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a b s t r a c t

In this paper, an UV-polarization Lidar is used to study the optical properties of volcanic aerosol in the
troposphere. The particles were released by the mid-April 2010 eruption of the Eyjafjallajökull volcano
(63.63�N, 19.62�W, Iceland) and passed in the troposphere above Lyon (45.76�N, 4.83�E, France) after
advection over 2600 km. The FLEXPART particle dispersion model was applied to simulate the volcanic
ash transport from Iceland to South West Europe, at the border of the air traffic closure area. Time-
altitude plots of FLEXPART ash concentrations as well as of aerosol backscattering are presented,
showing the arrival of volcanic particles in the troposphere above Lyon and their mixing into the
planetary boundary layer. The particle UV-backscattering coefficient was typically 4 Mm�1 sr�1 and
highly sensitive and accurate particle UV-depolarization measurements were performed, with depo-
larization ranging from a few to 44%. After few days long-range transport, observed ash particles are still
non spherical. The observed variations of the backscattering and depolarization coefficients can be
attributed to variations in the volcanic particles content. Ash mass concentrations are then retrieved.
Moreover, a partitioning into spherical and non spherical particles is evaluated from number concen-
tration ratios between solid ash particles and spherical hydrated sulfate particles. The microphysical
properties of volcanic particles can thus be studied by associating an UV-polarization remote sensing
instrument with a numerical volcanic ash dispersion model.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Volcanic eruptions release particles and gases such as sulfur
dioxide (SO2) into the atmosphere that have implications on global
climate. For example, Pinatubo’s eruption in 1991 injected large
quantities of SO2 into the stratosphere, which caused an anomalous
cooling of the Earth’s surface (Ramaswamy et al., 2001). Volcanic
aerosols emitted to the troposphere affect climate through both
direct and indirect effects, however this topic is still subject to large
uncertainties (Robock, 2000). The physical and chemical properties
of volcanic particles are modified during advection, especially in
the troposphere where the chemical processing is fast. During their
transport, irregularly-shaped volcanic ash particles such as silica
glass or feldspar crystals with sizes larger than about 20 mm
diameter are rapidly removed from the volcanic cloud by gravita-
tional settling. In contrast, finer ash particles and secondary aero-
sols such as hydrated sulfates, formed by SO2-oxidation, may
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remain in the troposphere for several weeks (Ovadnevaite et al.,
2009).

After advection over several thousands of kilometers, the
volcanic ash particles are highly dispersed and aged. When they
reach the lower troposphere, they are especially interesting to study
for at least two reasons: firstly, their microphysical properties, such
as shape and size, which have been changing during advection, are
not well known, as measurements are rather seldom and focus on
the particles size distribution (Schumann et al., 2010). Secondly, in
the absence of precipitation, the particle residence time in the free
troposphere can be much longer than the typical residence time of
anthropogenic particles in the planetary boundary layer (PBL),
amplifying their impacts on the regional radiation budget (Robock,
2000). To study the transport of volcanic particles in the atmo-
sphere, a wide range of atmospheric dispersion models is available
(Witham et al., 2007). These atmospheric dispersion numerical
models, running at a continental scale, are typically validated using
local ground-based or satellite-based remote sensing instruments
(Eckhardt et al., 2008). Mt Etna’s eruption in the year 2002 has
recently been studied by Wang et al. (2008) in this way. Hence, the
physical and chemical transformations of the ash-loaded volcanic
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cloud can be evaluated during its dispersion. Moreover, information
on the shape of the volcanic particles can be gathered by Lidar
(Light-Detection-And-Ranging) measurements of the volcanic
particles’ ability to depolarize laser light. This is well-established in
stratospheric research (Winker and Osborn, 1992). In the tropo-
sphere, such depolarization measurements are also performed in
the visible spectral range (Murayama et al., 2003), but are rather
seldom for volcanic aerosols. Sassen et al. (2007) reported such
depolarization measurements, showing the irregular shape of
particles remaining after advection over a few hundred of kilome-
ters from an Alaskan volcano.

The Eyjafjallajökull volcano (63.63�N, 19.62�W, Iceland), here-
after named Eyjafjalla, started to erupt on March 20th 2010, before
entering an explosive phase on April 14th 2010 lasting for several
days, followed by further explosive eruptions during May 2010. In
the initial explosive phase in April 2010, the eruption ejected
volcanic ash to altitudes as high as 9 km above sea level (ASL), as
reported by the Institute of Earth Sciences (IES, http://www.
earthice.hi.is). On April 15th and 16th, the volcanic activity and
ash generation continued, with reduced activity from April 16th.
IES chemical analyses of ash samples revealed eruptive products
with a silica content of 58% by weight, alumina Al2O3 (15%), and
oxides (FeO, CaO, <10%). SO2 fluxes of 3 kt day�1 were reported by
the Icelandic METOffice (http://en.vedur.is/), comparable with the
annual flux of SO2 normally emitted by thewhole Icelandic volcanic
region (Halmer et al., 2002). As shown by MODerate resolution
Imaging Spectrometer MODIS (http://modis.gsfc.nasa.gov/) on
April 15th, the volcanic cloud emitted by the strong initial eruption
on 14th April was transported eastwards and subsequently spread
over northern Europe before reaching the South of France, leading
to a six-days closure of the airspace for aviation over western
Europe due to possible hazards to aircraft (Prata and Tupper, 2009).

In this contribution, we focus on the optical properties of the
volcanic particles thatwere released by themid-April 2010 eruption
of the Eyjafjalla volcano and passed in the troposphere above Lyon
(45.76�N, 4.83�E, France), after advection over more than 2600 km.
Lyon is located in the Rhône valley and during the Eyjafjalla erup-
tion, Lyon was at the border of the air traffic closure area (cities
located further to the South had no airport closure) and thus the
volcanic particles reaching Lyon were highly diluted. In this paper,
an analysis of the optical properties of the Eyjafjalla volcanic ash
cloud is performed by combining UV-polarization measurements
done with a sensitive tropospheric Lidar instrument and results
from the FLEXPART particle dispersionmodel. The Lidar instrument
used is described in Section 2. The volcanic particles optical prop-
erties are then presented in Section 3, where UV-backscattering
coefficients and UV-depolarization ratios are retrieved from our
Lidar measurements, to address the amount of spherical and non
spherical particles in the volcanic ash cloud. These optical proper-
ties are then analyzed in Section 4 where the agreement between
the Lidar-observed air masses and FLEXPART simulated ash layers is
discussed. Our highly sensitive and precise UV-depolarization
measurements allowed us to identify different volcanic layers
with different depolarization ratios, ranging from a few to 44%, in
remarkable agreement with laboratory measurements (Munoz
et al., 2004). These varying depolarization ratios can be inter-
preted by variations in the ash concentration number and by
assuming hygroscopic growth of sulfate particles (Allen et al., 2002).
Furthermore, an optical scattering computation of the ash-loaded
volcanic cloud was made to derive the ratio between the concen-
tration number of spherical particles (hydrated sulfates) and non
spherical particles (ash). We believe such a partitioning between
spherical and non spherical particles, derived from both scattering
and depolarization processes, to be relevant for further under-
standing the particle microphysics involved in volcanic clouds.
2. Methodology

2.1. Meteorological conditions

Between 17th and 20th of April 2010, the weather conditions
over Lyonwere determined by a high-pressure system located over
France. This allowed us to perform Lidar measurements continu-
ously and follow the evolution of volcanic ash layers over the Lidar
site, except during a short rain episode that occurred in the evening
on April 18th. Vertical profiles of temperature (temperature T, dew
point temperature Td, potential temperature q) and relative
humidity (RH) are displayed in Fig. 1 for several selected times.
These profiles were taken from meteorological analyses of the
European Center for Medium-Range Weather Forecasts (ECMWF)
and are in good agreement with radiosonde balloon measurements
performed at the local Bron Météo-France station. Over the whole
measurement period, dew point temperatures were always lower
than observed temperatures. The potential temperature shows an
inversion layer at 1.5 km on April 17th at 12 h UTC (profile (a)) and
at 2.5 km on April 19th at 0 UTC (profile (b)). Above this altitude,
where volcanic layers were observed, the troposphere is stably
stratified. Close to the ground, RH ranges between 50 and 75%, and
it reaches 70% near 3 km altitude. However, the volcanic aerosol
layers observed around 4e5 km experienced very low (10e25%)
RH-values. These meteorological data will be further analyzed in
the next sections together with the depolarization measurements.

2.2. Lidar experimental set-up

The Lidar consists of a linear polarized 10-Hz repetition rate
Nd:YAG laser emitting at 355 nm wavelength, combined with
a 200 mm Newtonian telescope to collect backscattered light from
atmospheric particles (p) and molecules (m). Backscatter of UV-
light is sensitive to both fine (diameter d < 0.5 mm) and coarse
(higher d-values) mode particles (Mishchenko, 2002). Two
successive polarizing beam-splitter cubes (PBC) separate parallel
(P//) and cross-polarized (Pt) Lidar return elastic signals with
respect to the laser polarization plane to measure the depolariza-
tion ratio Pt/P//. Use of a secondary PBC ensures the polarization
purity of both detection channels and, thus, that the cross-talk
between the channels is negligible with an accuracy better than
10�7. The amount of Raman rotational sidebands that contribute to
the strong UV-molecular scattering is minimized by using a very
selective interference filter (Dl ¼ 0.35 nm), which also reduces sky
background contribution. Depolarization ratio measurements have
been performed at three times, labeled from (a) to (c) in the figures.
Each Lidar acquisition is time-averaged over 7 min and repeated
every 20 min. The recorded Lidar signal is sampled with a 12-bits
40-MHz Licel AD-converter. High-frequency noise filtering and
range averaging lead to a final vertical resolution of 75 m. Lidar
backscattering measurements have been performed between 0.6
and 6 km-altitude ASL, limited close to the ground, by an incom-
plete emitter/receiver overlap function. This systematic error does
not affect the observation of the volcanic cloud, whose layers were
mostly found above 2 km ASL. We limited our particle UV-
depolarization ratio measurements to 5 km altitude ASL in order
to retain a high signal-to-noise range ratio of better than 3.

2.3. Calculation of volcanic particles optical properties

To help interpret the scattering and depolarization Lidar
measurements in terms of particle mass concentrations (see
Section 4), the volcanic cloud optical scattering properties have
been computed. Volcanic particles are assumed to be composed of
ash particles and hygroscopic sulfates (Mather et al., 2003;
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Fig. 1. Vertical profiles of dew point temperature (Td, left part, empty sign), temperature (T, middle part, full sign), potential temperature (q, right part, cross sign) and relative
humidity (RH) supplied by the European Center for Medium-Range Weather Forecasts (ECMWF) for Lyon for specific times analyzed with the depolarization measurement (Section
3.2): (a) April 17th at 12 h UTC (circles), (b) April 19th at 0 h UTC (squares), (c) April 19th at 19 h UTC (triangles).
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Schumann et al., 2010). Ammonium sulfates and other compounds
have not been considered as time-delays larger than two days are
needed to neutralize sulfates (Mather et al., 2003). For computing
the backscattering of ash particles, instead of applying T-matrix
formalism for randomly oriented particles, scattering phase func-
tion, refractive index at 355 nm and ash size distribution have been
taken from the analysis by Munoz et al. (2004) of Mt. Spurr’s
eruption, which produced a similar particle composition as the
Eyjafjalla eruption. Particles with diameters larger than 20 mm are
not considered in the calculation as the FLEXPART simulation (see
Section 2.5) suggested that these particles were largely lost by
settling before reaching Lyon. By using scattering matrix formalism
(Mishchenko, 2002), we derived for both polarizations size-
weighted particle backscattering differential cross-sections for
ash particles. For spherical particles, assumed to be mainly sulfates,
Mie optical scattering has been applied, with a double log normal
distribution andwater uptake coefficient taken from Li et al. (2001),
to derive size-weighted particle backscattering cross-sections for
spherical particles. Table 1 summarizes the size distribution
parameters and refractive index values used.

Moreover, fromMunoz’s laboratorymeasurements on randomly
oriented ash particles, we derived optical scattering matrix
elements (Fij) in the backscattering case, independent of the
wavelength in the UVeVIS spectral range. We thus deduce the
depolarization ratio of volcanic ash particles: dpðashÞ ¼ ð1� F22=
F11Þ=ð1þ F22=F11Þ ¼ 44%, which results from the sharp edges and
Table 1
Size distribution parameters (radius r, geometrical mean s, relative concentration N), re
particles.

Particles Bimodal size distribution

r1 (mm) s1 (mm) N1 (cm�3) r2 (mm)

Ash 0.15 2.8 1 4
Sulfates 0.01 2.2 1 0.15
the highly irregular shape of ash particles, mostly composed of
silicate, glass and mineral.

2.4. FLEXTRA air masses back-trajectories

We evaluate the origin of the air passing above the UV-
polarization Lidar station by computing 7-days air parcels back-
trajectories, with 6 h resolution, using the trajectory model FLEX-
TRA (Stohl et al., 1995). The model employs wind fields from the
ECMWF at a latitude/longitude resolution of 1� � 1� and at 91
pressure levels. Fig. 2 presents the analytical back-trajectories,
which show the history of the air parcels arriving at Lyon, for
altitudes between 3 and 5 km from April 17th to 19th. It indicates
that for a range of altitudes in the lower free troposphere, trajec-
tories reaching the Lidar location between 17th and 19th of April
had traveled across southern Iceland two or three days earlier.
According to these back-trajectories, Saharan dust can be excluded
as a source of particles over Lyon during the observation period.

2.5. FLEXPART particle dispersion model

We also performed simulations with the Lagrangian particle
dispersion model FLEXPART (Stohl et al., 2005; Eckhardt et al.,
2008), driven with ECMWF data with 0.18� � 0.18� resolution in
the area of interest (1� � 1� globally). FLEXPART simulates the
advection by the large-scale winds, as well as turbulence and
fractive index for computation of backscattering cross-sections for ash and sulfates

Refractive index at 355 nm (m)

s2 (mm) N2 (cm�3)

2.5 5.0 � 10�3 1.52 þ 6 � 10�3i (Munoz et al., 2004)
2.2 1.0 � 10�3 1.42 þ 6 � 10�3i (Krotkov et al., 1997)



Fig. 2. Back-trajectories at Lyon at different altitudes for different times. Upper left graph: April 17th at 6 h (5 km, circles (c)), 12 h (5 km, squares (s)), 18 h (4 km, triangles (t)). Upper
right graph: April 18th at 12h (4 km, c) and (5 km, s), at 18h (3 km, diamonds (d)) and (5 km, t). Lower left graph: April 19th at 0 h (3 km, low t), (4 km, c), (5 km, s); at 6 h (3 km,d)
and (4 km, upper t). Lower right graph: April 19th at 12 h (3 km, d), at 18h (2 km, t), (3 km, c), (5 km, s).
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convection. Sedimentation, dry and wet deposition of the particles
were considered in the simulation (Stohl et al., 2005). The ash
source strength was determined by an inversion algorithm, which
will be described elsewhere (Stohl et al., 2011). 21 million particles
were released from the volcano and were binned in 25 particle size
classes, between 0.25 and 250 mm diameter. The largest ash parti-
cles mostly fall out by gravitational settling during the 48 h-
advection time to Lyon, leaving fine ash particles with sizes up to
about 20 mm diameter at the Lidar location in the simulation. Ash
particles, which dominate the aerosol mass are taken into account
but the formation of sulfate particles is not simulated by FLEXPART.
However, their transport should be relatively similar to the smallest
simulated ash particles. The volcanic ash distribution over Europe
on April 17th at 12 h UTC as simulated by FLEXPART is presented in
Fig. 3 showing that ash particles arriving at Lyon were highly
dispersed, even already on April 17th. The simulated vertical
distribution of the volcanic ash above Lyon between 17th and 20th
April is shown on top of Fig. 4, where we can clearly see a thin
simulated ash layer tilting from 6 km ASL at 0 h UTC on 17 April to
4 km ASL 12 h later, where it remains until 6 h UTC on 18 April. Later
on 18 April, the ash is mixed down into the PBL and distributed
throughout the lowest 4 km for the rest of the observation period.
Fig. 3. FLEXPART ash tracer simulation of the volcanic cloud emitted during the mid-
April Eyjafjalla volcano eruption at Lyon on April 17th at 12 h.
3. Optical properties of volcanic aerosols

3.1. Particle UV-backscattering coefficient bp

Wehavemeasured the particle UV-backscattering coefficient bp,
which is proportional to the particle number concentration and
also depends on particle size, shape and chemical composition. bp is
determined from the scattering ratio R, defined as the ratio
between total (p, m) andmolecular (m) backscattering coefficients:

bp ¼ ðR� 1Þbm (1)

R is equal to unity for a particle-free atmosphere and the Klett’s
algorithm (1985) was used to retrieve R as a function of altitude
(Böckmann et al., 2005). To apply the Klett inversion, a predefined
value of the extinction-to-backscatter ratio S is needed (S is the
ratio between particle extinction coefficient ap and particle back-
scattering coefficient bp). S is not exactly known since it is range-
dependent, sensitive to the particles’ microphysics and chemical
composition (Ackermann, 1998). In this study, we assumed
a constant S-ratio of (55 � 5) sr, in agreement with recent
measurements performed during the mid-April Eyjafjalla eruption
(Ansmann et al., 2010) and with older tropospheric measurements
for Etna’s eruption in 2002 (Wang et al., 2008). The accuracy on



Fig. 4. Top graph: FLEXPART time-height section of the ash tracer at Lyon. Bottom graph: Parallel UV-particle backscattering coefficient (in Mm�1 sr�1) at Lyon as a function of time
(in UTC units) from April 17th to 20th 2010. Letters from (a) to (c) correspond to depolarization profile’s times, to be analyzed in Section 4.
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retrieved R-values is determined at altitude z from the maximum
difference obtained when using the maximum and minimum
values of S. Above 2 and up to 6 kmASL, R-values are knownwith an
uncertainty of less than 10%. By applying this procedure to the
parallel polarization channel, we retrieved the particle volume
backscattering coefficient bp,//as a function of altitude for the whole
measurement period.

Vertical profiles of bp,//are displayed in Fig. 4 (bottom) as
a function of time from April 17th to 20th. The white-colored areas
correspond to short rain episodes which prevented the evaluation
of backscattering coefficients. Largest bp,//-values occur near the
ground where the particle load is largely dominated by local
emissions of aerosols (and their precursors) (Miffre et al., 2010). An
enhancement of backscattering is visible on April 18th from two to
3 km, that can be related to FLEXPART simulation. Between 3 and
6 km, an unusually high particle load is visible on April 17th and
18th in a thin filament, with bp,//-values between 2 and
5 Mm�1 sr�1. The filament tilts from 6 km to 4 km on April 17th at
12 h, and then at 3 km on April 18th in the evening before mixing
into the PBL. On April 19th, measured particle backscattering
coefficients are lower because of less direct atmospheric transport
and decreased volcanic activity (Schumann et al., 2010): bp,//-values
do not exceed 3.5 Mm�1 sr�1, except for the 3 km altitude cloud
seen on April 19th at 18 h.
3.2. Particle UV-depolarization dp

After advection over more than 2600 km, the highly dispersed
and aged volcanic particles passing above the Lidar station may
have a different shape from their initial shape. In particular sulfate
particles will have formed from the sulfur dioxide emitted along
with the volcanic ash. Particles having a non spherical shape
depolarize laser light and the magnitude of this depolarization can
be remotely measured with the range-resolved perpendicular Lidar
channel. Hence, the particles’ ability to depolarize laser light is
mainly governed by their shape (Mishchenko, 2002). We have
measured the particle linear volume UV-depolarization ratio
dp ¼ bp,t/bp,//, defined as the ratio between perpendicular and
parallel particle backscattering coefficients. dp is retrieved from the
total depolarization d and its molecular contribution dm (Winker
and Osborn, 1992):

dp ¼ R==d� dm

R== � 1
(2)

where the parallel Lidar ratio R// ¼ 1 þ bp,///bm,// has been used in
section 3.1 to derive the parallel particle backscattering coefficient
bp,//. To discriminate between different depolarizing volcanic
particles layers, it is necessary to precisely determine dp. Special
care has been taken to minimize the different systematic errors
contributing to dp. The spectral selectivity of our detector deter-
mines the molecular depolarization dm ¼ 3.7 � 10�3. The total
depolarization d is deduced from themeasured depolarization ratio
d* ¼ Pt/P// by performing a very accurate calibration procedure to
determine the electro-optics calibration constant G ¼ d*/d directly
at studied altitudes, using Alvarez’s et al. (2006), based on rotating
a half-wave plate to introduce controlled amounts of polarization
cross-talks. The accuracy of d-values is determined by the
2%-uncertainty of G (G ¼ 16.2 � 0.3) and the range-dependent
uncertainty on d*, reduced by time and range averaging. An
example of a vertical profile of dp values is given in Fig. 5, for April
17th at 12 h, together with the corresponding backscattering
coefficients and the total depolarization d. Largest dp-values
correlate with largest d-values. Despite strong UV-molecular scat-
tering, bp,t lies in the range of tenths of bp,//, and dp-values are
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known with a high sensitivity, from a few to several tens of %.
Moreover, the uncertainty on dp, determined by using equation (2),

Ddp
dp

¼ R==Dd
R==d� dm

þ dDR==
R==d� dm

þ DR==
R== � 1

(3)

is below 30%, for altitudes lower than 5 km ASL, and largely
dominated by the 10%-uncertainty on the assumed extinction-to-
backscatter S-ratio. Following the same procedure, vertical
profiles of dp have been obtained also for two selected times on
April 19th; profiles are displayed in Fig. 6.

4. Results and discussion

4.1. Comparison between observed aerosol layers and FLEXPART
simulated ash layers

The Lidar-observed filament structure (bottom of Fig. 4) nicely
agrees with the FLEXPART simulated ash layers (top of Fig. 4) within
the vertical and time resolutions of both methodologies. We clearly
see its tilting into the low troposphere on April 17th in the early
morning from initially 6 km to about 4 km around midday.
Agreement is observed even for some small-scales features, for
instance the maximum on April 17th at 18 h at 4 km. The
comparison between the simulated and observed ash layers relies
on the proportionality between bp,// and the particles’ number
concentration and furthermore to the mass concentration (Miffre
et al., 2010). Correlation with FLEXTRA back-trajectories confirms
the volcanic origin of the air masses passing above the Lidar site.
Hence, the volcanic cloud optical properties can be analyzed with
our Lidar instrument in these specific layers. The filament structure
suggests that the ash layers remained highly stratified even after
long-range advection. On April 17th, the observed layers below the
filament (2e3 km) correspond to air masses originating from the
East of Europe and are, thus, of non-volcanic origin. We evaluated
the particle backscattering coefficient bp ¼ bp,// þ bp,t of the
volcanic layer, on the specified time to :

bpðUV; April 17th; 12 h UTC; 4:2 kmÞ
¼ ð3:4� 0:3ÞMm�1 sr�1 (4)

leading to an integral backscattering coefficient for volcanic parti-
cles of 2 � 10�3 sr�1. Using S ¼ (55 � 5) sr, the UV-particle
extinction coefficient is ap ¼ (187 � 34) Mm�1. Using ash simu-
lated backscattering cross-sections (see Section 2.3) and
bp,t ¼ 0.85 Mm�1 sr�1 (see Fig. 5), we derived an ash mass
concentrationMash ¼ (270� 70) mg m�3 by assuming that diameter
10 mm ash particles dominate the ash mass concentration with an
ash mass density of 2600 kg m�3, as reported by the Global
Volcanism Program (http://www.volcano.si.edu). The retrieved
value at 4.2 km altitude is twice larger than values usually observed
at ground level during strong pollution events (Miffre et al., 2010)
and lies in the range of FLEXPART ash mass concentrations (Fig. 4,
top). The uncertainty on Mash depends on the scattering cross-
section calculation and on the S-ratio. The ash mass density adds
a systematic error of 25%. When volcanic particles mix into the PBL
on April 18th, parallel backscattering enhancement relies on the
volcanic ash particles intrusion, as shown by FLEXPART, and on
possible sulfate hygroscopic growth (see next sections). On April
19th, bp,//-values decrease caused both by the reduced volcanic
activity after the initial eruption and less direct transport to the
measurement site. An interesting feature occurs between 3 and
5 km altitude where, in agreement with back-trajectories, new ash
layers are simulated by FLEXPART in high mass concentrations. By

http://www.volcano.si.edu


Fig. 6. Vertical profiles of particle UV-depolarization ratio dp and relative humidity (RH) as a function of altitude at specific times: (a) April 17th at 12 h UTC; (b) April 19th at 0 h
UTC, (c) April 19th at 19 h UTC.
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the same time, low bp,//-values are observed on Fig. 4, dedicated to
scattering on the parallel polarization channel. As shown in the
next paragraph, it is necessary to include Fig. 6-depolarization
profiles, to further interpret the comparison of the measurements
to the FLEXPART ash dispersion model.

4.2. Optical properties of volcanic particles (scattering and
depolarization)

The Lidar profiles exhibit a high variability in time and space, for
both scattering (Figs. 4 and 5) and depolarization (Figs. 5 and 6). It
can be seen that depolarization ratios are not related to backscat-
tering coefficients in a simple way, as noticed by Winker and
Osborn for stratospheric studies (1992). On April 17th at 12 h, both
scattering (Fig. 4, bottom) and depolarization (Fig. 6a) are quite
high in the volcanic layer at 4.2 km altitude where ash particles are
present in highmass concentration, as confirmed by FLEXPART, and
efficiently depolarize laser light. On April 19th at 00 h, the depo-
larization profile (Fig. 6b) reveals low values for altitudes below
3 km with high particle scattering (Fig. 4, bottom), while on April
19th at 19 h, there are two volcanic layers of a few hundred meters
depth between 3.5 and 5 km altitude, corresponding to poorly
scattering (Fig. 4, bottom) but strongly depolarizing (Fig. 6c)
particles. The highest 4.5 km-layer (Fig. 6c-dashed lines delim-
itation), which corresponds to the observed highest depolarization
value over the three profiles in Fig. 6, can be attributed to volcanic
ash particles in agreement with Munoz’s et al. (2004) value of 44%
(see Section 2.3) within our error bar. The observed ash particles
preserve their intrinsic optical depolarization property, even after
long-range advection. This remark may not be generalized as
a general property. For this, history on the air parcel chemistry
should be available. Within our error bars, the lower layer at 3.7 km
on Fig. 6c, which exhibits slightly lower depolarization, is not only
containing ash particles. Inside the volcanic cloud, the lower
depolarization values, observed on each of the three profiles in
Fig. 6, can be attributed to volcanic layers composed of non
spherical ash particles and spherical particles, most likely hydrated
sulfates particles. As sulfate particles are hygroscopic, they scatter
light more efficiently when RH-values increase (Li et al., 2001).
Water uptake is much more efficient on sulfate particles than on
ash particles (Delmelle et al., 2007). From the dp-definition, it
follows that dp will decrease, as bp,// increases, as seen on profiles
(b) and (c) in Fig. 6 for altitudes below 3 km. In this altitude range,
we still observe 5%-depolarization on profile (c), that we relate to
remaining fine ash particles (simulated by FLEXPART) and fine
hydrated spherical particles.

4.3. Ash concentrations, partitioning between spherical and non
spherical particles

The assumed mixture of ash and sulfate particles (Mather et al.,
2003; Schumann et al., 2010) is further confirmed by comparing
our data with CALIPSO satellite measurements (http://www-
calipso.larc.nasa.gov/products/lidar). When CALIPSO satellite
passed over Lyon (17th April, 2 h UTC, volcanic cloud at 6 km-
altitude), we estimated a backscatter Ångstrom exponent of 1.02,
by assuming a power law dependence of the particle backscatter
coefficient with the 355 (Lyon Lidar) and 532 nm (CALIPSO) laser
wavelengths. As shown by Sasano and Browell (1989), the
Ångstrom exponent is related to the chemical composition of the
volcanic particles but primarily depends on their size. Our value
indicates that after long-range advection, there is no evidence that
scattering from ash particles is dominant. Under the assumptions of
a 44%-ash depolarization ratio and a negligible depolarization ratio
for hydrated sulfates particles, we evaluated the ash particles
backscattering coefficient from our (bp, dp) measurements. These
assumptions may be violated if ash particles induce ice-cloud
nucleation (Durant et al., 2008) but our meteorological data show
that these conditions are not fulfilled within our altitude range. We
then estimated the particle concentration number Nash of ash
particles, by using computed backscattering cross-sections (see
Section 2.3). The Nash-uncertainty depends on the ash particles

http://www-calipso.larc.nasa.gov/products/lidar
http://www-calipso.larc.nasa.gov/products/lidar
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backscattering coefficient which is range-dependent and on the
optical computation (20 %-error). Ashmass concentrationsMash can
be evaluated from Nash by using the number-to-mass conversion
factor of 1.08 � 10�2 mg part�1. Vertical profiles of Mash are dis-
played in Fig. 7. All retrieved mass concentrations are well below
the limit value of 2000 mg m�3 chosen for airport closures. In the
PBL, the low ash concentration is comparable with 10e40 mg m�3

PM10 concentration measured at ground level in urban polluted
areas (Miffre et al., 2010). The highest Mash-value, (270 � 70)
mg m�3, is observed on April 17th at 12 h (Fig. 7a) in the volcanic
layer at 4e4.5 km altitude (Mash-values are not evaluated under
4 km as air masses do not originate from the volcano), in excellent
agreement with FLEXPART ash simulation. Profiles (7b) and (7c)
exhibit lower Mash-values for the new ash intrusions, and when
particles mix into the low troposphere,Mash-values are even lower,
in agreement with FLEXPART. The observed discrepancy above
3 km between FLEXPARTand Lidar ash mass concentrations may be
due to the air masses hanging around in Europe moving back and
forth as suggested by Fig. 2 back-trajectories; rain further compli-
cates the situation. The ash mass concentration profile follows the
depolarization profile only for low RH-values (around 10%). On
April 19th at 19 h, when dp decreases (Fig. 6c) and RH increases, as
between 3.5 and 3 km, this is not a clear indication that the ash
particles concentration is decreasing (Fig. 7c). This dp-decrease
relies on the hygroscopic growth of spherical particles. The
retrieved ash concentrations should therefore be carefully
compared with optical counter measurements (Schumann et al.,
2010).

Complementary optical scattering of hydrated sulfates particles
(Section 2.3) leads to the evaluation of the (concentration) number
ratio NR ¼ Ns/Nns between spherical (Ns) and non spherical (Nns)
particles. On Fig. 6c, RH-values strongly vary, at 4 km, RH¼ 10% and
NR is equal to 1000, whereas at 2.7 km, RH ¼ 70% and NR ¼ 3000.
These two values are different as these volcanic air masses are
different. The air mass at 2.7 km has a higher NR-value due to lower
ash particle concentrations and higher concentrations of spherical
hydrated sulfate particles. Despite a large uncertainty, we can in
this way evaluate the mixing number ratio between hydrated
particles and solid particles, under the assumption that ash parti-
cles are not sufficiently hygroscopic (Delmelle et al., 2007). This
assumption can be questioned, inwhich case surface reactions may
occur. However, the efficiency of this process is yet unknown, and
hence difficult to estimate. Moreover, a recent publication from
Sipilä et al. (2010) shows that, under these low tropospheric
conditions, sulfuric acid nucleation can compete this surface
process.

5. Conclusions

In this contribution, an UV-polarization Lidar has been used to
measure, with high sensitivity and accuracy, the optical properties
of highly diluted and aged volcanic ash particles, after more than
2600 km of advection. The FLEXPART particle dispersion model has
been applied to simulate the volcanic ash dispersion from Iceland
to South West Europe, at the border of the air traffic closure area.
Both methodologies nicely agree and show the transport of
volcanic particles into the low troposphere. Moreover, a micro-
physical analysis has been made by using optical scattering calcu-
lation and laboratory measurements from volcanic ash particle
samples (Munoz et al., 2004). Fine remaining ash particles, which
exhibit high UV-depolarization ratios, still have an irregular shape
after long-range transport, even at low ash concentrations. Such
a high depolarization may lead to non-negligible effects on atmo-
spheric radiative transfer and may affect satellite remote sensing
measurements. Our methodology, based on high sensitivity depo-
larization measurements, leads to an estimation of number and
mass ash concentrations. The inferred ash mass concentration does
not exceed typical urban PM10 concentrations. In addition to ash
particles, the environmental effect of the Eyjafjalla volcanic parti-
cles may be due to sulfate particles, whose concentration number
has been also estimated from our methodology. We observe
a strong amplification of the atmospheric light scattering in layers
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with higher relative humidity values, such as in the lower atmo-
sphere. In this case, optical backscattering coefficient from sulfate
particles may exceed the optical backscattering coefficient from ash
particles by a factor 15, whereby the number density ratios
between ash and sulfates are 3000. This estimate is based on our
analysis of both scattering and depolarization measurements. As an
outlook, this study shows that ash particles are low-number
concentrated and their large surface may enhance chemical reac-
tions involved in the atmosphere, as pointed out by Mather et al.
(2003), Delmelle et al. (2007) and Schumann (2010).
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