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Abstract. Vertical profiles of the optical (extinction and
backscatter coefficients, lidar ratio and Ångström exponent),
microphysical (mean effective radius, mean refractive in-
dex, mean number concentration) and geometrical proper-
ties as well as the mass concentration of volcanic particles
from the Eyjafjallajökull eruption were retrieved at selected
heights over Athens, Greece, using multi-wavelength Ra-
man lidar measurements performed during the period 21–24
April 2010. Aerosol Robotic Network (AERONET) particu-
late columnar measurements along with inversion schemes
were initialized together with lidar observations to deliver
the aforementioned products. The well-known FLEXPART
(FLEXible PARTicle dispersion model) model used for vol-
canic dispersion simulations is initiated as well in order to
estimate the horizontal and vertical distribution of volcanic
particles. Compared with the lidar measurements within the
planetary boundary layer over Athens, FLEXPART proved
to be a useful tool for determining the state of mixing of ash
with other, locally emitted aerosol types. The major findings
presented in our work concern the identification of volcanic
particles layers in the form of filaments after 7-day transport
from the volcanic source (approximately 4000 km away from
our site) from the surface and up to 10 km according to the

lidar measurements. Mean hourly averaged lidar signals in-
dicated that the layer thickness of volcanic particles ranged
between 1.5 and 2.2 km. The corresponding aerosol optical
depth was found to vary from 0.01 to 0.18 at 355 nm and
from 0.02 up to 0.17 at 532 nm. Furthermore, the correspond-
ing lidar ratios (S) ranged between 60 and 80 sr at 355 nm
and 44 and 88 sr at 532 nm. The mean effective radius of the
volcanic particles estimated by applying inversion scheme to
the lidar data found to vary within the range 0.13–0.38 µm
and the refractive index ranged from 1.39+0.009i to 1.48+

0.006i. This high variability is most probably attributed to
the mixing of aged volcanic particles with other aerosol types
of local origin. Finally, the LIRIC (LIdar/Radiometer Inver-
sion Code) lidar/sunphotometric combined inversion algo-
rithm has been applied in order to retrieve particle concentra-
tions. These have been compared with FLEXPART simula-
tions of the vertical distribution of ash showing good agree-
ment concerning not only the geometrical properties of the
volcanic particles layers but also the particles mass concen-
tration.
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1 Introduction

The eruption of the Eyjafjallajökull volcano in Iceland (April
and May 2010) created unprecedented disruption to the Eu-
ropean air traffic, costing the aviation industry an estimated
EUR 200 million per day (Harris et al., 2012). Eyjafjalla-
jökull’s (63◦38′ N, 19◦36′ W, 1666 m above sea level – a.s.l.)
eruption started on 14 April and ended around 19 May 2010
(Sanderson, 2010; Showstack, 2010). At 01:15 UTC on 14
April 2010 the Eyjafjallajökull’s eruption plume was first
visible over the volcanic site during the morning hours of
that day, which a few hours later reached heights of about
10–11 km a.s.l. (Stohl et al., 2011). These height levels re-
mained for the following days, while between 21 and 22
April, the volcanic particles plume reached lower heights
(below 3 km a.s.l.). The total mass of the volcanic particles
emitted from this eruption was estimated to be on the or-
der of 11.9± 5.9 Tg (Stohl et al., 2011), while the injection
heights were found to be often on the order of 6–7 km, reach-
ing even heights of 9–10 km (Emeis et al., 2011; Kaminski et
al., 2011; Stohl et al., 2011; Mona et al., 2012a).

The Eyjafjallajökull eruption was followed by scientists
over Europe using a plethora of instruments, starting from
ground-based, airborne and spaceborne platforms. However,
satellite imagery was used to identify the plume dispersion
and transportation, while dedicated scientific research flights
enabled in situ monitoring and characterization in terms of
the chemical composition of the volcanic particles (Ansmann
et al., 2010, 2011; Flentje et al., 2010; Sanderson, 2010;
Bukowiecki et al., 2011; Dacre et al., 2011; Gasteiger et al.,
2011; Schumann et al., 2011; Carboni et al., 2012; Chazette
et al., 2012; Devenish et al., 2012; Gross et al., 2012; Lettino
et al., 2012; Matthias et al., 2012; Millington et al., 2012;
Prata and Prata, 2012; Rauthe-Schöch et al., 2012; Schleicher
et al., 2012; Webley et al., 2012; Winker et al., 2012).

However, except the in situ airborne measurements, few
other techniques could provide exact volcanic particle con-
centrations aloft. One such technique that became very useful
during the Eyjafjallajökull eruption is the laser remote sens-
ing (lidar) technique, which is a very favorable tool for the
direct monitoring of the vertical profile of the aerosol opti-
cal properties. Besides the aerosol optical properties, one can
estimate the volcanic aerosol geometrical and microphysi-
cal properties, as well as the volcanic particle concentration
(Ansmann et al., 2010, 2011, 2012; Gasteiger et al., 2011;
Chazette et al., 2012; Papayannis et al., 2012; Wiegner et al.,
2012). The lidar technique was employed throughout Europe
in the frame of the EARLINET project (Bösenberg et al.,
2003) to monitor the volcanic particles plume dispersion – in
time and space – over the European continent (Ansmann et
al., 2010, 2012; Emeis et al., 2011; Gasteiger et al., 2011;
Gross et al., 2012; Mona et al., 2012a; Papayannis et al.,
2012; Revuelta et al., 2012; Rolf et al., 2012; Trickl et al.,
2012; Wiegner et al., 2012; Navas-Guzmán et al., 2013; Pap-
palardo et al., 2013).

In this paper, the volcanic particles measurements per-
formed at the EARLINET station of Athens during the pe-
riod 21–24 April 2010 are presented. The focus of this paper
is on the study and characterization of the mixing of aged vol-
canic particles with other aerosol types of local origin. The
instrumentation used is briefly described in Sect. 2, and our
results for a selected case study are presented and analyzed in
Sect. 3. Finally, our summary and conclusions are presented
in Sect. 4.

2 Instrumentation and methods

2.1 The Raman lidar system

In Athens, Greece, the multi-wavelength lidar system EOLE
is operating at the National Technical University of Athens
(NTUA, 37.97◦ N, 23.79◦ E, 220 m a.s.l.) as part of EAR-
LINET (European AeRosol LIdar NETwork) (Bösenberg et
al., 2003) and has been quality assured in the framework of
network’s activities through direct inter-comparisons, both at
hardware (Matthias et al., 2004) and algorithm levels (Böck-
mann et al., 2004; Pappalardo et al., 2004). A complete tech-
nical description is provided by Kokkalis et al. (2012).

The lidar signals detected at 355, 387, 532, 607 and
1064 nm were used to derive the aerosol backscatter (at 355,
532 and 1064 nm) and extinction (at 355 and 532 nm) co-
efficients, as well as the Ångström exponent (AE) profiles,
while the 407 nm channel was used to derive the water va-
por mixing ratio (Mamouri et al., 2008). In order to qualita-
tively retrieve the aerosol optical properties with a lidar sys-
tem, several techniques have to be combined. Thus, the Klett
inversion technique (Klett, 1985), with the assumptions of a
reference height in an aerosol-free region (e.g., the upper tro-
posphere) and a constant extinction-to-backscatter ratio (the
so-called lidar ratio,S) value, is used to retrieve the atmo-
spheric profile of the aerosol backscatter coefficient (baer) at
the wavelengths of interest. The retrievedbaer values have
an average uncertainty (due to both statistical and systematic
errors) on the order of 20–30 % (Bösenberg et al., 1997).

When using the Raman technique (Ansmann et al., 1992),
the uncertainties associated with the retrieved aerosol extinc-
tion coefficient (aaer) andbaervertical profiles are mainly due
to the presence of noise on the received lidar signal. In this
case the systematic uncertainties are on the order of 5–15 %
on thebaerand of 10–25 % on theaaer(Ansmann et al., 1992;
Mattis et al., 2002). Thus, with the Raman technique, the ver-
tical profile of the aerosol parameterS can be calculated and
not assumed, with a corresponding systematic uncertainty on
the order of 5–10 %.

2.2 The AERONET station

Our sunphotometric observations were performed with a
ground-based CIMEL sun–sky radiometer (Holben et al.,
1998), which is part of the Aerosol Robotic Network
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(AERONET) global network (http://aeronet.gsfc.nasa.gov).
The instrument located on the roof of the Research Centre
for Atmospheric Physics and Climatology of the Academy of
Athens (37.99◦ N, 23.78◦ E, 130 m a.s.l.) is operated by the
Institute for Astronomy, Astrophysics, Space Applications
and Remote Sensing of the National Observatory of Athens
(NOA). The photometer data used in this study are level 2.0,
and provide information about the columnar aerosol optical
depth (AOD) at standard wavelengths (340, 380, 440, 500,
675, 870, 940 and 1020 nm), the Ångström exponent (AE),
the aerosol size distribution and the aerosol microphysical
properties (Holben et al., 1998). The AERONET data prod-
ucts along with the technical specifications and the uncertain-
ties of the CIMEL instrument are given in detail in Holben
et al. (1998). More specifically, the total uncertainty of the
AOD and the AE is influenced by various instrumental, cal-
ibration, atmospheric and methodological factors; the AOD
uncertainty is <±0.01 for wavelengths longer than 440 nm
and <±0.02 for UV wavelengths (Eck et al., 1999), or about
10 % for a nominal aerosol optical depth of 0.1. The uncer-
tainty of the sky radiance data and the resulting aerosol size
distributions are determined based on the calibration uncer-
tainty that is assumed <±5 % at all four wavelength channels
(Holben et al., 1998).

2.3 FLEXPART dispersion model

To simulate the volcanic particle transportation, we em-
ployed the widely used Lagrangian particle dispersion model
FLEXPART (FLEXible PARTicle dispersion model) (Stohl
et al., 1998, 2005). The simulations are based on the initial
release of a large number of virtual particles, following the
mean winds with superimposed random motions represent-
ing turbulence and convection. The model takes into account
also the particles’ physical processes such as sedimentation
and dry and wet deposition. The meteorological fields used
in this study as input in FLEXPART model are taken from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) with a horizontal resolution of 0.18◦

× 0.18◦ and
91 vertical levels. The output resolution in the horizontal and
vertical level was set to be 0.25◦

× 0.25◦ and 250 m, respec-
tively, with the latter consisting of 38 vertical levels.

The major assumption – the strength of the initially in-
jected volcanic ash – was determined by an inversion al-
gorithm (Stohl et al., 2011). The aforementioned algorithm
uses satellite data in order to constrain the emissions of the
ash that was modeled. In general the FLEXPART simula-
tion follows the scenario that 21 million particles were re-
leased from the volcano. Those particles were categorized
into 25 classes depending on their diameter ranging be-
tween 0.25 and 250 µm. However, only volcanic particles
linked with diameters up to 10 µm could reach the lidar sta-
tions in Europe after several days of advection, due to the
fact that the larger ones mostly fall out by gravitational set-
tling (Näslund and Thaning, 1991), especially close to the

source. More information on FLEXPART can be found at
http://transport.nilu.no/flexpart, and the model results used
here are described in detail in Stohl et al. (2011), with fur-
ther evaluations provided by Kristiansen et al. (2012).

2.4 LIRIC aerosol inversion code

The LIRIC (LIdar/Radiometer Inversion Code) algorithm
has been developed within ACTRIS (Aerosols, Clouds and
Trace gases Research InfraStructure Network –www.actris.
net) by the Institute of Physics in Minsk (Belarus) in col-
laboration with the Laboratoire d’Optique Atmosphérique,
Lille (France). LIRIC calculates the fine- and coarse-particle
concentration profiles, utilizing the backscattered lidar sig-
nals (at 355, 532 and 1064 nm) and the column-averaged
aerosol microphysical properties retrieved from a sunpho-
tometer. Moreover, if the cross-polarized measurement at
532 nm is provided, the algorithm has the capability to dif-
ferentiate the coarse-mode concentration into spherical and
nonspherical components. For the aforementioned calcula-
tions, the assumption is made that except for the concen-
tration, all other particle properties are constant along the
atmospheric column and equal to the column-averaged val-
ues provided by the sunphotometer. The retrieval is based on
a maximum-likelihood estimation of the concentration pro-
files so that the lidar signals are reproduced within their mea-
surement uncertainty and the integral of the retrieved aerosol
concentrations matches the total volume concentration of the
fine and coarse modes derived from sunphotometric mea-
surements.

Furthermore, in order to avoid any unphysical values,
smoothing constraints are imposed on the retrieved concen-
tration profiles. A detailed description of LIRIC can be found
in Chaikovsky et al. (2004, 2012) and Tsekeri et al. (2013).
LIRIC provides the aerosol concentration profiles (Cf/c(z)),
which are expressed in parts per billion volume (ppbv), or
equivalently, the volume of aerosol particles in a unit vol-
ume of air (expressed in 1000 µm3cm−3). For the conver-
sion of volume to mass concentration (mf/c(z), expressed in
µg m−3), the following equation is used:

mf/c(z) = ρf/c × Cf/c(z), (1)

where the subscript f/c denotes either the fine (f) or coarse
(c) aerosol mode. Fine and coarse modes are assumed to
be representative for sulfate and volcanic ash particles, re-
spectively. The first term is the particle density (ρf/c), and
for our case the values for fine and coarse particles were
1.5 and 2.6 g cm−3, respectively (http://volcanoes.usgs.gov/
volcanicparticles/properties.html/density, Schumann et al.,
2011; Bukowiecki et al., 2011). The second term is the LIRIC
concentration profileCf/c(z) for aerosol fine and coarse
modes, respectively, which is the main output of the algo-
rithm.

Furthermore, the extinction and backscatter coefficient
profiles (αaer(λ,z) and baer(λ,z)) are calculated from
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AERONET column-averaged extinction and backscatter
coefficients (αf/c(λ) and bf/c(λ)) multiplied by the corre-
sponding particle concentration profilesCf/c(z), which are
calculated by LIRIC:

aaer(λ,z) = af(λ) × Cf(z) + ac(λ) × Cc(z),

baer(λ,z) = bf(λ) × Cf(z) + bc(λ) × Cc(z).
(2)

2.5 Methodology on the derivation of the aerosol
microphysical properties

The measured vertical profiles of theaaerandbaerat multiple
wavelengths can be converted to the profiles of the particle
microphysical parameters by using the regularization tech-
nique (Müller et al., 1999; Veselovskii et al., 2002, 2009).
However, the application of this multi-wavelength (MW) li-
dar technique to aerosol dust data meets certain obstacles.
Usually, all current lidar algorithms treat aerosols as an en-
semble of spherical particles. However, it is well established
that backscattering by irregularly shaped particles is weaker
than by spheres of equivalent volume. To overcome these
problems, Mishchenko et al. (1997) suggested to model the
irregularly shaped particles with a mixture of polydisperse,
randomly oriented spheroids, and showed that mixture of
such simplified particles can mimic the properties of natural
nonspherical aerosols.

Similarly, Dubovik et al. (2006) included the spheroid
model in the AERONET retrieval algorithm. The same con-
cept was later adopted by Veselovskii et al. (2010) for the in-
corporation of a spheroid model into the lidar retrieval of dust
particles physical properties: in this case aerosols are mod-
eled as a mixture of spheres and randomly oriented spheroids
with a size-independent shape distribution. This technique
was further applied to derive bulk aerosol properties from
multi-wavelength Raman lidar measurements (Veselovskii et
al., 2012). The results of numerical simulations demonstrate
that for 10 % uncertainty of input optical data (aaerandbaer),
the particle volume density (V ), and the effective radius (reff)

can be estimated with an accuracy better than 30 %; however
the retrieval of the particle number density (NC) is normally
characterized by a higher uncertainty, which can reach up
to 50 %. The use of the regularization technique allows also
the estimation of the particle complex refractive index (CRI),
where the real part of CRI (mR) can be estimated with an ac-
curacy of±0.05. The imaginary part of CRI (mI) is one of
the most difficult parameters to retrieve, where formI > 0.005
the corresponding uncertainty is 50 %.

In this paper the aerosol microphysical properties (reff,
NC,mR, mI) inside the volcanic particles’ layers in the lower
free troposphere were retrieved using the regularization ap-
proach provided by Veselovskii et al. (2002), using as input
the optical data obtained from our Raman MW lidar mea-
surements. To account for the particle non-sphericity, the
model of randomly oriented spheroids was used, as described
in Veselovskii et al. (2010). Our recent experience gained
during processing of desert dust lidar measurements (Müller

et al., 2013) demonstrates that, for particle depolarization ra-
tio values exceeding 25 %, it is better to perform the inver-
sion using the spheroidal kernels only, and thus the set of
input data in this study included three particle backscatter-
ing and two extinction coefficients. The inverse problem in
our formulation is underdetermined, so additional constraints
should be applied. Specifically, we limited the range of con-
sidered parameters as follows: the particle radii were limited
by the interval 0.075–15 µm; themR andmI were searched
inside 1.35–1.65 and 0–0.02 intervals, respectively. The par-
ticle bulk properties, such asV , NC andreff, were calculated
from the total particle size distribution.

3 Eyjafjallajökull ash advection over Greece

In this section, the advection of Eyjafjallajökull volcanic ash
over Greece is described and analyzed by means of lidar and
synergetic measurements/model simulations for the period
between 20 and 24 April 2010. These data were collected
in a dedicated relational database available on request at the
EARLINET website.

3.1 Ash dispersion and geometrical characteristics

Volcanic particles ejected during the Eyjafjallajökull April
2010 eruption covered major parts of central Europe only
about two days after the eruption onset (e.g., Ansmann et
al., 2010; Emeis et al., 2011; Devenish et al., 2012), while
southern southeastern Europe was affected at a later stage
(Papayannis et al., 2012). According to FLEXPART disper-
sion model simulations shown in Fig. 1 and as has been re-
ported by studies performed in southern Europe on April
2010 (e.g., Mona et al., 2012a; Papayannis et al., 2012),
the period of strong advection was centered between 20
and 24 April. As FLEXPART simulations indicate on 20
April (00:00 to 12:00 UTC), remainders of the volcanic ash
ejected earlier still covered central Europe (total columnar
concentrations up to 800–900 mg m−2) and northern Italy,
and slowly reached eastern Europe as well. On the follow-
ing day (21 April, at 00:00 UTC), the ash cloud moved more
clearly southeastward, with bulk total columnar concentra-
tions ranging between 200 and 700–800 mg m−2 over the
Balkans area. Later on the same day (12:00 UTC) and on
22 April (00:00 UTC) the ash cloud passed over Greece,
where maximum columnar concentrations on the order of
200–400 mg m−2 were simulated. Finally, the event started
to fade out during the following days, from 22 (12:00 UTC)
to 24 April (00:00 UTC), for which very low concentrations
(< 50 mg m−2) are indicated by FLEXPART over southeast-
ern Europe, northern Africa and Cyprus.

To summarize, according to the FLEXPART simula-
tions, Greece was mainly affected by volcanic particles be-
tween 21 (12:00 UTC) and 24 April (00:00 UTC), but traces
of ash were simulated already from 20 April (between
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Fig. 1. FLEXPART simulations of the Eyjafjallajökull volcanic ash dispersion (total column in mg m−2 for all 25 particle size classes) for
the period of 20 (00:00 UTC) to 24 April 2010 (00:00 UTC). The position of the Athens lidar station is marked by a green circle, while the
location of the volcano is shown by a red triangle.

00:00 and 12:00 UTC). This is also demonstrated in the
time–height contours of volcanic particle concentration (in
µg m−3) shown in Fig. 2 (upper panel), as those simulated
by FLEXPART over Athens (from 20 April 00:00 UTC to
24 April 00:000 UTC). The volcanic particles first advected
over Athens in the height range between 3 and 5.5 km on
20 April (around 12:00 UTC) but at quite low concentrations
(lower than 100 µg m−3). Later, on the following day (21
April), higher concentrations of volcanic particles appeared
in the height range from 3.5 to 6 km (from 15:00 UTC up to
around 21:00 UTC) with concentrations on the order of 100–
400 µg m−3. Later that night, the volcanic particles (having
concentrations on the order of 50 µg m−3) started to settle
down, reaching the ground (on 22 April, around 07:00 UTC),

where they most probably mixed with urban haze and local
pollution.

FLEXPART simulations over Athens are qualitatively
consistent with the ground-based lidar measurements for
free-tropospheric ash load as shown from the comparison of
Fig. 2 in upper and middle panels. The middle panel presents
the temporal evolution of the range-corrected lidar signal
(RCS), which shows thin aerosol layers (in the form of fil-
aments – shown in light blue), which are first observed at
10 km height around 16:00 UTC on 21 April, a situation sim-
ilar to that reported also by Mona et al. (2012a) over southern
Italy. During that night and until 04:00 UTC on 22 April, a
new advection of volcanic particles at around 4.5 km is de-
picted by the lidar measurements, which are consistent with
FLEXPART simulations as well. Additional aerosol layers

www.atmos-chem-phys.net/13/9303/2013/ Atmos. Chem. Phys., 13, 9303–9320, 2013
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Fig. 2. (upper graph) Time–height contours of volcanic ash concentrations (in µg m−3) over Athens from 20 April 2010 at 00:00 UTC to
24 April 2010 at 00:000 UTC, as simulated by FLEXPART. (middle graph) Temporal evolution of the range-corrected lidar signal (RCS)
in arbitrary units (A.U.) obtained over Athens at 1064 nm, between 21 (07:00 UTC) and 24 April 2010 (03:00 UTC). All colored structures
correspond to the presence of aerosols, except after 22 April 2010 (15:00 UTC), where clouds are detected at heights between 4 and 12.5 km.
(lower graph) Aerosol masking for the particle layers detected over Athens from 21 (16:00 UTC) to 22 April 2010 (16:30 UTC).

Atmos. Chem. Phys., 13, 9303–9320, 2013 www.atmos-chem-phys.net/13/9303/2013/
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(shown again in light blue) were observed around 3.3 and
2 km height (21 April at 15:00 UTC), and finally descended
into the PBL around 16:00 UTC, where the volcanic particles
were most probably mixed with locally produced aerosols
(shown in red, from 21 April at 16:00 UTC to 23 April at
around 04:00 UTC).

This is indicated by FLEXPART in conjunction with
strong aerosol loads observed by lidar within the PBL. Due
to the aerosol load presence in the PBL from local anthro-
pogenic sources, it is not trivial to distinguish volcanic ash
in that mixture, especially when depolarization information
is not available in order to separate the nonspherical particles
from the spherical ones (e.g., Tesche et al., 2009).

However, some part of the ash layer observed around
3.3 km height remained well above the top of the PBL
height (at around 3 km) during the following days (up to
23 April at 04:00 UTC) before the volcanic particles signal
fade out at lower altitudes (around 1 km) on 24 April (around
03:00 UTC). A series of cirrus clouds were observed between
10 and 12 km height (from 22 April around 18:00 UTC to
23 April around 04:00 UTC), which show up prominently in
Fig. 2 (middle panel). Later on 24 April (around 00:00 UTC),
these clouds also reached much lower heights, finally reach-
ing 3 km. In that same figure, both aerosol layers depicted by
the lidar in light blue (from 10 down to 5 km and around
3.5 km) were associated with pure volcanic particles ad-
vected over Athens according to FLEXPART and the consis-
tency between the model simulations and observations, espe-
cially for the free-tropospheric loads. Moreover, radiosonde
measurements performed on 22 April (00:00 UTC) indicated
a very dry aerosol layer with relative humidity of 10 %
around 8.5 km, while it ranged from 20 to 50 % between 1
and 6 km, at heights where aerosols were observed by lidar
at that time. This is most likely attributed to the ash presence.

A final procedure is applied to our lidar observations
regarding the classification of layers observed in features
of specific type using typical optical properties measured.
Specifically, we apply the methodology developed by Mona
et al. (2012a) in the frame of the EARLINET-coordinated
volcanic particles measurements (Pappalardo et al., 2013). To
identify the presence of these particles, Mona et al. (2012a)
used aerosol-related intensive parameters (e.g., extinction-
related Ångström exponent (EAE) and backscatter-related
Ångström exponent (BAE)) retrieved by multi-wavelength
Raman lidar measurements in conjunction with air mass back
trajectory analysis based on the HYbrid Single-Particle La-
grangian Integrated Trajectory (HYSPLIT) code.

Prior to the aerosol “masking” procedure, an aerosol–
cloud discrimination scheme is applied (Mona et al., 2012a).
The output classification results of the aerosol masking pro-
cedure are shown in Fig. 2 (lower panel), focused on the
dates of ash advection, namely 21 and 22 April. The volcanic
aerosol layers are denoted by different shades of gray, clas-
sified according to the mean value of the aerosol backscat-
ter coefficient at 532 nm. For the studied period, the PBL

height was found to be below 2 km height. Therefore, from
the classification, it is further supported that on 21 April
(17:00 UTC), free-troposphere volcanic particles layers were
observed from the top of the PBL up to 10–12 km height.
During the afternoon hours of the same day, mixed aerosol
loads were detected in the height range from 2 to 4 km (de-
noted by magenta coloring).

At the same heights, and during the early morning hours
of 22 April (∼ 01:00 UTC), the volcanic aerosols seem to
present a maximum concentration above the top of the PBL
(denoted by black coloring), in terms ofbaer, which is on the
order of 1 Mm−1 sr−1. During the morning and noon hours of
the same day,baerat 532 nm ranged from 0.1 to 1 Mm−1 sr−1.
According to the classification scheme and synergetic model
simulations (BSC-DREAM8b and HYSPLIT air mass back-
trajectories) and the Moderate Resolution Imaging Spectro-
radiometer (MODIS) satellite data (not shown here), neither
dust nor smoke was present in the PBL of Athens during
these two days.

Finally, we present in this section the geometric character-
istics of the ash layers over Athens. Specifically, we calculate
from the lidar data the center of mass (CoM) of the aerosol
layers observed during the event studied. The CoM height,
zc, for each layer is calculated based on the definition given
by Mona et al. (2006) and Mona et al. (2012b). More specif-
ically, the height of the CoM is estimated by the calculation
of the backscatter weighted altitude (zc) given as follows:

zc =

ztop∫
zbot

z × baerdz

ztop∫
zbot

baerdz

. (3)

The weighted, in terms of height, value of CoM is a good ap-
proximation of the true aerosol CoM in the case where both
aerosol composition and size distribution are constant with
height. Under such conditions, this approach provides the
valuable information of the altitude where the majority of the
particles is located (Mona et al., 2006). In Fig. 3 (left panel)
we present the temporal evolution of the CoM height of the
volcanic aerosol layers for the period from 21 (12:00 UTC) to
23 April 2010 (00:00 UTC), using hourly averaged lidar data.
The colored circles correspond to thebaer at 532 nm. In or-
der to calculatebaerwe apply the well-known Klett technique
(Klett, 1985) using aS value of 60 sr, which is in agreement
with our measurements for this event.

We have to note here that for the calculation of the CoM
values, we took into account even the lowest and measured
baer values on the order of 1.5× 10−8 m−1 sr−1. Figure 3
(left panel), two clusters can be clearly seen for aerosol par-
ticles detected in the upper troposphere (3–9 km a.s.l.) and
in the lower troposphere (< 3 km a.s.l.). According to FLEX-
PART simulations presented earlier, the upper tropospheric
particles (and as will be shown later, they are mostly com-
posed of coarse particles withreff around 0.37 µm) traveled
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Fig. 3.Left panel: center of mass (CoM) of the volcanic ash layers, as detected by Raman lidar measurements over Athens (hourly averaged
data) according to the aerosol backscatter coefficient (in m−1 sr−1) at 532 nm for the period 21 April 2010 (12:00 UTC) and 23 April 2010
(00:00 UTC). Right panel: volcanic aerosol layer thickness distribution (in m) according to Raman lidar measurements for a center of mass
(CoM) > 3 km height for the period 21 April 2010 (12:00 UTC) and 23 April 2010 (00:00 UTC) over Athens. The dot corresponds to the
position of the mean value of the aerosol layer thickness, while the error bar corresponds to the standard deviation of the distribution.

over central Europe and descended over our area. The lower
tropospheric loads consist of smaller particles (as it will be
shown later,reff is on the order of 0.13 µm).

The same pattern of upper and lower tropospheric ash par-
ticles was simulated by FLEXPART as shown in Fig. 2 (up-
per panel). Specifically, if we calculate the CoM for FLEX-
PART as well using the concentration profiles instead of
backscatter, the positions between the model and the lidar re-
trievals are highly correlated (Pearson’sr coefficient is on the
order of 0.89). This fact indicates that a large portion of the
PBL load for the dates under study consists of volcanic ash
along with the locally emitted aerosols. However, it is diffi-
cult to distinguish the ash particles in the PBL, and thus we
restrict our analysis only for the free-tropospheric ash load
with CoM > 3 km, which is considered as pure ash. This is
supported also by FLEXPART, which was found to be in bet-
ter agreement with the lidar data for the higher aerosol lay-
ers (CoM > 3 km) than the lower ones (CoM < 3 km), show-
ing a correlation coefficient for CoM > 3 km that was 32.8 %
higher than for CoM < 3 km.

For the layers with CoM greater than 3 km, we present
in Fig. 3 (right panel) an additional geometric property re-
garding the thickness of the layers observed. Specifically, the
number of occurrences of the ash layer thickness as observed
by lidar for CoM > 3 km is presented. The dot corresponds
to the position of the mean value of the aerosol layer thick-
ness, while the error bar corresponds to the standard devi-
ation. For the entire lidar observations, the mean value of

the free-tropospheric ash layer thickness was found to be
1.1± 0.7 km. Based on the lidar observations, we found 25
cases with aerosol layer thickness between 0.8 and 1.2 km,
and 19 cases with aerosol layer thickness between 0.5 and
0.8 km, which is quantitatively supported by FLEXPART as
well.

3.2 Ash concentrations

In this section we apply the LIRIC code (Tsekeri et al., 2013;
Wagner et al., 2013) to retrieve ash concentrations from the
lidar-derived optical properties. The methodology followed
is first demonstrated with an example, using as input to
LIRIC an hourly mean aerosol profile obtained by lidar (from
03:00 to 04:00 UTC). LIRIC delivers also the backscatter
profiles using a combination of sunphotometer and lidar data,
which can then be compared with backscatter distributions
found by the Klett technique as a measure of a successful
run of the LIRIC algorithm. The comparison for our case is
shown in Fig. 4, where we compare the retrievedbaer pro-
files retrieved from the lidar measurements directly at 355,
532 and 1064 nm (assuming typical meanS values of 75 sr
at 355 nm, 65 sr at 532 nm and 60 sr at 1064 nm, as obtained
from the previous night’s Raman lidar measurements) with
the LIRICbaer profiles retrieved at 355, 532 and 1064 nm.

The LIRIC aerosol backscatter coefficient is calculated
as the sum of the column-averaged fine and coarse parti-
cle backscatter coefficients from AERONET data, multiplied
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by the corresponding retrieved fine and coarse particle
concentrations, as in Eq. (2). The comparison shows a quite
good overall agreement, and thus the LIRIC run is most
likely successful. The observed differences, which are mostly
due to the constantS values assumed and used as input in the
Klett technique, remain in general within the error bar limits,
except at the lower 1.2–2 km heights inside the PBL (only at
355 and 532 nm), where they are on the order of 40–50 %.
In order to determine the second term (Cf/c(z)) of Eq. (1),
we used the early morning AERONET observations (around
05:00 UTC), which is closest in time to the lidar one, mini-
mizing errors due to the aerosol variability in the LIRIC ver-
sion. In Fig. 5 we present the vertical profiles of the aerosol
coarse and fine modes, as well as the total (fine and coarse
mode) aerosol concentrations retrieved by LIRIC, and we
add the FLEXPART total (fine and coarse) concentration pro-
file simulation for comparison.

We can see that, in general, the position of the volcanic
ash layers are well predicted by FLEXPART compared to
LIRIC for altitudes greater than 2 km, except for a relative
vertical shift of about 0.5 km occurring between 2 and 4.5 km
height. From the comparison it is clear that total concentra-
tions are consistent for altitudes greater than 3 km, so this is
the tropospheric region where pure ash properties can be re-
ported. The aforementioned analysis is applied in more lidar
data for three consecutive and cloud-free synchronous lidar–
AERONET data sets obtained at 03:00, 06:00 and 07:00 UTC
on 22 April, and the results are summarized in Fig. 6. In
this figure we can see that for heights greater than 1.6 km,
the mean aerosol concentration, retrieved by LIRIC for all
three data sets, was found to be 11± 4 µg m−3, while it
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Fig. 6. Comparison of volcanic aerosol concentrations (in µg m−3)

retrieved by LIRIC and simulated by FLEXPART on 22 April 2010
over Athens at 03:00 (left), 06:00 (middle) and 07:00 UTC (right).

peaked up to 52 µg m−3 around 2.1 km at 03:00 UTC; the
simulated concentrations by FLEXPART gave a mean value
of 8.8± 0.7 µg m−3 with a peak value around 25.1 µg m−3

around 2.4 km at 03:00 UTC.
The coefficientR2 between the FLEXPART and LIRIC

profiles ranged from 0.69 (at 03:00 UTC) to 0.84 (at
06:00 UTC), while it remained lower (0.74) at 07:00 UTC.
Once again the comparison shows that there is quite good
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Fig. 7. AERONET fine/coarse-mode aerosol optical depth (AOD) obtained over Athens at 500 nm for the period between 19 and 24 April
2010, and Ångström exponent of 440 nm/870 nm along with the columnar water vapor (in cm) (upper graph). Temporal evolution of the
volcanic ash columnar concentration (in g m−2) according to FLEXPART simulations (lower graph).

agreement between FLEXPART and LIRIC for altitudes
greater than 3 km, indicating pure ash presence for these
heights. Below this height, we observed a large discrepancy
between these two methods at 03:00 UTC (around 120 %),
and much less at 07:00 UTC (around 50 %). This is due to the
fact that FLEXPART simulates only ash particles and LIRIC
uses as input lidar signals from all kinds of mixed particles
(volcanic and locally produced ones in the PBL of Athens).

3.3 Volcanic aerosol characteristics and comparison
with other studies

In this section, we present the optical characteristics of vol-
canic aerosols as these were measured by AERONET and
EARLINET stations over Athens, as well as microphysical
properties retrieved by the lidar inversion algorithm. Firstly,
column-integrated properties are presented in Fig. 7 (up-
per panel) in terms of the AERONET level 2.0 product for
Athens for the period between 20 and 24 April. As we have
already revealed from our analysis, columnar measurements
do not refer to pure ash since the contamination of the col-
umn from local emissions maximizes within the PBL. How-
ever, from the temporal variation presented in the upper panel
of Fig. 7, it is clear that before the arrival of ash particles over
Athens, low AOD values at 500 nm (∼ 0.1) were recorded on
20 April, while during the advection on 21 and 22 April, the
AOD values peaked at a value of 0.25, which is very close
to the value reported for April 2010 over Lille (France) by
Derimian et al. (2012) and for May 2010 over Athens by Pa-
payannis et al. (2012).

Once the event faded out, the AOD values decreased again
to 0.20. The respective fine-mode particles inside the atmo-
spheric column were on the order of 59.1–60.9 % before
and after the event, and remained around 76.8–78.0 % dur-
ing the event. This means that the fine-mode particles dom-
inated. Such results were reported recently for ash particles
over the Iberian Peninsula, as presented by Navas-Guzmán
et al. (2013), but during the period of May 2010.

The fine-mode domination is supported also by the values
if the AE retrieved from AODs at 440 and 870 nm, found to
be on the order of 1.2 before and during the fading phase of
the event and on the order of 1.6 during the event, showing
again the presence of rather small particles. This result is in
contrast to values measured over central Europe (Ansmann et
al., 2010), where AE values were on the order of 0.35–0.40
during the volcanic eruption event. However, the findings of
Navas-Guzmán et al. (2013) and Papayannis et al. (2012)
show AE values ranging between 1 and 1.6, which are very
close to the ones presented here for long-range advection of
ash. This long-range advection most probably allowed for
the transportation of fine-mode particles only, with in general
low concentrations over Greece. For example, FLEXPART’s
ash column loadings over central Europe a few days earlier
forecasted values on the order of 600–1000 mg m−2 (Stohl
et al., 2011), while in Greece, the maximum simulated ash
loadings were 40–45 mg m−2 on 21 and 22 April (see also
Fig. 1).

Moreover, the volcanic particles presence had a moderate
signature on sunphotometric data over Athens between 21
and 23 April since the coarse-mode AOD (as an absolute
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Fig. 8.Aerosol extinction coefficient at 355 and 532 nm (in Mm−1); aerosol backscatter coefficient at 355, 532 and 1064 nm (in Mm−1 sr−1);
lidar ratio (S) at 355 and 532 nm (in sr); aerosol extinction and backscatter-related Ångström exponent (355 nm/532 nm); water vapor mixing
ratio (in g kg−1); and relative humidity [%], as retrieved by Raman lidar measurements over Athens on 22 April 2010 between 01:30 and
03:00 UTC (upper graph) and 20:00 and 22:00 UTC (lower graph).

value) increased by about 20 % during the event (Fig. 7,
upper panel). The ash concentration as this is simulated by
FLEXPART is presented in the lower panel of Fig. 7 to de-
note the volcanic advection.

In order to further characterize the volcanic particles over
Athens, in terms of optical properties, we analyzed our
cloud-free Raman lidar measurements (based on the retrieval
of two aaer (at 355 and 532 nm) and threebaer (at 355, 532
and 1064 nm) profiles) for two time windows on 22 April
(depicted also by the aerosol masking in Fig. 2, lower panel):

01:30–03:00 UTC and 20:02–22:00 UTC. Firstly, we calcu-
lated the vertical profiles (Fig. 8) of the aerosol optical prop-
erties, such as theαaer, baer, S, EAE and BAE values at 355,
532 and 1064 nm, based on our Raman lidar data on 22 April
between 01:30 and 03:00 UTC (upper graph) and between
20:02 and 22:00 UTC (lower graph).

More precisely (Fig. 8, upper graph), based on theαaer
andbaervertical profiles, the aerosol masking and the FLEX-
PART simulations, the aerosol layers between 1 and 2.3 km,
2.5 and 3 km and 5 and 6 km are considered to be volcanic

www.atmos-chem-phys.net/13/9303/2013/ Atmos. Chem. Phys., 13, 9303–9320, 2013
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Table 1. Mean values and standard deviations of the aerosol extinction-related Ångström exponent (355 nm/532 nm), aerosol backscatter-
related Ångström exponent (355 nm/532 nm and 532 nm/1064 nm), lidar ratio (at 355 and 532 nm) and aerosol optical depth at 355 and
532 nm obtained by the Raman lidar over Athens, Greece, between 01:30 and 03:00 UTC (upper part) and 20:00 and 22:00 UTC (lower part).

ATHENS, NTUA LIDAR, 22 APRIL 2010, 01:30–03:00 UTC

Height [m] Aa(355/532) Ab(355/532) Ab(532/1064) S355 S532 AOD355 AOD532

LAYER 1 1000–2300 1.69± 0.07 1.61± 0.02 1.17± 0.03 80± 1 77± 3 0.18 0.17
LAYER 2 2500–3000 1.79± 0.15 1.72± 0.06 1.24± 0.01 78± 1 76± 5 0.08 0.04
LAYER 3 5000–6000 0.66± 0.06 −0.3± 0.05 1.19± 0.04 60± 2 44± 8 0.01 0.02

ATHENS, NTUA LIDAR, 22 APRIL 2010, 20:00–22:00 UTC

Height [m] Aa(355/532) Ab(355/532) Ab(532/1064) S355 S532 AOD355 AOD532

LAYER 1 2000–2400 0.91± 0.06 1.26± 0.02 0.98± 0.02 63± 1 73± 1 0.09 0.06
LAYER 2 2500–3000 0.71± 0.12 1.52± 0.12 0.97± 0.01 77± 7 88± 7 0.04 0.03

particles layers (denoted by gray stripes). Similarly, in Fig. 8
(lower graph) the aerosol layers from 1.8 to 3.2 km are con-
sidered to be volcanic particles layers.

By comparing the nighttime Raman measurements of 22
April (Fig. 8), we can see that the EAE values decreased
from 1.75 (during the period 01:30–03:00 UTC) (Fig. 8, up-
per graph) to 0.81 (20:02–22:00 UTC) (Fig. 8, lower graph),
leaving the coarser particles in the lower parts of the atmo-
sphere (between 2 and 3 km). Additionally, between the two
layers extending from 2 to 2.4 km and 2.5 to 3 km (20:02–
22:00 UTC), a shift in the optical properties is observed. The
S values increased from 63 to 77 sr at 355 nm and from 73 to
88 sr at 532 nm.

In addition, the EAE values decreased from 0.91 to 0.71.
This variability in combination with the increasing value of
the relative humidity (from 20 to 40 %) is leading to a sce-
nario in which the volcanic particles, which are coated with
sulfate, were coagulated with water vapor (Lathem et al.,
2011) during their transport and/or mixed with locally pro-
duced particles, resulting in bigger particles. This same pat-
tern of increasingS values with increasing relative humidity
is also reported by Mona et al. (2012a).

In Table 1 we present the mean optical properties of the
volcanic particles calculated within the identified aerosol lay-
ers for these two time windows: EAE (pair 355–532 nm),
BAE (pairs 355–532 nm, 532–1064 nm),S (at 355 and
532 nm) and AOD (at 355 and 532 nm) values. We see that
the EAE values ranged between 0.66 and 1.79, the BAE val-
ues (532–1064 nm pair) ranged between 0.97 and 1.24, and
the BAE values (355–532 nm pair) ranged mainly between
1.26 and 1.72. TheS values inside the volcanic plume at
355 nm ranged between 60 and 80 sr, while at 532 nm they
ranged between 44 and 88 sr. These values are very simi-
lar to those reported for Germany (Gross et al., 2012, on 17
April at Maisach; Ansmann et al., 2010, in Leipzig) and for
Italy (Mona et al., 2012a, on 19–22 April in Potenza), as we
will discuss later. Our findings for May 2010 (Papayannis et

al., 2012) showed very similar values forS inside the vol-
canic layers.

Additionally, based on theαaer values measured by our li-
dar system inside the almost pure volcanic layer (between 5
and 6 km on 22 April from 01:30 to 03:00 UTC), the cor-
responding AOD values at 355 nm and 532 nm were 0.01
and 0.02, respectively, which are similar to those reported
by Sicard et al. (2012) over the Iberian peninsula, but con-
siderably lower than from those measured over Athens one
month later (Papayannis et al., 2012).

In the following we compare (cf. Fig. 9) the main vol-
canic aerosol optical properties, as measured by three EAR-
LINET stations from 17 to 23 April over Maisach, Germany
(Gross et al., 2011); Potenza, Italy (Mona et al., 2012a); and
Athens, Greece (present study). We can see in this figure
that, over Maisach, inside the volcanic particles layers, the
mean particle depolarization ratio (denoted by open dots)
was found to be nearly wavelength independent: 0.35 (at
355 nm) and 0.36 (at 532 nm). TheS values were found to
be 55±5 sr (at 355 nm) and 50±5 sr (at 532 nm). Three days
later (on 20 April), the observations performed in Italy by
Mona et al. (2012a) showed that theS values at 355 nm inside
the volcanic particles layer had remained of the same order
(∼ 54± 13 sr), while on the following day (on 21 April) they
strongly decreased to around 40± 5 sr compared to the ones
measured over Maisach; additionally, theS value at 532 nm
over Italy was of the same order as over Maisach.

However, the mean particle depolarization ratio at 532 nm
dropped to lower values (0.15–0.23) compared to the ones
measured over Maisach (0.35–0.36). Later, at the end of 22
April, the mean particle depolarization values increased back
to 0.25 (at 532 nm), as theS values were 78 and 80 sr (at 532
and 355 nm, respectively). Finally, over Athens on the 22
April (01:30–03:00 UTC), theS values were 75–80 sr (be-
tween 1 and 3 km) and around 60 sr (between 5 and 6 km).
Later on that day (20:00–22:00 UTC), theS values inside the
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Fig. 9.Aerosol optical properties (depolarization ratio,S, extinction
and backscatter-related Ångström exponent) from various studies
of the inside of volcanic aerosol layers, as obtained over Maisach,
Germany (Gross et al., 2011); Potenza, Italy (Mona et al., 2012a);
and Athens, Greece (present study), from 17 to 23 April 2010.

volcanic plume at 355 nm ranged between 60 and 80 sr, while
at 532 nm they ranged between 44 and 88 sr.

Generally, it seems that the optical properties of the vol-
canic aerosols were modified during their transport from the
source region to our site, showing a decreasing trend in par-
ticle depolarization ratio in combination with an increasing
trend in the EAE and BAE values. This scenario shows that
the volcanic plume was at first mostly composed of highly
nonspherical coarse particles, which during their advection to
Athens (aging) either were removed by dry and/or wet depo-
sition or mixed with other particles (haze or urban), leading
to more spherical and smaller particles. This is corroborated
by an air mass back-trajectory analysis based on the FLEX-
PART model (see also Fig. 1) indicating that the aerosol-rich
air masses sampled between 1.5 and 3 km height had stag-
nated over central Europe four days before our observations,
where they were enriched with polluted and small anthro-
pogenic particles of industrial and urban origin.

The aforementioned assumption is further supported by
the aerosol columnar sphericity (Dubovik et al., 2006) values
obtained from three different AERONET stations in Europe
(Leipzig, Potenza and Athens), presented in Fig. 10. Two
days after the volcanic eruption onset, from 16 up to 19 April,
the majority of the columnar sphericity values over Leipzig
(denoted by black crosses) were below 35 % (although in
some cases nearly spherical particles existed as well, with
sphericities between 60 and 99 %), indicating that the atmo-
sphere over Germany was dominated mostly by nonspherical
particles. Over Potenza on 21 April (denoted by blue circles)
the majority of the columnar sphericity values showed in-
creased values of up to 58 % for Italy, while over Athens (de-
noted by triangles) most of the particles became even more
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Fig. 10. Columnar aerosol sphericity values obtained from the
AERONET level 1.5 standard product over Leipzig, Potenza and
Athens from 16 to 23 April 2010.

spherical, with sphericity values on the order of 75–99 %.
As discussed before, the increasing sphericity of the volcanic
aerosols is probably linked to mixing with locally produced
anthropogenic particles.

In Fig. 11 we present the main aerosol microphysical prop-
erties (reff, mR, mI) together with the NC values, as retrieved
from lidar signal inversion techniques (see Sect. 2.5) for the
five aerosol layers shown in Table 1. More precisely, dur-
ing the early hours of 22 April (01:30–03:00 UTC), we see
that in the two layers below 3 km height, we had the pres-
ence of rather small particles withreff below 0.13 µm, but
in high concentrations (NC > 4000 particles cm−3) (Fig. 11a,
left graph). Moreover, these particles showed quite high
absorption (mI values were on the order of 0.006–0.010)
with mR values ranging between 1.38 and 1.39 (Fig. 11a,
right graph). At higher altitudes (around 5.5 km height) NC
dropped to very low values (NC∼ 20 particles cm−3), but
their reff values increased to around 0.38 µm. However, they
showed quite low absorption (mI values were on the order of
0.006) and a meanmR value of 1.49.

During the nighttime, measurements of the same day
(20:00–22:00 UTC) NC (Fig. 11b, left graph) decreased be-
low 3 km height to less than 700 particles, but their mean
effective radius increased to about 0.20–0.24 µm. However,
they showed a lower absorption (mI values were on the order
of 0.003), while themR values were 1.57 at 2.2 km and 1.47
at 2.8 km height (Fig. 11b, right graph). Ourreff values were
much lower than those retrieved over Germany (Ansmann
et al., 2010; Gasteiger et al., 2011; Weber et al., 2012) and
France (Derimian et al., 2012), as these countries are much
closer to the volcanic source region of Eyjafjallajökull than
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Fig. 11.Aerosol properties derived from lidar inversion code using
NTUA Raman lidar data: mean effective radius, number concentra-
tion, and refractive index (real and imaginary part) between 0.6 and
6 km height over Athens on 22 April 2010.(a) Between 01:30 and
03:00 UTC and(b) between 20:00 and 22:00 UTC.

Greece and larger particles stay close to their source due to
gravitational settling.

4 Summary

In this paper we presented the vertical profiles of the opti-
cal (aaer andbaer, S, EAE and BAE), microphysical (mean
reff, meanmR and mI , mean NC) and geometrical proper-
ties (layer thickness and aerosol center of mass) as well as
the mass concentration of volcanic particles from the Eyjaf-
jallajökull eruption, as retrieved for selected heights using a
multi-wavelength Raman lidar system and inverse models,

during the first days of the arrival of the volcanic particles
over Athens, Greece, in the period of 21–24 April 2010. The
days of 21 and 22 April were characterized by the maximum
presence of volcanic particles over Athens, with high fine-
mode fractions in the total AOD (76.8 and 78.0 %, respec-
tively) and quite high AE values (on the order of 1.6) us-
ing collocated AERONET measurements (level 2.0 data) and
aerosol masking schemes. Additionally, high columnar ash
concentrations (∼ 0.045 g m−2) were simulated by FLEX-
PART. The highest maximum AOD value (∼ 0.25 at 500 nm)
was measured on 22 April, which was very similar to our
volcanic particles observations on 12 May 2010 (Papayannis
et al., 2012).

During the studied period, continuous lidar measurements
were performed, revealing the presence of upper and lower
midtropospheric volcanic aerosols. Lofted volcanic particles
layers at about 10 km height showed a downward motion dur-
ing late afternoon hours on 21 April, similar to observations
reported for the same period by Mona et al. (2012a). On the
early hours of the following day (01:30–03:00 UTC), three
distinct volcanic particles layers (between 1 and 6 km height)
were identified and characterized in terms of their optical,
microphysical and geometrical properties. The mean AOD
value inside the volcanic particles layers was rather low:
0.09 (ranging from 0.01 to 0.18) at 355 nm and 0.07 (rang-
ing from 0.02 to 0.17) at 532 nm. The corresponding values
for S ranged from 60 to 80 sr (mean value 72 sr) at 355 nm
and from 44 to 77 sr (mean value 65 sr) at 532 nm. For the
second time window of 22 April (20:02–22:00 UTC), two
distinct volcanic particles layers were identified (between 2
and 3 km height). The mean AOD value inside these layers
was rather low: 0.06 (ranging from 0.04 to 0.09) at 355 nm
and 0.05 (ranging from 0.03 to 0.06) at 532 nm. The corre-
sponding values forS ranged from 63 to 77 sr (mean value
70 sr) at 355 nm and from 73 to 88 sr (mean value 81 sr) at
532 nm. For the volcanic particles layers below 3 km height,
the respective EAE value (355 nm/532 nm) ranged from 0.66
to 1.79.

The main differences from the measurements performed in
May 2010 over Athens (Papayannis et al., 2012) are mostly
focused on the higher heights where volcanic particles were
observed in April (10 km on April versus 6 km on May), as
well as that during April, volcanic particles were mixed with
locally produced ones in the lower troposphere, while in May
they were mixed with advected dust particles.

The retrieval of the volcanic particles microphysical prop-
erties showed that the size of the lofted aerosols increased
with height, as the meanreff value of the volcanic parti-
cles, for both time windows, ranged from 0.13 to 0.38 µm.
The mR value of the volcanic particles ranged from 1.37
to 1.57, whilemI ranged from 0.003 to 0.006, indicating
slight absorption by these particles. In contrast to lidar ob-
servations in northern and central Europe that detected op-
tically thick lofted nonspherical volcanic particles, most of
the volcanic particles that reached Athens finally reached
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the lower troposphere, where they penetrated the PBL and
became more spherical as it was mixed with locally pro-
duced anthropogenic aerosols. Finally, we compared, for the
first time, the volcanic particle concentrations simulated by
FLEXPART with those calculated by LIRIC for three-time
coincident lidar-AERONET data sets. This comparison has
proved to be quite successful mostly above the PBL height
(between 2.5 and 5.5 km height), withR2 values close to
0.75.
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