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Abstract

An Ultra-Violet Rayleigh-Mie lidar has been integrated aboard the French research
aircraft Falcon 20 in order to monitor the ash plume emitted by the Eyjafjallajökul vol-
cano in April–May 2010. Three operational flights were carried out on 21 April, 12 and
16 May 2010 inside French, Spanish and British air spaces, respectively. The original5

purpose of the flights was to provide the French civil aviation authorities with objective
information on the presence and location of the ash plume. The present paper presents
the results of detailed analyses elaborated after the volcano crisis. They bear on the
structure of the ash clouds and their optical properties such as ash extinction coeffi-
cient and lidar ratio. Lidar ratios were measured in the range of 33 to 48 sr, in good10

agreement with the ratios derived from ground-based lidar measurements performed
near Paris (France) in April 2010 (∼47 sr). The ash signature in terms of particulate de-
polarization was consistent around 45±7 % during all flights. Such a value seems to
be a good identification parameter for ash. Using specific cross-sections between 0.29
and 1.1 m2 g−1, the minimum (maximal) mass concentrations in the ash plumes are15

derived for the flights on 12 and 16 May. They were 190 (2300) and 270 (1600) µg m−3,
respectively. It may be rather less than, or of the order of the critical level of damage
(2 mg m−3) for the aircraft engines, but well above the 200 µg m−3 warning level.

1 Introduction

Due to the winds prevailing in Northern Europe at the time, the ash plume emitted20

by the Icelandic volcano Eyjafjallajökull (e.g. Sigmundsson et al., 2010) that erupted
in April–May 2010 was advected from Iceland to the south-east. For several days, it
“contaminated” the airspace of Western Europe and lead to a major air traffic disruption
(Gertisser, 2010). In France, the “Direction Générale de l’Aviation Civile” (DGAC) and
the government authorities closed the airspace entirely from 16 to 21 April 2010, and25

partially (south-western part of France or Island/UK) from 12 to 16 May 2010.
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During these two periods several lidars were operated by various groups throughout
Europe with the purpose of increasing knowledge on ash properties and assess their
potential danger to aviation. Ansmann et al. (2011) proposed an original approach
coupling lidar and sunphotometer to retrieve the content of ash over central Europe
using the existent networks AERONET and EARLINET. The coupling between ground-5

based remote sensors including lidar was also proposed by Gasteiger et al. (2011) to
constrain the ash size distribution. Another original work was conducted by Chazette et
al. (2011) using the coupling between lidar (ground-based and spaceborne systems),
sunphotometer and modeling to retrieve the ash optical properties over the Paris area
and the assessment of the ash mass concentration. The ash plume was also analyzed10

with active (e.g. Chazette et al., 2011) and passive (e.g. Millington et al., 2012) space-
borne sensors. This last approach followed the work of Prata et al. (2010) and Thomas
and Watson (2010) by using multispectral remote-sensing observations from satellites
to characterize volcanic emission from space. Following the Eyjafjallajökull eruptions,
the airborne measurements played also a major role for the retrieval of microphysical15

ash properties using sampling approaches (Schumann et al., 2011; Johnson et al.,
2012; Bukowiecki et al., 2011) and lidar measurements (e.g. Marenco et al., 2011).

The use of lidar measurements to characterize volcanic aerosols is not new. Fol-
lowing the major eruptions of El Chichon in 1982 and Mount Pinatubo in 1991, vol-
canic plumes were extensively studied by both ground-based and airborne lidars. For20

instance, Jäger (1992) used a lidar at Garmisch-Partenkirchen (Germany) to investi-
gate the volcanic aerosol in the stratosphere following the Mount Pinatubo eruption.
Simultaneously, lidar measurements were performed at Hampton (Virginia, USA) by
Osborn et al. (1995). In France, Chazette et al. (1995) used lidar observations from
the “Observatoire de Haute Provence” (OHP) to characterize the aerosol plume in the25

stratosphere following the eruptions of El Chichon and Mount Pinatubo. The residence
time of volcanic aerosols was thus assessed. The ash plume of Mount Pinatubo was
also investigated with an airborne lidar by Winker et al. (1992).
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In this paper we present the contribution of the sole French airborne lidar (AL) that
flew during the international airline crisis caused by the Eyjafjallajökul eruption. The
AL was built from an ALS450 manufactured by the Leosphere Compagny and initially
developed at the “Laboratoire des Sciences du Climat et de l’Environnement” (LSCE).
A similar system has already flown aboard an ultra-light aircraft during the African5

Monsoon Multidisciplinary Analyses (AMMA) (e.g. Chazette et al., 2007), as well as
aboard the FAAM BAe-146 research aircraft (www.faam.ac.uk) (e.g. Marenco et al.,
2011). The lidar is briefly presented in Sect. 2 where we also remind how aerosol
optical properties can be derived from the co-polar and cross-polar channels of a lidar.
The flight plans are presented in Sect. 3 with the identification of the ash plume from10

the cross-polar channel. In Sect. 4, the ash plume optical properties retrieved from the
lidar profiles are presented with their uncertainties and we propose an estimation of the
ash mass concentration using the previous results published in the scientific literature.
Section 5 summarizes the findings.

2 The airborne lidar15

The AL was flown aboard the Falcon 20 (F-20) of the “Service des Avions Français
Instrumentés pour la Recherche en Environnement” (SAFIRE, see www.safire.fr) which
operates several aircrafts for research purposes in the environment domain. SAFIRE
Falcon 20 is an original Dassault Falcon 20 GF specially modified for scientific uses.
Its usual cruising speed is 150 m s−1 and its endurance is close to 5 h (maximal flight20

range ∼4100 km) depending on the scientific payload (usually ∼1200 kg). Its maximum
flight ceiling is ∼42 000 ft (12 000 m).

2.1 Technical characteristics of the AL

The AL is a modified version of the ALS450 manufactured by the LEOSPHERE Com-
pagny (www.leosphere.com). It emits in the ultraviolet (355 nm), and is based on a25
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20 Hz pulsed Nd:YAG laser (ULTRA) manufactured by QUANTEL (www.quantel.com).
Its main characteristics are summarized in Table 1. It was originally joinlty developed by
LSCE (www.lsce.ipsl.fr) and LEOSPHERE (Chazette et al., 2007; Raut and Chazette,
2009). The UV pulse energy is 16 mJ and the pulse repetition rate is 20 Hz. The re-
ceiver implements two channels for the detection of the elastic backscatter from the5

atmosphere in the parallel and perpendicular polarization planes relative to the linear
polarization of the emitted radiation. It was designed to monitor the aerosol distribution
and dispersion in the low and middle troposphere. It enables the retrieval of aerosol op-
tical properties (extinction, backscatter coefficient and depolarization ratio) and atmo-
spheric structures like the planetary boundary layer (PBL), aerosol layers and clouds,10

with a line of sight resolution close to 15 m. With a 15 cm diameter telescope, the lidar
is compact (∼70×45×18 cm) and lightweight (<50 kg for both optics and electron-
ics) and can thus be easily mounted aboard an aircraft. The wide field-of-view (FOV)
∼2.3 mrad ensures a full-overlap of the transmit and receive paths beyond ∼200 m.

2.2 The lidar signal15

For a perfect separation of the 2 polarizations, the range corrected lidar signals S1(2)

at the emitted wavelength λ for both the co-polarization (//, channel 1) and the cross-
polarization (⊥, channel 2) channels is given at the distance r from the aircraft by
(Measures, 1984)

S1(2)(r)=C1(2) ·
(
β1(2)

m (r)+β1(2)
a (r)

)
·exp

(
−2 ·
∫ r
0

(αm(r ′)+αa(r ′)) ·dr ′
)
. (1)20

The molecular (resp. aerosol) contribution is characterized by both the extinction αm

(resp. αa) and the backscatter coefficients β1(2)
m (resp. β1(2)

a ). The molecular extinction
and backscatter are known functions of the air density and can thus be predicted with
a good accuracy from a climatological profile of air density, a weather analysis, a radio-
sounding, or a simple polynomial approximation as proposed by Nicolet (1984). C1(2)

25

are the instrumental constants for each channel.
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Taking into account that the two Brewster plates used for the separation of the two
polarizations are not perfect (Fig. 1), the total elastic lidar signal must be computed
from the two polarized signals by using the equation

S(r)=
S1(r) · (1+VDR(r))

C1 ·
(
T //

1 +T⊥
1 ·VDR(r)

) (2)

where VDR is the volume depolarization ratio5

VDR(r)=
Rc ·
(

1−T //
1

)
·
(

1−T //
2

)
·S1(r)−T //

1 ·S2(r)

T⊥
1 ·S2(r)−Rc ·

(
1−T⊥

1

)
·
(
1−T⊥

2

)
·S1(r)

. (3)

T //
i and T⊥

i are the transmissions of the co-polarization and cross-polarization contribu-

tions of the Brewster plate i , respectively. The cross-calibration coefficient Rc =
C2/

C1

can be assessed by looking at the lidar signals obtained in a “clean” atmospheric vol-
ume with negligible aerosol content. There, the lidar signal is due solely to the known10

molecular backscatter between 6 and 7 km above the mean sea level (a.m.s.l.). The
molecular volume depolarization ratio (VDRm) was taken equal to 0.3945 % at 355 nm
following Collis and Russel (1976). Because of the narrow width of the interferential
filter (0.3 nm) of the receiver, only Cabannes scattering is observed by the lidar. The
mean relative uncertainty on the cross-calibration coefficient was assessed before the15

flights over the Paris area and compared to the one of another ground-based lidar
(GBL) used to follow the ash plume (Chazette et al., 2011). These measurements per-
formed during the night of 19 April 2010 (23:00 LT) are shown in Fig. 2. The vertical

profiles of apparent backscatte β//(⊥)
app (S1(2) corrected from the molecular transmission)

derived from the two lidars are in very good agreement. After taking into account Rc for20

each lidar (T //
1 =0.77 (0.90),T⊥

1 =0.0007 (0.0012), T //
2 =0.77 (0.90) and T⊥

2 =0.0009
(0.0009) for the AL, GBL), the derived VDR are very similar. The mean relative un-
certainty on Rc is ∼7 %. The value of Rc may vary with the temperature and it is thus
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necessary to assess Rc for each flight. At ground, we found Rc =16±0.49 but this
value evolved when the lidar was flying: 6.4±0.07 on 21 April 2010 with a high tem-
perature in the cockpit (∼30 ◦C), 10.4±0.15 and 10.8±0.10 on 12 and 16 May 2010,
respectively, with cooler temperatures inside the cabin (∼18 ◦C). Between the last two
flights Rc was very stable.5

2.3 Retrieval of the ash plume optical properties

The retrieval of the ash optical properties from the AL is performed in two steps. In
the first step, the aerosol optical thickness (AOT) of the ash layer plume is assessed
(if possible). The second step consists of the inversion of a lidar equation. As it is
well known, the inversion of lidar equation is an ill-posed problem as it contains two10

unknowns for a single equation. An additional constraint is thus needed. For an air-
borne lidar, such a constraint can be found when the aerosol plume is boarded by two
atmospheric layers where only molecular scattering occurs. This specific situation has
been encountered during our flights. Then the ash AOT can be easily written as

AOT=
∫za
zb
αa(z) ·dz

AOT= 1
2 · ln
(
βm(za)
βm(zb) ·

S(zb)
S(za)

)
−
∫za
zb
αm(z) ·dz

(4)15

where z is the altitude a.m.s.l. (z= zf − r cos(θ) with zf the aircraft altitude and θ the
pointing angle relative to nadir); zb and za are the altitudes within the molecular layers
beneath and above the ash plume, respectively. Using the backscatter to extinction
ratio (BER, inverse of the lidar ratio LR), the elastic Eq. (1) becomes a differential
equation of type Bernoulli first order and can be mathematically inverted (Klett, 1985)20

αa(z)=BER−1

 S(z)Q(z)
S(zb)

(βm(zb)+βa(zb)) +2 ·BER−1∫z
zb
S(z′)Q(z′)dz′

−βm(z)

. (5)
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Here, Q is the correction factor related to the differential molecular optical thickness
calculated from the vertical profile of the molecular scattering coefficient as

Q(z)=exp

(
2
[
kf

3
8π ·BER

−1
] ∫ z

zb

αm (z′) dz′
)

(6)

where kf is the King factor of air (King, 1923). Considering kf =1 leads to an overesti-
mation on the molecular volume backscatter coefficient of only 1.5 % at 355 nm (Collis5

and Russel, 1976). BER is assessed using the AOT as a constraint in Eq. (5) via a di-
chotomy approach as described by Chazette (2003) or Royer et al. (2010). The value
hence retrieved is constant for the entire ash layer. This assumes that the ashes are
distributed homogeneously across the plume.

The uncertainties in the determination of AOT, αa and BER can be related to three10

main sources: (i) the detection noise (shot noise, electronic noise. . . ), (ii) the presence
of residual aerosols in the altitude ranges used for lidar calibration, (iii) the uncertainty
on the a priori knowledge of the vertical profile of the Rayleigh backscatter coefficient
as determined from ancillary measurements. This last uncertainty is negligible (<2 %
on αa or BER) compared to the others. The statistical uncertainties on the ash optical15

parameters have been calculated (see Sect. 4.1) using a Monte Carlo approach as in
Chazette (2003). Due to the distance between the emitter and the scattering layer,
the field of view, and the AOT value (see below), the multiple scattering effects can be
neglected in comparison to the other sources of uncertainty.

The higher contribution of the molecular scattering at 355 nm leads to prefer the20

particulate depolarization ratio (PDR) to characterize the ash depolarization properties
linked to their non-sphericity. The PDR is given by (Chazette et al., 2011)

PDR(z)=
βm(z) · (VDRm−VDR(z))−βa(z) ·VDR(z) · (1+VDRm)

βm(z) · (VDR(z)−VDRm)−βa(z) · (1+VDRm)
. (7)
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The PDR is generally very noisy because it is the ratio of two noisy functions of βa.
Hence, its assessment is restricted to high values of aerosol extinction coefficient
(>0.1 km−1 for our AL).

3 Flights plans and ash plume identification

Probable presence of volcanic ash was detected during three flights of the F-20. These5

flights were carried out on 21 April, 12 and 16 May 2010, inside the French, Spanish
and British air spaces, respectively. The aircraft took off from the military airport of
Toulouse-Francazal for each of them, and landed on the same airport. The volcanic
ash plume has been mainly identified using the perpendicular channel of the airborne
lidar, in terms of β⊥

app.10

On 21 April 2010, while air traffic was resuming over France, a thin volcanic aerosol
layer was measured in the Northern part of France above a cloud layer between Stras-
bourg and Dieppe (Fig. 3). The AOT of the ash plume was lower than 0.03 at 355 nm. It
is thus very difficult to retrieve the ash optical properties. The VDR is ∼5 % showing the
presence of ash in agreement with the previous measurements performed by Chazette15

et al. (2011). Moreover, there is no molecular layer beneath the ash plume. Hereafter,
we do not consider these lidar measurements for a quantitative study.

The second flight was over the Atlantic Ocean, off the Spanish coast (La Coruna),
towards the West as shown Fig. 4. A filament (∼500 m thick) with a high density
was first observed by the AL (located between −9.82 and −12.06◦ in longitude and20

at ∼5 km a.m.s.l. in Fig. 4). But the main body of the volcanic plume was found further
west at about the limit of range of the aircraft (∼1200 km off La Coruna). Therefore
only the edge of the plume could be observed by the AL. It extends vertically from 2
to ∼7 km a.m.s.l. Lidar signals are reported in Fig. 4. The figure is nearly symmetrical
as the aircraft flew a return flight along almost the same route. The backtrajectories25

computed with the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory
Model) model (courtesy of NOAA Air Resources Laboratory; http://www.arl.noaa.gov)
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are shown in Fig. 5. The ashes that were present within the filament and the plume
were not emitted on the same day (10 May for the filament and 11 May for the plume)
neither advected with the same efficiency. For the filament, the main contribution to the
lidar signal came from an altitude of ∼2 km a.m.s.l., whereas it came between 4 and
5 km a.m.s.l. for the main plume.5

On 16 May, the British air space was closed. Volcanic ashes were expected and
encountered in the North of England. The ash plume is well located by the AL mea-
surements as shown Fig. 6. It lies between ∼3 and 6 km a.m.s.l. Backtrajectories, from
different end-points, within the ash plume are displayed in Fig. 7. They confirm the
source of the ash plume as being the Eyjafjallajökull volcano.10

Note that the ubiquitous cloud cover during the flights makes it difficult to identify ash
plumes from space. Few cloud-free pixels are available on SEVERI or MODIS (not
shown) and backtrajectories appear as the most relevant means to identify the origin
of the ash layers detected from the AL.

4 Optical properties and mean ash mass concentration15

The calculations have been performed on mean profiles measured in the ash plumes
for which we have two molecular normalization points, above and beneath the plume
(za and zb, respectively). Such an averaging can significantly improve the signal to
noise ratio (SNR) in the molecular zones to reach values larger than 10 needed for
an accurate inversion (Table 2). The assessment of the ash optical properties does20

not require assumptions about the chemical nature and morphological properties of
the ash. This is not the case for the assessment of the ash mass concentrations (e.g.
Gasteiger et al., 2011; Chazette et al., 2011).
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4.1 Optical parameters

The range-corrected mean lidar signal is given in Fig. 8 for 12 and 16 May 2010. For
12 May, we have firstly distinguished the plume from the filament, and secondly we
have considered separately the plume-crown, located between ∼5 and 7 km a.m.s.l.,
from the plume itself, which is located below, between ∼2 and 5 km a.m.s.l. (Fig. 5).5

Note that the lower molecular reference altitude is lower boarded by cloud signatures.

4.1.1 Aerosol Optical Thickness in the plume

The AOTs at 355 nm retrieved from Eq. (4) for each case are given in Table 2. The event
on 16 May is the most intense with AOT=0.34 compared with the ash plumes observed
on 12 May with AOT of 0.19, 0.08 and 0.16 for the plume, plume-crown and filament,10

respectively. The lower molecular reference zb is very likely to be contaminated by
residual aerosol contribution and the AOTs are likely biased. It is unclear whether
aerosols are a priori present at the molecular reference level. Hence, the potential bias
on the AOT (δAOT) was assessed using two scattering coefficients (R =1+βa

/
βm

) at
the lower molecular reference altitude. The results are presented in Table 2 for R =1.0515

and R =1.09. At the molecular reference zb, R =1.05 (1.09) leads to a bias on the lidar
signal at least equal to the (twice) signal noise level. Such a deviation is assumed to
be observable on the profiles of Fig. 8. For R =1.05, the bias (δAOT ∼−0.02) on the
AOT is the same whatever the AOT values. The bias is more than twice as important
as for R =1.09 (between 0.04 and 0.05). The statistical uncertainty (εAOT) linked to the20

signal noise is low (less than 3 %, Table 2).

4.1.2 Aerosol extinction coefficient profiles

Given the AOT of the ash plumes, the AL measurements on 12 and 16 May were
converted into extinction coefficients using both the Klett (1985) backward algorithm
and the dichotomy approach. The mean vertical profiles of aerosol extinction coefficient25
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are given in Fig. 9. The vertical structure can be complex as on 12 May with several
maxima above 0.1 km−1. The maximum extinction coefficient is given in Table 2 for
each mean profile. The values are between 0.21 and 0.44 km−1 for the plume-crown
and the filament of 12 May, respectively. The ash plume of 16 May has a maximum
αa of 0.30 km−1. The statistic uncertainty εα and the absolute value of the bias δα5

(R =1.05) are lower than 2 and 6 %, respectively (Table 2).

4.1.3 Backscatter-to-Extinction Ration in the plume

The BER retrieved from AL measurements are also given in Table 2. The values be-
tween 0.021 and 0.025 sr−1 (LR between 40 and 47.6 sr) are very close to those mea-
sured with ground-based Raman lidar near Paris (0.021 sr−1, Royer et al., 2010) except10

for the filament (BER=0.030 sr−1 or LR=33.3 sr). This may be due to the presence
of ice-nuclei within the ash filament as observed from airborne in situ measurements
over UK by Schumann et al. (2011).

The LR in the ash plume retrieved in this study is close to the LR values of
50±5 assessed by Ansmann et al. (2010) for Munich. The same authors measured15

LR=60±5 sr at Leipzig, which is larger than our values. The statistic error (εBER) on
the BER is low (<3 %) but the bias (δBER) linked to R =1.05 may significantly overesti-
mate the BER by 26 % for the lower AOT of 0.08 (Table 2). Note that a value of R =1.09
doubles the bias on each parameters as shown Table 2.

4.1.4 Depolarization measurements20

The last optical parameter that we have assessed is the PDR (Eq. 7) derived from
the VDR (Eq. 3). Figure 10 gives the mean vertical profiles of both the VDR and the
PDR when the SNR is large enough. Marenco and Hogan (2011) performed ground-
based elastic-backscattering lidar measurements at Exeter, United Kingdom, on 16
and 18 April 2010. They found VDR between 10 and 20 % in agreement with the value25

shown Fig. 10. When working at the wavelength of 355 nm where molecular scattering
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is high, the best representative depolarization ratio is the PDR. When encompass-
ing all the PDR profiles, the mean value is very stable, between 42±5 and 47±7 %
(Table 2). These values are inside the range derived by Chazette et al. (2011) from
GBL measurements. They are higher than the results of Ansmann et al. (2011) or
Gasteiger et al. (2011) that retrieved mean PDR at the same wavelength of 35–40 %5

and 35.5±4.4 %, respectively. The ash plumes may evolve during transport by parti-
cle settling and their optical properties may be affected. Note that for the ash plume
observed during the flights in May, the residence time in the atmosphere was less than
3 days (Figs. 5 and 7). Moreover, the ash plume is very heterogeneous and the ash
properties could be different from an eruption to another. This may explain that the ash10

optical properties are not necessary the same from a location to another, and from a
time to another.

4.2 Ash mass concentration

A mass concentration estimate is a major requirement for aviation and for modeling pur-
poses (e.g. Stohl et al., 2011). Nevertheless, no measurement of the ash microphysical15

properties has been performed from the F-20 because the flights were dedicated to the
ash plume tracking by the AL. Therefore we use the specific cross section (σs) of ash
assessed from the previous literature on the Eyjafjallajökull volcano. The Table 3 sum-
marizes these values, which are widely dispersed, between 0.19 and 1.5 m2 g−1. The
higher values are retrieved by Hogan et al. (2012), Gasteiger et al. (2011) and Johnson20

et al. (2012) and belong to the intervals from 1 to 1.5 m2 g−1, 0.43 to 1.15 m2 g1 and
0.45 to 1.06 m2 g1, respectively. Note that σs is close to 1.1 m2 g−1 for dust particles
originating from Sahara (e.g. Raut and Chazette, 2009), hence σs for dust aerosol can
be considered as the upper boundary for ash. The lower value is given by Chazette
et al. (2011) for ash plume over the Paris area with σs =0.19–0.29 m2 g−1. As shown25

by the previous authors, these values leads to coherent comparison with the Eule-
rian model Polair3D transport model. Intermediate values are given by Ansmann et
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al. (2010) with σs ∼0.43 m2 g−1, and Ansmann et al. (2011) with σs ∼0.66 m2 g1 from
the coupling between sunphotometer and a GBL.

Using the specific cross-sections between 0.19 and 1.1 m2 g−1 in the equation

AMC=
max(αa)

σs
and AMIC=

AOT
σs

, (8)

we have assessed both the ash mass concentrations (AMC) and the ash mass in-5

tegrated concentration (AMIC) over the plumes. The values are reported in Table 2
(corresponding to the maximum of αa for AMC). For 12 May, the AMC (AMIC)
varies from 190 to 2160 µg m−3 (70 to 1000 mg m−2) in the plume, and from 400
to 2300 µg m−3 (145 to 840 mg m−2) in the filament. Similar values are retrieved for
16 May with an AMC between 270 and 1600 µg m−3, and an AMIC between 310 and10

1800 mg m−2.

5 Conclusions

Three operational flights were carried out with a Rayleigh-Mie lidar aboard the F-20
French research aircraft. The original purpose of these flights was to provide the
French civil aviation authorities with objective information on the presence and loca-15

tion of ash plumes. The volcanic aerosol layers were identified mainly by using the
perpendicular channel of the AL.

Ash plumes have been characterized by their PDR, which is very constant from
a flight to another with value between 42 and 47 %. The detected ash plumes are
very similar in term of optical properties except the ash filament observed on 12 May,20

which stayed longer in the atmosphere than the main plume. For the ash plumes,
the backscatter ratio (lidar ratio) appears to be coherent with the previous finding with
values between 0.021 to 0.025 sr−1 (40 and 47.6 sr). The maximum AMC (between
190 and 2300 µg m3 based on the likely range of the specific cross-section) may be
rather less than or of the order of the critical level of damage given by the aircraft25
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engine manufacturers (2 mg m−3) for the aircraft engines. Nevertheless, the 200 µg m−3

warning level was significantly reached.
The AL is thus utterly suitable for ash identification. Its measurements encompassed

all the aerosol layers of the troposphere and are a powerful asset in the frame of a de-
cision making tool. It supplied vertical profiles essential for the localization, the identi-5

fication and the assessment of the ash content. In both April and May 2010, it enabled
to confirm air traffic reopening over the French airspace.
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(CEA). The “Centre National d’Etudes Spatiales” (CNES), Météo-France and the “Institut des
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Table 1. Main characteristic of the airborne lidar system.

Characteristics Details

Lidar head size ∼65×35×18 cm
Lidar head and electronic weight ∼40 kg
Laser type Nd:YAG 20 Hz 16 mJ @ 355 nm
Laser pulse length ∼5–7 ns
Laser divergence 0.1 mrad
Reception channels Elastic 355 nm // et ⊥
Reception diameter 150 mm
Field of view ∼2.3 mrad
Full-overlap 200 m
Detector Photomultiplier (analog mode)
Filter bandwidth 0.3 nm
Electronic system PXI 200 MHz
Vertical sampling (resolution) 1.5 m (15 m)
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Table 2. Optical properties of the ash plumes. The relative statistic uncertainties (εx) are given
for each property x and plume type. The relative bias (δx) linked to the presence of aerosol at
the altitude of normalization is also given.

Scattering 16 May 12 May 12 May 12 May
coefficient Plume Plume-crown Filament

R =1 SNRb 12 12 19 14
SNRa 35 28 56 27
BER 0.023 sr−1 0.025 sr−1 0.021 sr−1 0.030 sr−1

max (αa) 0.30 km−1 0.41 km−1 0.21 km−1 0.44 km−1

PDR 44±6 47±7 42±5 46±7
AOT 0.34 0.19 0.08 0.16
εAOT 1.2 % 1.9 % 3.2 % 3 %
εBER 1 % 1.7 % 2.8 % 2.7 %
εα 2 % 2.8 % 12 % 3.2 %

R =1.05 δAOT −7 % −12 % −30 % −14 %
δBER 3 % 6 % 26 % 10 %
δα −6 % −10 % −24 % −11 %

R =1.09 δAOT −12 % −21 % −58 % −28 %
δBER 5 % 11 % 87 % 24 %
δα −11 % −17 % −52 % −22 %

Range of ash 270 370 190 400
mass From to to to to
concentration max(αa)
(µg m−3) 1600 2160 1100 2300

Range of 310 170 70 145
integrated
mass From to to to to
concentration AOT

(mg m−2) 1800 1000 420 840
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Table 3. Specific cross-section (σs) given in the literature.

Reference σs (m2 g−1) Wavelength (nm) Location and period of measurements

Ansmann et al. (2010) 0.43 355 and 532 Leipzig and Munich, Germany April 2010
Gasteiger et al. (2011) 0.43–1.15 532 Munich, Germany April 2010
Ansmann et al. (2011) 0.66 532 Central Europe April and May 2010
Hogan et al. (2012) 1.25±0.25 340, 355, 1020 and 1500 UK April 2010
Johnson et al. (2011) 0.45–1.06 355–680 UK April and May 2010
Chazette et al. (2011) 0.19±0.03 – 0.29±0.04 355 Paris, France April 2010
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Fig. 1. Schematic representation of the co-polar and cross-polar channels.
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Fig. 2. Vertical profiles of the apparent backscatter coefficient β//⊥
app and VDR for the AL (top)

and GBL (bottom). The molecular contribution is also indicated for the co-polar and cross-polar
channels.
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Figure 3: Flight for 21 April 2010. Top panel shows the flight plane above France where the 455 

main crossed cities are given. Bottom panel shows the temporal evolution of app. The 456 

shallow ash plume is circled in red. 457 
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Fig. 3. Flight for 21 April 2010. Top panel shows the flight plane above France where the main
crossed cities are given. Bottom panel shows the temporal evolution of β⊥

app. The shallow ash
plume is circled in red.
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 460 

Figure 4: The same as Figure 3 for 12 May 2010, off La Coruna. 461 
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Figure 5: Backtrajectories on 12 May 2010 computed using the Hysplit model (courtesy of 463 

NOAA Air Resources Laboratory; http://www.arl.noaa.gov). The wind fields are from GDAS 464 

(Global Data Assimilation System, http://www.ncep.noaa.gov/) at the horizontal resolution of 465 

1°. Two terminal locations of the air masses are considered: one in the ash plume and the 466 

other one in the filament. All the lidar observations in the ash structures are considered as the 467 

individual final location of the air masses. 468 

 469 

Fig. 5. Backtrajectories on 12 May 2010 computed using the Hysplit model (courtesy of NOAA
Air Resources Laboratory; http://www.arl.noaa.gov). The wind fields are from GDAS (Global
Data Assimilation System, http://www.ncep.noaa.gov/) at the horizontal resolution of 1◦. Two
terminal locations of the air masses are considered: one in the ash plume and the other one
in the filament. All the lidar observations in the ash structures are considered as the individual
final location of the air masses.
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 471 

Figure 6: The same as Figure 3 for 16 May 2010, above UK. 472 

  473 
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Fig. 6. The same as Fig. 3 for 16 May 2010, above UK.
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Figure 7: The same as Figure 6 for 16 May 2010.  475 

  476 

Fig. 7. The same as Fig. 6 for 16 May 2010.
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 479 

 480 

Figure 8: Range-corrected lidar signal on 12 and 16 May 2010: top-left panel for the plume of 481 

12 May, top-right panel for the plume crown of 12 May, bottom-left panel for the filament of 482 

12 May, and bottom-right panel for the plume of 16 May. The molecular contributions have 483 

been simulated for each normalization altitude, and are also given in each figure. 484 
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Fig. 8. Range-corrected lidar signal on 12 and 16 May 2010: top-left panel for the plume of
12 May, top-right panel for the plume crown of 12 May, bottom-left panel for the filament of
12 May, and bottom-right panel for the plume of 16 May. The molecular contributions have
been simulated for each normalization altitude, and are also given in each figure.
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 487 

 488 

Figure 9: Mean profiles of the aerosol extinction coefficient on 12 and 16 May 2010: top-left 489 

panel for the plume of 12 May, top-right panel for the plume crown of 12 May, bottom-left 490 

panel for the filament of 12 May, and bottom-right panel for the plume of 16 May. The 491 

standard deviation (rms) linked to the retrieval uncertainty is also given by the gray area. The 492 

BER used for the inversion are also indicated. 493 
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  494 

Fig. 9. Mean profiles of the aerosol extinction coefficient on 12 and 16 May 2010: top-left panel
for the plume of 12 May, top-right panel for the plume crown of 12 May, bottom-left panel for
the filament of 12 May, and bottom-right panel for the plume of 16 May. The standard deviation
(rms) linked to the retrieval uncertainty is also given by the gray area. The BER used for the
inversion are also indicated.
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 497 

Figure 10: Mean profiles of both the VDR and the PDR on 12 and 16 May 2010: top-left 498 

panel for the plume of 12 May, top-right panel for the plume crown of 12 May, bottom-left 499 

panel for the filament of 12 May, and bottom-right panel for the plume of 16 May. 500 
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 501 

Fig. 10. Mean profiles of both the VDR and the PDR on 12 and 16 May 2010: top-left panel for
the plume of 12 May, top-right panel for the plume crown of 12 May, bottom-left panel for the
filament of 12 May, and bottom-right panel for the plume of 16 May.
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