to previous days
is observed. The Western flow affecting both ARE and GRA sites is completely dis-
connected from air masses over the Canary Islands which are still originated over the
Saharan region. Therefore, dust levels over SCO station would remain high whereas
those observed over ARN and GRA sites would decrease, as confirmed by results
exposed in the following sections. The situation is similar on 16 March.

On 17-19 March a reinforced Western flow is observed over both ARE and GRA
sites at all altitude levels. Regarding SCO station, a change in the synoptic maps is
registered for this period. The high system at 700 hPa over Mauritania slowly moves
westwards, the Azores high system is observed at its normal position at 925 hPa while
a low pressure system over the Northwestern Iberian Peninsula is moving to the South.
This meteorological scenario produces a meridional flow over the Canary Islands re-
sulting in a sharp decrease of dust content over SCO.
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In summary, the meteorological situation provides optimal conditions for dust intru-
sion occurrence over the geographical area under study during the analyzed period.

5 Results and discussion

A case study of the medium-range scale transport monitoring of a dust plume describ-
ing an Atlantic arch and passing progressively over three Spanish stations is carried
out in this work. Synergetic use of lidar observations and surface in situ measurements
together with AERONET data retrievals and HYSPLIT backtrajectory analysis is per-
formed for evaluation of the potential changes occurred in the optical and microphysical
properties of that dust plume. Dust particle deposition impact on surface once it arrives
at and cross the Southern Iberian Peninsula is also examined.

5.1 Saharan dust intrusion identification
5.1.1 Evidence of dust signature

The dust event has been monitored from 11—16 March 2008 over all three stations.
According to the dusty conditions criteria adopted (AOD%°>0.15 and AE**%/75<0.5,
see Sect. 3.3), a 4-day long dust event (13—16 March) over SCO site and a linked short
1-day dust episode (14 March) over both ARN and GRA stations are found. Daily mean
AOD®® and AE**%/®75 for these three stations are shown in Fig. 3a,b, respectively
(dusty periods are marked by light- and dark-shaded areas over SCO and ARN/GRA
sites, respectively).

High (13—14 March) and moderate (15—-16 March) AOD®® values (see Fig. 3) are
found over SCO site (dust event lasts 4 days). In the case of ARN and GRA sites,
the dust event lasts only 1day (14 March). No-dusty conditions with low AOD®%
(<0.15) and high AE*40/675 (>0.5) values are observed just before and after this dusty
monitored period in each station. These AOD®® and AE*%/67® valyes together with
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AERONET-derived columnar-integrated L RAERONET (see Eq. 1) are also shown in Ta-
ble 2 for each station. Therefore, AERONET data confirm the dust intrusion signature:
high (>0.35)/low (<0.15) AOD®® together with low (<0.5)/high (>0.5) AE**%/75 yalues
are found for those dusty/no-dusty days over all three stations.

5.1.2 Medium-range transport tracking of dust plumes

The origin and pathways of those dust plumes as identified over SCO site and later
on ARN and GRA stations are examined by backtrajectory analysis. Five-day air mass
backtrajectories are calculated by using HYSPLIT model at 3 altitudes (see Sect. 3.4)
over each station for the overall period from 11-16 March 2008. Those aerosol sce-
narios are confirmed over the area under study with additional valuable information on
the dust plume tracking. For simplicity, days representative of both no-dusty and dusty
scenarios in each station have been selected: 11 March, 13 March and 14 March 2008.
Plots of 5-day backtrajectories ending at SCO (square line), ARN site (triangle line) and
GRA (circle line) sites for these selected days are shown in Fig. 4.

All air masses (independently on the altitude and site) arrive mostly from the ocean
in no-dusty days. However, those arriving at 1500 m height over ARN and GRA sta-
tions had previously crossed the Iberian Peninsula for 6-9 h (see Fig. 4d,e), carrying
a small aerosol (rural/continental) contribution (AOD < 0.1) as clearly observed by lidar
measurements taken over both ARN and GRA sites at that altitude (see next sections).

Under dusty conditions on 12—13 March, all air masses arrive at SCO site from
Saharan region. A day later (14 March), a change in wind direction in ARN and GRA
stations is observed. In particular, the air mass at 3000 m height, representative of
the FT, is especially investigated because this air mass is coming from the Mauritania
and Western Sahara and most likely corresponds to the same Saharan air mass than
that had crossed Tenerife just a day before (see Fig. 4h,i). Therefore, backtrajectory
analysis confirms that the air masses observed over all three stations were originated
in Saharan region, and that 3-km height air mass had travelled progressively through
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over all three stations.
5.2 Vertical monitoring of dust plume: lidar measurements
5.2.1 Dust extinction layering structure

Vertical characterization of these Saharan dust plumes is focused on their height-
resolved monitoring by using lidar measurements along the dust pathway over all three
stations.

Height-resolved extinction is reported for each site (SCO, ARN and GRA) under no-
dusty and dusty conditions. Only discrete dust extinction hourly-averaged (1-h) profiles
are retrieved at discrete times because lidar data inversion is prevented by random
cloud contamination for the overall observational period. Anthropogenic/marine aerosol
contribution is also examined as a source of uncertainties introduced in that vertical
dust characterization, if necessary. Next, particular aerosol profiling is examined in
detail for each station.

a) SCO aerosol profiling

No-dusty conditions are found over SCO site before and after the 4-day Saharan
dust intrusion (13—16 March 2008) as indicated by AERONET data and HYSPLIT
backtrajectory analysis (see Sect. 5.1). Daily mean AOD*® values were quite low
(AOD*®<0.15) with the AE#40/675 ranging from 0.7 to 1.2 in these no-dusty days of the
overall monitored period. This atmospheric state represents typical clean marine con-
ditions over coastal sites (i.e., Cattrall et al., 2005) like SCO station. In particular, the
no-dusty case over SCO site on 11 March is examined. Aerosol profiling shows a layer
confined in the marine boundary layer (MBL) at heights lower than 1.2km. Vertical
extinction coefficients at 12:00 UTC (1-h averaged profiles) over SCO site are shown in
Fig. 5-left.

Regarding the fact that SCO station is a coastal site, marine contribution to aerosol
profiling is steady. Therefore, a two-component aerosol system in a well differentiated
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two-layer atmosphere is considered for lidar data retrieval (Ansmann, 2006) during that
dust event over SCO station. In these dusty days, two aerosol dusty scenarios are
proposed: 1) a “pure-dust” scenario (PDS), where dust particles are assumed as the
principal aerosol component present in the overall atmosphere (no aerosol-type dis-
crimination), and 2) a “mixed-dust” scenario (MDS), where a mixture of marine and
dust particles are supposed to be present in the boundary layer (BL), and only dust
in the free troposphere (FT). By this procedure, as reported by Cordoba-Jabonero
et al. (2010), the marine aerosol contribution can be considered as a source of uncer-
tainties introduced in that vertical dust characterization by data inversion processing.

Applying this procedure, in particular on 13 March, the day selected as representa-
tive for the 4-day dusty event over SCO site, a multilayered structure slightly varying
along the day is found in each dusty scenario, with a higher dust contribution at BL
heights for the PDS case, as expected by those inversion input conditions. Dust in-
trusion top is reached at around 4.5km height, with the principal dust contribution,
a 2.5 km width layer, extended from 1.5 to 4.0 km height. In this layer a dust enhanced
peak is observed at around 3 km height during morning hours. Lidar-retrieved height-
resolved dust extinction at selected averaged times for each dusty scenario is shown
in Fig. 6.

As expected, when AERONET AOD constraint is applied for data retrieval (see
Sect. 3.1.3), dust profiling is enhanced at FT altitudes (>1.2km) as decreased at BL
heights (<1.2km) for the MDS case in comparison to the PDS one. In particular on
13 March, the daily mean dust contribution to the total AOD at FT heights over SCO
was 69%+2% for the MDS case, higher by comparison with that 58%+3% as obtained
for the PDS. These results highlight the importance of the aerosol scenario selected
for lidar data retrieval (Cordoba-Jabonero et al., 2010). Accordingly, these results are
also reflected in the retrieved LR data, as exposed in next section.

b) ARN and GRA aerosol profilings
A similar analysis of the lidar measurements is performed for both ARN and GRA sites.
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Aerosol no-dusty conditions are found over both ARN and GRA sites just before and
after the 1-day Saharan dust intrusion (14 March 2008) as indicated by AERONET
data and HYSPLIT backtrajectory analysis (see Sect. 5.1). In particular, the case for
13 March is examined, and the vertical extinction coefficients in no-dusty conditions
at noon (1-h averaged profiles) over ARN and GRA sites are shown in Fig. 5-centre
and Fig. 5-right, respectively. In this case, aerosol vertical structure over ARN station
is different to that obtained over SCO site: no significant presence of BL aerosols is
observed. A small aerosol contribution is only found at around 1500 m. This result is in
agreement with backtrajectory analysis presented before in this work (see Sect. 5.1.2):
those air masses arriving at 1500 m (triangle line in Fig. 4e) had previously crossed the
Peninsula for a few hours, likely carrying a small aerosol (anthropogenic/continental)
contribution (AOD < 0.1, see Table 2) at these altitudes. Similar results are also found
for GRA station (circle line in Fig. 4e), but in this case, such a contribution is smaller.
Looking at the GRA profiles, it must be taken into account the higher altitude of this
station (680 ma.s.l.).

Lidar retrieval of extinction coefficients is also performed for the 1-day dusty episode
(14 March 2008) at a few discrete times due to cloud contamination. Lidar-retrieved
height-resolved dust extinction at those discrete times (1-h averaged profiles) for both
ARN and GRA sites is shown in Fig. 7-centre and Fig. 7-right, respectively (SCO pro-
filing is also shown in this figure for comparison purposes). Examining the aerosol
extinction, dust structure presents an extended layer ranging from 2.0 to 4.5 km height,
being more remarkable for ARN site. In this situation, with no significant presence of
BL aerosols, only one of the two previously proposed aerosol dusty scenarios is con-
sidered for data retrieval: the PDS case without any anthropogenic/marine contribution
at BL altitudes. Dust particles are mostly confined in a single layer of 2.0-2.5 km width
at FT altitudes, unlike SCO site where a multilayered dust structure extending from
BL to FT levels was observed. Enhancement of aerosols in the mentioned layer one
day after the air masses crossed Tenerife area confirms that the three stations were
affected by the same Saharan air masses. That dust layer at 3km height over the
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Southern Iberian Peninsula as detected by lidar instrumentation at both ARN and GRA
stations is directly related to that dust plume observed over Tenerife at 3km height,
as stated before by backtrajectory analysis (see Sect. 5.1, and in particular Fig. 4i).
Moreover, GRA site also presents an aerosol contribution at heights lower than 2.0 km.
This is likely due to local anthropogenic aerosol sources. This result is also reflected in
the high AOD values registered in GRA site compared to those measured at rural ARN
station (see Table 2).

5.2.2 Extinction-to-backscatter ratio (LR) retrievals

Lidar-retrieved LR (extinction-to-backscatter ratio) values, considering AERONET daily
mean AOD as a constraint condition (see Sect. 3.1.3 for data processing details), are
obtained for each aerosol scenario: LR=24sr, 31sr and 30 sr under no-dusty condi-
tions, and LR=52sr, 65sr and 70sr under PDS conditions, for SCO, ARN and GRA
sites, respectively. In the MDS case, a LR value of 69 sr is retrieved for SCO station
when a LR=35sr is fixed at BL heights (<1.2km). This former value is assumed as
representative for the mixed state (mixture of marine and dust particles) of the SCO
boundary layer for elastic lidar data inversion (AERONET AOD constrain) (Cordoba-
Jabonero et al., 2010). These results are in good agreement with previously reported
values based on lidar measurements of dust intrusions (i.e, Mona et al., 2006; Mdller
et al., 2003, 2007; Papayannis et al., 2008; Guerrero-Rascado et al., 2009).

Both AERONET-derived (see Table 2) and lidar-retrieved sets of LR values obtained
for the overall monitored period at each station are shown in Fig. 8, where also the
LR ranges adopted for different aerosol types are marked (dashed arrows): marine
(20-30sr), mixed (30-45sr) and dust (45-70sr). This LR criterion for aerosol-type
discrimination is based on results from different previous works, including both lidar
and AERONET retrievals. A summary of the LR values obtained by those reference
works together with other information is shown in Table 3. CALIPSO (Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation, http://www-calipso.larc.nasa.gov)
LR-defined values are also shown for comparison.
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Independently on the observational site, AERONET-derived LR values (open sym-
bols, see legend in Fig. 8) are, in general, overestimated under no-dusty conditions,
but underestimated in the presence of dust in comparison with the lidar-retrieved ones
(solid symbols, see legend in Fig. 8). This AERONET LR underestimation under dusty
conditions is also observed by other authors (i.e., Miiller et al., 2007, 2010). LR values
depend on chemical composition (refractive index), particle shape and size distribu-
tion. Therefore these differences found between both datasets for dust, non-spherical
particles, may in part be caused by an insufficient understanding of the light-scattering
model, highly shape-dependent, that is used in the AERONET data inversion algorithm
(Muller et al., 2010). The AERONET LR overestimation under no-dusty conditions is
also obtained by Landulfo et al. (2003) at Sao Paulo area, where no-dust (marine, con-
tinental, urban and biomass burning) aerosol case studies were only present. These
results indicate the special features of dust particles in order to assess its impact into
the radiative balance of the atmosphere, among other questions, in dependence on the
methods/techniques used for dust characterization.

Important differences in LR values among these three stations are not found. This re-
sult can reflect that dust particles travelling in the same air mass plume have conserved
their optical properties during that medium-range pathway. The small differences found
in the dust properties measured in these stations can be associated to aging processes
(chemical transformations along the tracking) and size distribution variations.

5.3 Potential impact on surface of the medium-range transported dust plume
once over the Southern Iberian Peninsula

5.3.1 Surface air masses analysis

Lidar measurements showed that the dust plume is travelling between 2.5 and 4.5 km
over the Iberian Peninsula, as observed at ARN and GRA stations on 14 March, after
crossing a day before the Canary Islands, and in particular SCO station. HYSPLIT
backtrajectories clearly show a Saharan origin of these dust air masses (see Fig. 4).
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They were following an Atlantic arch through the Canary Islands as favoured by me-
teorological situation in that area before reaching the Southern Iberian Peninsula. In
order to get a better picture on what is going on below that Saharan dust plume at
rather lower heights, a brief analysis of the origin of the air masses arriving at closest-
to-surface altitudes over ARN and GRA stations is performed.

HYSPLIT 5-day backtrajectories ending at both ARN and GRA sites at 500 ma.g.l.
indicate that air masses come directly from the Northern and Northwestern African con-
tinent, influencing ARN station on 14 March from 06:00—14:00 UTC and from 14 March
at 15:00 UTC to 15 March at 09:00 UTC, respectively. In the case of GRA site, they also
arrive from Northern Africa from 14 March at 14:00UTC to 15 March at 10:00UTC
but after crossing previously the Iberian Peninsula. After 15 March at 06:00 UTC air
masses do not come from desert areas. Those air mass backtrajectories ending at
500ma.g.l., representative of the surface impact at ground level of the dust episode,
are shown in Fig. 9 over both ARN (triangle line) and GRA (square line) sites.

In addition, air masses ending at ARN site have been crossing the desert area for
a longer time and have arrived from a higher height (about 1500ma.g.l.) than those
ending at GRA site (see Fig. 9a,b). According to backtrajectories, these air masses
seem not to be related with the upper 3-km height dust plume. However, surface in situ
measurements must be examined to confirm this preliminary result and the potential
dust impact on surface.

5.3.2 Surface in situ observations: ground-level measurements

Both size-resolved and optical properties at ground level are investigated with the aim
to evaluate the impact of desert dust aerosol over ARN and GRA sites. Unfortunately,
due to the limitations of the sun-photometric observations (only daytime data can be
obtained and under clear sky conditions), microphysical derived columnar-integrated
data, including size-resolved distributions, coincident with the duration of the dust event
are not available. Therefore, no comparison with in situ measurements can be per-
formed.
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a) Size-resolved measurements

Particle volume size distribution has been used in this work since this magnitude, better
than number or surface, represents the ground-level sediment mass. Although the par-
ticle number is small, coarse mode is a significant or even dominant contribution to the
total loading. Temporal evolution of the total volume particle concentration (TV) is pre-
sented for four discrete size ranges: 0.01-0.4 um (TVO0), 0.5-1.0 um (TV1), 1.0-2.5um
(TV2) and 2.5-10.0 um (TV3) for the overall period of 12—16 March 2008 in both ARN
(see Fig. 10a,b) and GRA (see Fig. 10c,d) sites (no TVO data are available in GRA
station). Three different kinds of aerosol episodes are selected to illustrate the aerosol
particle size-resolved features: 1) the Regional Anthropogenic Plume (RAP) episode,
presenting an increase of volume concentration predominantly for sub-micrometer par-
ticles (TVO and TV1); 2) the Desert Dust Plume (DDP) episode, with a predominance
of micrometer-size (>1um, i.e., TV2 and TV3 ranges) particles over the total volume
concentration; and 3) the Diurnal Pattern (DP) scenario, characterized by local environ-
mental conditions controlling the particle sources of sub- (TV1) and micrometer- (TV2
and TV3) sizes. These selected aerosol episodes are marked by grey arrows (RAP
and DP) and dashed areas (DDP) in Fig. 10.

RAP episodes appear in ARN site (Fig. 10a,b) when wind was blowing from Northern
direction, where a cement factory is located at about 30 km far from this station. The
strongest RAP episode is observed from the second half of the day 13 March to the
next early morning. During this episode, both TVO and TV1 concentrations increase
by 2.8 and 3.5, respectively. At the same time, TV2 concentration shows the same
behaviour but at a smaller scale.

During DP episodes in GRA station, the volume concentration presents a clear di-
urnal pattern with two local maxima around 08:00 UTC and 19:00 UTC during working
days (see Fig. 10c,d), caused by local traffic and atmospheric boundary layer activities,
as also indicated in previous published works (Lyamani et al., 2008, 2010). The early
morning maximums of TV1, TV2 and TV3 concentrations are 1.7+0.5, 1.5+0.2 and
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1.3+0.3 times on average higher, respectively, than their evening maximums. Morning
DP event on 12 March is selected as representative of local traffic impact over volume
size distributions in GRA site. TV1, TV2 and TV3 concentrations increase by 4.0, 4.6
and 7.0 times, respectively.

Therefore, DP episodes at GRA station and LP events at ARN site produce a sim-
ilar impact on the concentration of submicrometer-size particles (TV1). However, DP
episodes at GRA generate a higher effect on the concentration of micrometer-size par-
ticles than LP events at ARN. By comparison between both stations, TV1 concentra-
tions are similar in both rural-coastal (ARN) and urban (GRA) environments. This result
can be associated to marine aerosol presence over ARN site, and local anthropogenic
particles in GRA station. Regarding TV2 and TV3 particles, their concentrations are
higher in GRA site, with peak values at working days mainly related to re-suspended
aerosols by road traffic.

The analysis of the DDP episode allows assessing the impact on surface and the
duration of the Saharan dust intrusion plume examined in this work. A difference of
8h on dust event detection is observed between both stations, as also observed by
HYSPLIT backtrajectory analysis at ground level (see Sect. 5.3.1 and Fig. 9). That
dust plume travelling coincides with the temporal evolution presented in Fig. 10, and
therefore surface in situ measurements confirm the DDP episode over both ARN and
GRA stations at ground-level surface.

The highest impact of DDP episode over ARN station (see Fig. 10a,b) is observed
on the TV3 concentration, from 14 March at 06:00 UTC to 15 March at 03:00 UTC.
Persistent TV3 levels of about 10 um®cm™ are observed on 14 March at 14:00 UTC,
when the air masses affecting ARN station are crossing at higher altitudes over North-
western African continent (see Sect. 5.3.1). The highest TV1 and TV2 concentrations
in ARN site were registered on 15 March at 00:00 UTC, 10 h later than TV3 maximum
levels. During this episode, the TV1 and TV2 concentrations increase by a factor of 2.
The highest TVO0 concentration in ARN is registered on 15 March at 3:00 UTC, 3 h later
than TV3 highest levels, increasing by more than 2 times for this event. These fine par-
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ticles belong to the DDP episode, since their enhancement and evolution coincide with
that of TV3 particles and the wind was blowing from the Southwest (ocean direction)
but not from the Northern direction, where the cement factory is placed. In the case
of GRA DDP episode (see Fig. 10c,d), the TV3 concentration reaches its maximum
9h later than the TV1 and TV2 concentrations are in their highest levels. A simplified
chronology with the most relevant features of the DDP episode for each particle size
range is shown in Table 4 for both ARN and GRA sites.

Comparing these results obtained in both stations, the highest impact of this DDP
event on background concentration levels is observed in GRA site. These results agree
with the backtrajectory analysis (see Sect. 5.3.1) showing that the air masses arriving
at GRA station during this episode come from rather lower heights, even touching the
surface, than those reaching ARN site (from 1500 m height). This result is also sup-
ported by lidar measurements showing no dust incidence from around 1800 m height
down to surface (see Fig. 7).

Regarding the temporal evolution of the DDP TV particle concentrations during the
DDP episode (see Table 4), differences are observed between both sites in relation
with the deposition process. In ARN large particles are deposited on surface before
the small ones, and TV2 concentration increase is detected at ground level with a 10-h
delay respect to the TV3 concentration. However, the maximum TV3 concentration
in GRA station is detected with a 9-h delay respect to TV2. This opposite result can
be related to the gravitational deposition process in ARN from the 3-km height dust
layer as observed by lidar measurements (see Sect. 5.2) whereas in GRA, particles at
ground level are coming directly from the Africa continent. First deposition behaviour
corresponds to the fact that larger particles (>2.5 um) settle down faster than smaller
ones (<2.5 um) by gravitational process, being then first detected in ARN site, while the
second ones are associated to a slower horizontal velocity of sedimentation for large
particles (TV3), arriving later at GRA station.

Selected particle volume size distributions (VSD) (hourly averaged) at ground level
under dusty and no-dusty conditions are presented in Fig. 11a,b for ARN and GRA
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sites, respectively. The VSD in ARN site have been smoothed due to the high coarse
mode data variability introduced by large statistical errors. As the event proceeds depo-
sition is shifting from coarse mode to fine mode. A representative VSD for the beginning
of dust event can be observed on 14 March at 09:00 UTC in ARN site. Sedimentation
of large particles takes place on 14 March at 15:00 UTC (see Fig. 11a), with a coarse
modal diameter estimation of about 7 pm. Few hours later, on 15 March at 02:00 UTC,
the contribution of small (<2.5 um) particles increases, with fine and coarse modal di-
ameters of 0.2 um and 2.2 um, respectively. Finally, on 15 March at 05:00 UTC, VSD is
characterized by the deposition of submicrometer particles, being the fine and coarse
modal diameters of 0.35 um and 2.0 um, respectively.

These four selected dusty distributions present a ratio of the fine mode to total mode
VSD (VF/T) of 0.54, 0.29, 0.26 and 0.60, respectively. Finally, VSD on 15 March at
12:00 UTC is representative of no-dusty conditions with modal diameters of 0.2 um and
2.3 um for the fine and coarse modes, respectively, and a Vg7 of 0.34. Vg /r values of
around 0.1 correspond to the presence of desert dust particles as based on previous
results on columnar-integrated aerosol characterization in ARN site (Prats et al., 2008),
where regular values below 0.5 were reported. According to the results obtained during
the desert dust event analyzed in this work, the highest dust impact over ARN site
occurs on 14 March at 15:00 UTC and 15 March 02:00 UTC when lower V¢ 7 are found,
i.e. around 0.28, a value higher than that 0.1 reported by Prats et al. (2008). This result
highlights the underestimation provided by the columnar-integrated data to the fine
mode particle contribution under dusty conditions in comparison with that obtained by
surface in situ measurements.

VSD evolution over GRA site is shown in Fig. 11b, which is only evaluated by using
APS system measurements (no instrumentation for particles <0.4 um size detection
is in GRA). Typical no-dusty VSD are found before 14 March at 00:00 UTC and after
15 March at 19:00 UTC. During the first phase of the dusty episode, VSD presented an
increase of micrometer-size particles, mainly within the TV2 particle range, as shown
on 14 March at 19:00 UTC and 15 March at 02:00 UTC in Fig. 11b. For these cases,

27041

a modal diameter of 1.8 um is obtained. Impact of large particles is represented for
the VSD on 15 March at 07:00 UTC, with a modal diameter of 5.1 pm. In the course of
the dust event, coarse mode particles increased. The sequence is the opposite of that
found in ARN site only 250 km away.

Unfortunately, as stated before, comparison between both columnar-integrated and
ground-level datasets has not been possible since AERONET-derived microphysical
data (level 2 inversions) are not available during the dusty episode over both ARN and
GRA stations.

b) Aerosol optical properties

Scattering coefficient at 550 nm (SC550

pair, AEﬁgo/ 700) and backscatter fraction at 550 nm (BSCsso) for surface particles with
a diameter lower than 10 um are also examined, as representatives of optical prop-

erties, along the overall monitored period. Temporal evolution of these parameters
sSco*, AES0/700 and BSC®* (hourly averaged values) in both ARN and GRA stations

n
is shown in Fig. 12a,b, respectively. During RAP episode at ARN station (see Fig. 12a),
the SC*° presents a large enhancement, increasing from 30Mm™' to 123Mm™",

and its maximum value coincides with the peak observed in TVO and TV1. A mean

AEigo/mo value of 1.8+0.1 is obtained for this event, indicating a predominance of fine
particles. As representative of GRA DP event (see Fig. 12b), the episode occurred

on 13 March is selected. SC°*° values obtained during this event are similar to those

obtained for the RAP episode at ARN station. A mean AEﬁ‘r’o/700 value of 1.5+0.3 is
obtained, indicating a predominance of fine particles. Both episodes (RAP and DP)
with different origin present similar scattering properties, with differences in the particle
micrometer-size range (see previous analysis of this section).
550/700

), Angstrom exponent (550/700 nm wavelength

During the ARN DDP episode hourly-averaged AE values decreased from

np
1.88 to 0.45. Mean AEﬁgoﬁoo and SC°* values of 1.1+0.4 and 43+18 Mm™", respec-
tively, were obtained. The highest impact of this DDP episode in ARN site shows an
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increase of the TV3 concentration with the lowest AEﬁso/ 7% and BSC** values, indi-

cating a dominance of those large aerosols over the scattering process (see Fig. 9, Fig.

10a,b). A mean AEﬁgoﬁoo value of 0.7+0.2 is found for this intense period, in agree-
ment with previous reported results on dust optical properties (i.e., Kim et al., 2005),

and also similar SC**° values for the overall DDP period to those analyzed in White
et al. (1994) and Chang et al. (2006). In the case of GRA station, the DDP AES0/700

np
decreased from 0.89 to 0.32, with a mean value of 0.7+0.3. A mean SC®P° value of
_1 550,700

71£25Mm™ " was found for this dusty period. These results for AE, and SC°°
are similar to those obtained by Kalivitis et al. (2007) and Pereira et al. (2008).

By comparing the results obtained in both Southern Iberian Peninsula stations,
SC>° values are around 1.6 times higher in GRA than those obtained in ARN sta-
tion during the DDP episode, because of the significant contribution from local anthro-

pogenic sources in the urban GRA site. In addition, lower AEigoﬁoo values found in
GRA station are in agreement with the high TV2 and TV3 concentrations observed in
GRA site (see Fig. 10). SC%° values for both stations during the DDP episode are
lower than those found for typical sites with higher local pollution levels, which con-
tribute to high aerosol loadings during the DDP event (Kim et al., 2005; Chang et al.,
20086).

In order to evaluate the aerosol effectiveness on solar light radiation, the mass scat-
tering coefficient efficiency at 550 nm (SC‘?,,E’O), defined as the ratio of SC®° to the
aerosol total mass concentration (TM) (i.e., Kalavitis et al., 2007) is determined. In
this work, TM is calculated by the product of the effective density (290m_3 is as-
sumed) and the volume size distribution (VSD). Since SC%° is obtained for particles
with sizes lower than 10 um and no TVO concentration is available in GRA station, the
analysis is performed only for ARN station. Lineal regression of SC%° versus T™ is
shown in Fig. 13 for the RAP event (open circles) and the DDP episode (full squares).
In both cases high correlation coefficients (C.C.) of 0.86-0.87 are obtained, indicat-
ing a good relation between optical and microphysical parameters. SCE,;;r’O values of
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0.88+0.04 m? g_1 and 2.3+0.2m? g_1 are found for dusty and no-dusty periods, re-
spectively. Therefore, anthropogenic industrial particles are 2.5 times more efficient
for solar light scattering than dust particles. These values are in good agreement with
others previously reported for the same kind of aerosols (Kim et al., 2005; Chang et al.,
2006; Pereira et al., 2008).

5.3.3 Dust particle sedimentation

From previously exposed backtrajectory and size-resolved analysis, it came out that
the origin of the DDP episode observed at ground level in both ARN and GRA stations
is from the Northern Africa. But those air masses arrive at closest-to-surface heights
over both stations instead of coming from that observed 3-km height dust plume with
a Saharan-Tenerife pathway, as shown by lidar measurements and HYSPLIT backtra-
jectories (see previous sections). These results can be justified in relation with the
suspension time estimated for these dust particles till their deposition on the surface.

Examining the 3-km wind fields provided by the BSC/DREAM (Barcelona Su-
percomputing Center/Dust REgional Atmospheric Model, http://www.bsc.es/projects/
earthscience/DREAM/) dust model (data not shown), the dust plume at these altitudes
was traveling with a speed of about 40 km h™', and it took 30 h to reach the southern
coast of the Iberian Peninsula. On the other hand, particle sedimentation depends on
size, density and air viscosity (Hinds, 1999; Osborne and Haywood, 2005). For small
particles with sizes approaching to the mean free-path of the gas, there is a “slip” of
the particle (the relative velocity of the gas at the surface of the particle is cero) and the
pressure-dependent Cunningham correction factor has to be included in the Stoke’s
equation. The differences start to be meaningful above 1 uym in diameter (Hinds, 1999;
Osborne and Haywood, 2005). Saharan dust 10- um size particles traveling at 3000 m
sediment by 600 m d™", while 5- pum particle settling is only of 200 m da'.

In consequence, rather low particle sedimentation is expected to occur before the
dust plume reaches the south coast of Iberian Peninsula. This confirms the surface in
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situ results obtained for both ARN and GRA stations, as stated before.

6 Conclusions

The relevance of the synergetic use of simultaneous remote sensing and in situ ob-
servations for aerosol research is highlighted in this work. Meteorological information,
AERONET data, lidar observations, backirajectory analysis and surface in situ mea-
surements have been used for characterization of dust intrusions coming from Sa-
haran region. A medium-range dust plume transported from the Canary Islands to
the Iberian Peninsula, relatively located close and far away from the dust sources, re-
spectively, have been exhaustively monitored from 11-19 March 2008. Observations
were performed over three Spanish geographically strategic within the dust-influenced
area stations along a common dust plume pathway: Santa Cruz de Tenerife Obser-
vatory (SCO, AEMET) in the Canary Islands, and the Atmospheric Sounding Station
“El Arenosillo” (ARN, INTA) and the Granada Station (GRA, UGR) in the Southwest and
Southeast of the Iberian Peninsula, respectively. A 4-day dust event was detected over
SCO station lasting from 13—-16 March 2008; the same dust air mass was observed
over the South of the Iberian Peninsula on 14 March 2008 at both ARN and GRA sites.

Meteorological situation over the area under study favoured the dust plume transport
from Saharan region to Canary Islands, and then to the Southern Iberian Peninsula.
Backtrajectory analysis shows a common Saharan origin of the dust air masses over
all the stations at 3-km height. AERONET data have been used to confirm the dust
particles loading in those plumes in basis of selected AOD and AE ranges: daily mean
moderate/high AOD values (0.3-0.6) together with low AE<0.5 are found over all three
stations for each dust intrusion.

Lidar observations have characterized the vertical layering structure of those dust
plumes, identifying different aerosol contributions depending on altitude. Dust layer
tops are found at 4.5-5.0km height in all stations. SCO extinction profiling displays
a multilayered structure through the overall atmosphere up to the top meanwhile ARN
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and GRA profiles present mainly a single dust layer of 2.0 km thick confined between
2.5 and 4.5km height and peaking at about 3.2km. Backtrajectories at these height
levels confirm the Saharan origin of the plume moving through Canary Islands and
observed over SCO site, before reaching the Iberian Peninsula. In addition, a mi-
nor aerosol (continental/anthropogenic) contribution is observed in GRA station below
2.5km related to air masses crossing through the Iberian Peninsula before reaching
that station, as also confirmed by backtrajectory analysis. Lidar-retrieved LR values
have been estimated for each station, being decisive the selection of the aerosol sce-
nario for data retrieval. Realistic aerosol conditions over SCO station are obtained
when using the proposed “mixed dust” scenario (MDS) with aerosol-type discrimina-
tion. LR values of 24 sr, 31 sr, and 31 sr are found under no-dusty conditions, and 69 sr,
65 srand 70 sr for the principal dusty episodes over SCO, ARN and GRA sites, respec-
tively. The similar values obtained in all three stations provide evidence on that the
dust plume properties keep unchanged in the course of its medium-range transport.
These values are in good agreement with those previously reported for dust particles
(i.e., Mdller et al., 2007; Papayannis et al., 2008). However, LR for dust particles are
underestimated if AERONET retrieved data are used.

Moreover, the potential impact on surface of that Saharan dust plume arriving at the
Iberian Peninsula has been evaluated by ground-level in situ measurements for parti-
cle deposition assessment. An 8 h delay on dust arrival times at ground level between
ARN and GRA sites is found. Differences on particle deposition process are observed
in both sites by using the temporal evolution of the TV particle concentration for discrete
size ranges. Meanwhile TV3 (2.5-10 um) size particles are detected 10 h before than
TV2 (1.0-2.5um) ones in ARN, the particle behaviour over in GRA is just opposite.
The TV2 particles arrived 9 h before than the larger TV3 one. These differences can
be explained by the particular transport pattern occurred in each station. Backtrajec-
tory analysis confirms those closest-to-surface air masses arriving at both sites from
the North Africa continent, coming to GRA site from lower heights than those reaching
ARN station. Therefore, particles over ARN station would be the result of a gravita-
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tional deposition process, while those in GRA station would be mostly influenced by
their horizontal movement. The first behaviour is related to the faster gravitational de-
position (vertical velocity) for larger particles than smaller ones, and the second one is
associated to a slower horizontal movement for the large particles.

A more detailed analysis of the backtrajectories ending at several heights over each
station reveals that those closest-to-surface air masses are coming directly from North-
ern African continent, whereas those ending at 3-km carrying the dust plume are
coming from the considered Sahara-Tenerife-Iberian Peninsula pathway. That is also
confirmed by sedimentation analysis based on particle size, density and air viscosity
computation. The deposition process starts to be meaningful for particles above 1 um
in diameter, but even for dust 10- um size particles, the sedimentation would be by
600md~", i.e., dust plume particles travelling at 3-km height take 5 days to reach the
surface. In consequence, rather low particle sedimentation is expected to occur directly
from the dust 3-km height plume once reached the Southern Iberian Peninsula. There-
fore, dust particles registered at ground level are not related to deposition processes for
particles of that monitored dust plume, being thus its potential impact on surface rather
low. However, dust incidence really exists in relation with those surface air masses
arriving from the Northern Africa continent, as stated before. The dust event as moni-
tored on the ground level over Southern Iberian Peninsula presents a higher incidence
in the Southeastern region respect to the Southwestern area by comparison of both

TV2 and TV3 concentrations registered over both GRA and ARN stations. In addition,

both optical parameters sc®® and AEiio/mo obtained in GRA site are 1.6 higher and

1.7 lower, respectively, than those found in a rural/coastal environment like ARN sta-
tion. Furthermore, aerosol effectiveness on solar light interaction is evaluated in ARN
station on the basis of the mass scattering coefficient SCf,;r’o, resulting in a value close
to 0.9m? g_1 for dust and 2.3m? g"1 for regional anthropogenic industrial aerosols.
This indicates the former particles are 2.5 times more efficient for solar light scattering
than dust particles.
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In summary, synergetic, i.e. multi-instrumented and simultaneous, use of: 1) me-
teorological information; 2) height-resolved dust structure obtained by lidar mea-
surements; 3) optical/microphysical properties derived from AERONET columnar-
integrated data; and 4) both horizontal and vertical backtrajectory analysis of air
masses, in different aerosol stations, represents an important advantage for the char-
acterization of dust properties in the course of their transport from desert source re-
gions as far as their surface deposition. Moreover, ground-level in situ measurements
together with closest-to-surface backtrajectory analysis provide a relevant tool to dis-
criminate different deposition processes and highlight the aerosol-dependent relation
between microphysical and optical properties.

In particular, this work can be presented as a first step to organize a Spanish Warn-
ing System for Saharan dust intrusions that frequently affect the Canary Islands and
the Iberian Peninsula based on both ground-based active (lidar) and passive (sun-
photometry) remote sensing, backtrajectory analysis and surface in situ measure-
ments. Obtained results can be used as a reference for dust monitoring over other
dust-influenced regions.
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Table 1. Main characteristics of the three lidars used in this study.

MPL-3 MPL-4 GRA lidar
SCO ARN GRA
Station (28.5°N 16.2° W, (37.0°N6.7°W, (37.2°N 3.6° W,
52ma.s.l.) 40ma.s.l.) 680ma.s.l.)
. . No,
Routine operation Yes . . Yes
temporal installation
Networks MPLNET - EARLINET
SPALINET - SPALINET
532
Wavelength (nm) 523 527 (used in this study)
Energy/pulse (mJ) 0.007 (max.) 0.010 (max.) 65
Pulse repetition 2500 2500 10
frequency (Hz)
Eye-safe Yes Yes No
Raman capability No No Yes
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Table 2. AERONET daily mean AOD®®, AE*“/%/675 and LRAERONET (see text for details) for the
overall dust tracking monitored period (ND denotes no data available).

Site

Santa Cruz de Tenerife

“El Arenosillo” (ARN-INTA)

Granada (GRA-UGR)

(SCO-AEMET)
Day of
March AOD AE LR (sr) AOD AE LR (sr) AOD AE LR (sr)
2008
11 0.12+0.01 0.7+0.1 40+8 0.05+0.01 1.0+0.1 46+6 0.09+0.01 1.8+0.3 5945
12 ND ND ND 0.06+0.01 1.3+0.3 45+5 0.09+0.05 1.9+0.3 51x10
13 0.48+0.11 0.3+0.1 50+0 0.08+0.01 1.1+0.3 ND 0.10£0.03 1.1+0.3 ND
14 0.42+0.03 0.4+0.0 59+4 0.41+£0.02 0.2+0.0 57+0 0.60+0.28 0.3+0.2 48+3
15 0.28+0.03 0.3+0.0 60+7 0.09+0.02 1.0+0.3 43+12 0.12+0.01 1.6+0.0 76x17
16 0.32+0.03 0.3+0.0 486 ND ND ND 0.08+0.03 1.7+0.1 57+13
17 0.26+0.04 0.7+0.1 32+4 ND ND ND 0.13+0.01 1.1+0.1 ND
18 0.14+£0.00 0.7+0.0 ND 0.10£0.01 1.1£0.1 391 0.09+0.01 1.9+0.3 5545
19 0.09+0.01 1.2+0.1 ND 0.07+0.00 0.9+0.0 ND 0.15+0.01 1.8+0.3 ND
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Table 3. LR values (at 532 nm) reported by several reference works together with other infor-
mation for aerosol-type discrimination criteria.

Observational
Aerosol type LR (sr) AE Observations Zone References
(Campaign)
Marine <40 >1.5 LIDAR Mediterranean Balis et al. (2004)?
2845 0.7£0.4 AERONET Cattrall et al. (2005)°
23+3 LIDAR North Atlantic ~ Mdller et al. (2007)
(ACE-2)
20 Satellite Omar et al. (2009)
(CALIPSO)
r':"o"_‘('j”ugst(dusv 38+10  0.5-1.0 LIDAR Southern Italy  Tomasi et al. (2003)
. 40-60 0.5-1.5 LIDAR Mediterranean Balis et al. (2004)?
particles)
Dust >60 <0.5 LIDAR Mediterranean Balis et al. (2004)?
4214 0.1£0.1 AERONET Cattrall et al. (2005)b
55+5 0.2+0.2 LIDAR Sahara Muller et al. (2007)
(SAMUM)
59+11 0.5+0.5 LIDAR Sahara Muller et al. (2007)
(EARLINET)
40/65 Satellite Omar et al. (2009)
(polluted (CALIPSO)
dust)
& At 355nm
® At550nm
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Table 4. Date and starting and ending times together with the maximum and minimum TV
concentration values as reached for each size range of the DDP episode in both ARN and

GRA stations.
TV concentration
TV Day Day 3. -3
range Starting time  Ending time . .(pm cm .)
Minimum-maximum
ARN station
15 Mar 15 Mar
VO 03:00UTC  09:00UTC 43-88
15 Mar 15 Mar
Vi 00:00UTC  09:00UTC 15-23
15 Mar 15 Mar
Tv2 00:00UTC  05:00UTC 53-106
14 Mar 14 Mar
T3 06:00UTC 03:00UTC 3.0-11.1
GRA station
TVO - - -
14 Mar 15 Mar
Vi 14:00UTC  12:00UTC 0.7-4.0
14 Mar 15 Mar
Tv2 14:00UTC  12:00UTC 39-138
14 Mar 15 Mar
V3 23:00UTC  12:00UTC 10.9-28.6
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Fig. 1. Map showing the geographical situation of the three stations, Santa Cruz de Tenerife
(SCO), “El Arenosillo” (ARN) and Granada (GRA) respect to Saharan dust sources.
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Fig. 2. Meteorological synoptic charts at three geopotential heights: 950hPa (800 ma.s.l.,
a—c), 850 hPa (1500 ma.s.l., d=f) and 700 hPa (around 3000 m a.s.l., g—i). Figure panels corre-
spond to three different dates as representative of both no-dusty and dusty conditions depend-
ing on each station (from top to bottom panels): 11 March, 13 March and 14 March 2008.
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Fig. 3. (a) Daily mean AOD at 500 nm (AOD5°°) and (b) Angstrom exponent (AE44°/ 675) for
these three stations. Dusty periods are marked by light- and dark-shaded areas over SCO and
ARN/GRA sites, respectively.
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Fig. 4. HYSPLIT 5-day backtrajectories ending at 12:00 UTC over SCO (square line), ARN
site (triangle line) and GRA (circle line) sites at different altitudes (a.g.l.): 500m (a—c), 1500 m
(d-f) and 3000 m (g-i). Figure panels correspond to three different dates as representative
of both no-dusty and dusty conditions depending on each station (from top to bottom panels):
11 March, 13 March and 14 March 2008.

27065

Height (km)

[<- -Station alt.: 680 m a.s.l.- »

T T
0.20.0 0.2

Aerosol extinction (km™)

Fig. 5. Height-resolved extinction coefficients at 12:00 UTC (1-h averaged profiles) for no-dusty
conditions over SCO site (left), and ARN (centre) and GRA (right) stations (GRA station is
placed at 680 ma.s.l.). Date of no-dusty lidar measurements is indicated in each panel.
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Fig. 6. Height-resolved extinction coefficients under dusty conditions (13 March 2008) over

SCO site for both the “pure-dust scenario” (PDS) (left) and the “mixed-dust scenario” (MDS)
(right) at selected averaged times (see legend).
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Fig. 7. Height-resolved extinction coefficients (1-h averaged profiles) at discrete times (see
legend) under dusty conditions over SCO site (left), ARN (centre) and GRA (right) stations.
Date of lidar measurements is indicated in each panel.
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Fig. 8. Lidar-retrieved LR (extinction-to-backscatter ratio) values together with those columnar-
integrated AERONET-derived ones (see Table 2). LR ranges adopted for aerosol-type discrim-
ination are also marked (shaded arrows).
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Fig. 9. HYSPLIT 5-day backtrajectories ending at 500 m height a.g.l. over both ARN (triangle
line) and GRA (square line) sites. Figure panels correspond to three representative dates
and times for that dust episode: 14 March at 14:00 UTC (a), 15 March at 02:00 UTC (b) and
15 March at 06:00 UTC (c).
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Fig. 10. Temporal evolution of the total volume (TV) particle concentration (hourly integrated)
for four discrete size ranges: 0.01-0.4um (TVO0), 0.5-1.0um (TV1), 1.0-2.5um (TV2) and
2.5-10.0 um (TV3) for the overall period of 12—16 March 2008, in both ARN (a and b) and GRA
(c and d) sites. Selected aerosol episodes are marked by grey arrows (Regional Anthropogenic
Plume, RAP, and Diurnal Pattern, DP) and shaded area (Desert Dust Plume, DDP) in each
case.
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Fig. 11. Selected in time volume size distributions (VSD) at ground level in both ARN (a) and
GRA (b) sites.
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Fig. 12. Temporal evolution of the scattering coefficient at 550 nm (SC*), the Angstrom Ex-

ponent (AEf,iO/ 700) and the backscatter fraction at 550 nm (BSC55°) for surface particles with

a particle diameter lower than 10 um for the overall period of 12—16 March 2008 in both (a) ARN
and (b) GRA sites.
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Fig. 13. Relation between SC550 y total mass (TM) concentration (as evaluated from the
volume size distribution and assuming a particle density of chm‘s), during a Regional An-
thropogenic Plume (RAP) episode and the Desert Dust Plume (DDP) event over ARN station.
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