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Abstract. During the eruption of Eyjafjallajökull in April–

May 2010 multi-wavelength Raman lidar measurements

were performed at the CNR-IMAA Atmospheric Observa-

tory (CIAO), whenever weather conditions permitted obser-

vations. A methodology both for volcanic layer identifica-

tion and accurate aerosol typing has been developed. This

methodology relies on the multi-wavelength Raman lidar

measurements and the support of long-term lidar measure-

ments performed at CIAO since 2000. The aerosol mask for

lidar measurements performed at CIAO during the 2010 Ey-

jafjallajökull eruption has been obtained. Volcanic aerosol

layers were observed in different periods: 19–22 April, 27–

29 April, 8–9 May, 13–14 May and 18–19 May. A maximum

aerosol optical depth of about 0.12–0.13 was observed on 20

April, 22:00 UTC and 13 May, 20:30 UTC. Volcanic parti-

cles were detected at low altitudes, in the free troposphere

and in the upper troposphere. Occurrences of volcanic par-

ticles within the PBL were detected on 21–22 April and 13

May. A Saharan dust event was observed on 13–14 May:

dust and volcanic particles were simultaneously detected at

CIAO at separated different altitudes as well as mixed within

the same layer.

Lidar ratios at 355 and 532 nm, the Ångström exponent

at 355/532 nm, the backscatter-related Ångström exponent at

532/1064 nm and the particle linear depolarization ratio at

532 nm measured inside the detected volcanic layers are dis-

cussed. The dependence of these quantities on relative hu-

midity has been investigated by using co-located microwave

profiler measurements. The measured values of these in-

tensive parameters indicate the presence of volcanic sul-

fates/continental mixed aerosol in the volcanic aerosol lay-

ers observed at CIAO. In correspondence of the maxima ob-

served in the volcanic aerosol load on 19–20 April and 13

May, different values of intensive parameters were observed.

Apart from the occurrence of sulfate aerosol, these values in-

dicate also the presence of some ash which is affected by the

aging during transport over Europe.

1 Introduction

Eyjafjallajökull, a small volcano under Iceland’s ice cap, en-

tered an explosive eruptive phase on 14 April 2010 after an

effusive period of approximately 6 weeks. This medium-

sized eruption (Petersen, 2010) caused an enormous disrup-

tion to air traffic across western and northern Europe, be-

cause it injected ash directly into the Jet Stream and from

there in the northern Europe free troposphere. The explosive

eruptive activity lasted until 21 May 2010 with variable in-

tensity, emission of material and plume height (Langmann et

al., 2012).

After Eyjafjallajökull’s first explosive eruption on 14 April

2010 the aerosol scientific community focused on the ob-

servation of the volcanic cloud. EARLINET, the European

Aerosol Research Lidar NETwork, performed almost contin-

uous measurements since 15 April 2010 in order to record the

evolution of the volcanic cloud generated from the eruption.

EARLINET measurements were performed according to the

alerts distributed by CNR-IMAA based on the model calcu-

lations of the ash dispersion provided by VAAC (Volcanic

Ash Advisory Center) and EURAD (EURopean Air Pollu-

tion Dispersion). Between 15 April–26 May, the volcanic

cloud was transported to different regions of continental Eu-

rope at different altitudes depending on the prevailing wind
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direction. The concentration of volcanic particles widely var-

ied over the different regions affected during this 1-month

lasting event. Volcanic particles were observed in the UK,

Ireland, Germany and France from very low altitudes up

to the upper troposphere throughout most of 2010 Eyjafjal-

lajökull eruptive period (e.g. Pappalardo et al., 2010a; Schu-

mann et al., 2011; Campanelli et al., 2012; Dacre et al.,

2011; O’Dowd et al., 2012; Ansmann et al., 2011; Hervo

et al., 2012; Matthias et al., 2012). The cloud was also ob-

served over Switzerland, Poland and Norway (Bukowiecki

et al., 2011; Markowicz et al., 2012; Campanelli et al., 2012;

Schumann et al., 2011). The cloud reached Italy and Greece

starting from 19-20 April, after passing the Alps (Pappalardo

et al., 2010a; Lettino et al., 2011; Campanelli et al., 2012; Pa-

payannis et al., 2012). In May 2010, the volcanic cloud was

transported over the Iberian Peninsula (Toledano et al., 2012)

and then moved towards the East, reaching Italy, Greece and

Turkey (Pappalardo et al., 2010a; Papayannis et al., 2012).

Many detailed studies based on remote sensing observa-

tions published in the peer-reviewed literature provide a char-

acterization of the large amount of volcanic particles ob-

served over Central Europe during the volcanic event (e.g.

Ansmann et al., 2011; Flentje et al., 2010; Emeis et al., 2011;

Gasteiger et al., 2011; Schumann et al., 2011). As mentioned

above, some papers reporting the observations of Eyjafjal-

lajökull volcanic cloud in southern Europe (e.g. Lettino et

al., 2011; Campanelli et al., 2012; Papayannis et al., 2012;

Toledano et al., 2012) have recently appeared in the litera-

ture. The arrival of the volcanic cloud in the Mediterranean

region is particularly interesting for several reasons. Firstly,

the observations at locations far away from the source allow

us to investigate modification in aerosol properties occurred

during the transport as well as mixing processes across the

European continent. In particular, Saharan dust occurrences

in southern Europe are typical in spring and summer, thus of-

fering an opportunity to study both the differences and mix-

ing of volcanic aerosols with desert dust particles. Secondly,

the large distance from the volcano and the low amount of

aerosols reaching this area make the observations of the vol-

canic cloud in Mediterranean regions useful for the evalua-

tion of different models (e.g. Matthias et al., 2012; Stohl et

al., 2011) at the extremes of their applicability, i.e. for low

aerosol concentration and at large distances from the emit-

ting source. Finally, it is worth considering that the volcanic

plume over southern Europe, even though less intense than

in Central and northern Europe, could affect the Mediter-

ranean ecosystem given that the Mediterranean Sea is an al-

most closed basin.

In this paper, we are presenting and discussing the obser-

vations made in the context of the Eyjafjallajökull volcanic

eruption performed at CNR-IMAA, Potenza, southern Italy

(40◦36′ N, 15◦44′ E, 760 m above sea level).

CNR-IMAA is an EARLINET core station due to its long-

term observations (it has been participating in the network

since its establishment in 2000) and its multi-wavelength

Raman lidars. CNR-IMAA runs an advanced observa-

tory, named CIAO (CNR-IMAA Atmospheric Observatory),

equipped with state-of-the-art instruments for the ground-

based remote sensing of aerosol, water vapour and clouds

(Madonna et al., 2011). The first Raman lidar measurements

of volcanic aerosol in the troposphere were performed at

CNR-IMAA during the 2002 volcanic eruption of Etna (Pap-

palardo et al., 2004a). These observations were subject of a

detailed study based on an approach of combining lidar ob-

servations with transport models (Villani et al., 2006). Based

on the expertise at CIAO and the local database of long-term

lidar observations, a methodology for identifying volcanic

aerosol layers in the vertical backscatter profile time-series

was developed. It is widely known that lidar measurements

are particularly effective for the near-real time observation of

high aerosol contents, however, the reliable and quantitative

identification of layers, cloud screening and aerosol charac-

terization are still non-trivial aspects in data retrieval. There

are different automated analysis methods, such as that used

for the CALIPSO mission (Liu et al., 2010), which aim at

providing reliable results in near-real time. The correspond-

ing algorithms rely on the idea that the entire range of optical

properties have already been measured and characterized for

each aerosol class. Therefore, these algorithms are not appro-

priate for particular scenarios such as tropospheric volcanic

clouds because of the specificity of each volcanic eruption

and the overall scarcity of observations related to this kind

of event. In contrast, the multi-wavelength Raman lidar has

been widely proved to be an effective tool for aerosol char-

acterization as well as for the investigation of the modifica-

tion processes that occur during the transport and the mixing

of different aerosol types (e.g. Müller et al., 2007; Papayan-

nis et al., 2008). Moreover, it has been shown that a careful

analysis based on lidar observations, air-mass backtrajecto-

ries and modeling tools is needed for a detailed classification

of the observed aerosols (e.g. Mona et al., 2006b; Müller et

al., 2009; Villani et al., 2006; Pappalardo et al., 2010c).

After a short description of the lidar measurements per-

formed at CIAO during the Eyjafjallajökull eruptive period,

the methodology for aerosol masking is described in Sect. 3.

The aerosol masks for the observations collected between 15

April and 20 May 2010 are reported in Sect. 4 together with

results on optical properties of aerosol that were identified as

being of volcanic origin. The final section summarizes this

publication.

2 Lidar measurements

The current study mainly relies on lidar measurements per-

formed by PEARL (Potenza EArlinet Raman Lidar), the

multi-wavelength lidar system for tropospheric aerosol char-

acterization designed and operated by CNR-IMAA since Au-

gust 2005 (Mona et al., 2009). This system is an upgrade of

a pre-existing Raman lidar system for tropospheric aerosol
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studies which has been operative since the year 2000 (Mona

et al., 2006b). PEARL measures the radiation elastically

backscattered from the atmosphere at three laser wavelengths

(355 nm, 532 nm and 1064 nm), the N2-Raman shifted radi-

ation backscattered at 387 nm and 607 nm, and the perpen-

dicular and the parallel polarized components of the 532 nm

backscattered light (with respect to the linearly polarized

laser beam direction). Simultaneous aerosol extinction and

backscatter profiles at 355 and 532 nm are retrieved with the

combined elastic-Raman retrieval (Ansmann et al., 1992).

This allows the direct measurement of lidar ratio (extinction-

to-backscatter ratio) vertical profiles at 355 and 532 nm. Ad-

ditionally, the aerosol backscatter at 1064 nm is retrieved

through an iterative procedure (Di Girolamo et al., 1999),

with a lidar ratio profile selected on the basis of the lidar ratio

profiles measured at 355 and 532 nm. Summarizing, aerosol

backscatter coefficient profiles at 3 wavelengths (355, 532

and 1064 nm) and extinction profiles at 2 wavelengths (355

and 532 nm) are simultaneously measured at CIAO. This set

of measurements will be referred to as “3 + 2” measurement

in the following. The particle linear depolarization ratio pro-

file at 532 nm is retrieved by using the “0◦-calibration” tech-

nique as described in Freudenthaler et al. (2009). More tech-

nical details of the PEARL set-up and the retrieved prod-

ucts can be found in Madonna et al. (2011) and Mona et

al. (2009).

According to the EARLINET observational strategy es-

tablished for this volcanic eruption event (Pappalardo et al.,

2010b), lidar measurements were performed at CIAO from

15 April until 20 May during alert periods, whenever weather

conditions permitted same. Two distinct phases of volcanic-

cloud transport over Europe were observed (Pappalardo et

al., 2010a): 15–30 April, when wind transported the emitted

material over Central Europe and then towards the South-

Southeast; after 5 May, when most of the Eyjafjallajökull

volcano emissions were transported immediately into west-

ern Europe and subsequently towards Italy, the Balkans and

Greece.

From 15 April, lidar measurements were performed at

CIAO whenever low clouds and rain were absent. The ar-

rival of volcanic ash over northern and Central Europe was

forecast for the period from 19–22 April with some feeble

transport of ash beyond the Alps in a more southerly direc-

tion. During 25–30 April desert dust arrived over southern

Europe followed by a change in the wind direction with air

masses coming from north-eastern Europe, transporting ma-

terial emitted by Eyjafjallajökull over western Europe and

then over Italy and Greece. This situation lasted for the fol-

lowing days, while Saharan dust also occurred over southern

Europe. A possible arrival of volcanic cloud over northern

Italy was forecast for 8 May. Accordingly, lidar measure-

ments were performed from 8 May, 20:00 UTC to 11 May,

02:00 UTC. CIAO ran lidar measurements from 12 May,

12:00 UTC, to 15 May, 01:00 UTC, when rainfall caused ob-

servations to be stopped. The last measurements performed

for the Eyjafjallajökull volcano eruption started on 18 May,

06:00 UTC, and continued until 19 May, 11:00 UTC.

Quick-looks of time series of elastic backscatter lidar data

were made available in near-real time on the CNR-IMAA

web site (www.imaa.cnr.it) in order to meet the national and

international demand for information on the volcanic cloud

behavior. A link to the EARLINET quick-look web-site

(www.earlinet.org) allowed an easy and fast overview of the

aerosol layers over Europe during the entire period. In ad-

dition, a daily report of EARLINET volcanic cloud obser-

vations was available at EARLINET web-site summarizing

relevant information on the volcanic cloud over Europe. A

preliminary quick analysis of CIAO data showed 5 periods

potentially affected by the arrival of volcanic particles: 19–

22 April, 27–29 April, 8–10 May, 12–14 May and 18–19

May.

3 Methodology

A big effort was made at CIAO to collect the largest possi-

ble database of volcanic-related lidar observations. Periods

of volcanic material being potentially present over Italy were

identified by a preliminary near-real time inspection of the

data. A detailed analysis is needed to investigate the time

and range-resolved occurrences of volcanic aerosol, espe-

cially for a lidar station located far away from the volcano,

where the amount of volcanic aerosol is much lower than

that observed in Central Europe (e.g. Schumann et al., 2011;

Ansmann et al., 2010; Gasteiger et al., 2010), and in a pe-

riod in which Saharan dust occurrences are often observed in

southern Europe.

In this context an appropriate methodology has been de-

veloped consisting of the following steps: (i) the identifica-

tion of particle layers; (ii) cloud versus aerosol discrimina-

tion (iii) aerosol typing through the investigation of intensive

properties measured by multi-wavelength Raman lidar, mod-

els and back-trajectory analysis.

This methodology permits to obtain a quantitative and re-

liable aerosol mask that is going beyond the qualitative lay-

ering information provided by the temporal evolution of the

range-corrected lidar signal provided in near-real-time dur-

ing the volcanic event. As an example Fig. 1 reports the

temporal evolution of the range-corrected lidar signal mea-

sured at 1064 nm at CIAO in the period 12–14 May. This

figure illustrates the effectiveness of lidar measurements for

determining atmospheric layering. The signature of a strong

1–1.5 km-deep particle layer decreasing in altitude from 5 to

3 km a.s.l. is evident at the beginning of the time series. On

13 May early morning, the arrival of a tenuous layer is distin-

guishable at 6 km. This layer is descending in the following

hours and becomes a dense but very thin layer located around

2–2.5 km from the evening of 13 May until the early morning

of 14 May. Frequent, short, and intense lidar backscatter sig-

nals are evident below 2 km between 13 May, 12:00 UTC,
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Fig. 1. Temporal evolution of the range corrected lidar signal measured at 1064 nm in the period 12–14 May by PEARL at CIAO. The

vertical and temporal resolutions are 7.5 m and 30 s, respectively.

and 14 May, 04:00 UTC, when measurements were inter-

rupted because of low clouds and light rain. Aerosol lay-

ers were present up to 6 km on 14 May from 09:00 UTC to

23:00 UTC, when low clouds followed by intense rain forced

the measurement stop.

3.1 Layer identification

An algorithm has been implemented for the quantitative

identification of layers above the PBL. The main concept is

that layer features can be identified through the first deriva-

tive of the particle backscatter profile. Other methods are

reported in the literature (e.g. Steyn et al., 1999; Wang

and Sassen, 2008), however, the results obtained by us-

ing all these methods typically agree within the experimen-

tal errors. With respect to the procedures commonly used

for aerosol/cloud identification (e.g. Morille et al., 2007;

Vaughan et al., 2004), the advantage of our approach is that

of using calibrated backscatter profiles whose high quality

is certified by the EARLINET quality assurance program

(Böckmann et al., 2004; Pappalardo et al., 2004b), rather

than range-corrected signals. This makes it possible to over-

come problems related to the normalization processes ap-

plied in automated methods based on range-corrected sig-

nals.

However, since the derivative is highly sensitive to fluctu-

ations, a smoothing procedure is typically needed. A second-

order Savitsky-Golay filter is applied on the differential be-

cause of its effectiveness in preserving vertical structures

(Pappalardo et al., 2004b). The number of points is progres-

sively increased as the signal noise increases, with 1000 m

as fixed maximum of the effective vertical resolution (Pap-

palardo et al., 2004b).

This method for the identification of layers can be ap-

plied only in regions where the relative statistical error on

backscatter profiles is sufficiently low. Tests performed on

several EARLINET station data identified 30 % as a reason-

able error limit for the application of the derivative method.

In the altitude region characterized by a relative error on

the aerosol backscatter coefficient higher than 30 %, layers

are identified as those regions where the scattering ratio (i.e.

the total to molecular backscatter ratio) is higher than a pre-

defined threshold. In particular, particle layers should corre-

spond to a scattering ratio significantly higher than the value

observed for aerosol background conditions. The scattering

ratio background value is evaluated in the 6.5–8.5 km alti-

tude range, which is typically not affected by an significant

particle transport, on the basis of the long-term aerosol ob-

servations performed at CIAO since 2000. Particle layers

are identified as altitude regions where the scattering ratio

is higher than the defined threshold plus the scattering ratio

absolute statistical error.

The layer identification is performed above the top altitude

of the PBL which is calculated by using the procedure es-

tablished within EARLINET (Matthias et al., 2004). In this

way, layers consisting of transported aerosols (like Saharan

dust and volcanic aerosol) can be identified. The penetration

of particles into the PBL from higher layers would lead to a

mixing of local aerosol (typically confined in the PBL) with

transported aerosol. These situations will be identified on the

basis of the temporal evolution of the layers and modification

of aerosol optical properties in the PBL region.
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Finally, in order to only include reliable information in the

aerosol mask, only the altitude ranges where the statistical

error on backscatter coefficient is lower than 50 % are con-

sidered in this spatio-temporal evolution study.

A compromise between the high temporal resolution and

a longer time average for reducing the statistical error is nec-

essary. A temporal average of 1 h is chosen in order to be

able to draw direct comparisons with models that typically

provide data every hour (e.g. Matthias et al., 2012).

The aerosol backscatter coefficient at 1064 nm is used for

layer identification since the sensitivity to aerosol structures

is higher at this wavelength than in the visible or UV. The

best possible effective vertical resolution, which is typically

60 m for the cases under investigation, was chosen each time

to minimize the relative error and optimize the vertical profil-

ing capability. The routine for the particle layer identification

runs on individual backscatter profiles. As a final step a con-

sistency check is performed on the temporal evolution of the

identified layers.

Figure 2 shows an example of single profile particle layer

identification, as performed on the aerosol backscatter profile

at 1064 nm measured on 13 May, at 05:30–06:30 UTC. The

base and top of each layer are indicated as dotted and solid

horizontal lines, respectively. A detailed layering structure

characterization is obtained up to the upper troposphere, in-

dicating the presence of an aerosol load higher than what is

typically measured at CIAO up to 12 km a.s.l. The aerosol

backscatter gradient analysis (applied below the 30 % error

limit, i.e. black trace in Fig. 2) allows us to characterize the

internal structure of multi-stratified complex aerosol layers.

In the case presented in Fig. 2 five distinct aerosol layers

above the top of the PBL are identified up to an altitude of

approximately 7 km. At higher altitudes, the applied method-

ology allows the identification of thin and sparse layers that

are exceeding the threshold on the scattering ratio. This is

an indication of the presence of a low amount of aerosol at

these altitudes. An investigation of the temporal evolution of

the layers indicates that these layers are present in subsequent

measurements and evolve in time. This permits an objective

identification of these features as aerosol layers distinguish-

able from the measured backscatter profiles.

3.2 Cloud identification

After the identification of the particle layers, discrimination

between aerosol and cloud is necessary. Cirrus clouds are

identified mainly on the basis of their temporal dynamical

evolution (Mona et al., 2007), their high particle linear depo-

larization ratio, and their almost neutral backscatter spectral

dependence which is due to the large size of hydrometeors.

Following the EARLINET protocol, low clouds are removed

before the backscatter profile calculation by eye-inspection

of single raw data. The analysis of the temporal evolution of

the retrieved aerosol backscatter profile is an additional test

for the appropriateness of the low cloud removing procedure.

Fig. 2. Example of single profile particle layer identification as per-

formed on the aerosol backscatter profile at 1064 nm measured on

13 May, at 05:30–06:30 UTC. Horizontal dotted and solid lines in-

dicate the base and top of the identified layers, respectively. The

red square indicates the top of the PBL. Region with relative errors

between 30 % and 50 % are reported in blue and those with relative

error exceeding 50 % in green.

3.3 Aerosol typing

Backward trajectory analyses and model outputs are used

to investigate the origin and the nature of the aerosol lay-

ers identified through the procedure described in Sect. 3.1.

In particular, 10-day HYSPLIT backtrajectory analysis pro-

vided by NOAA (Draxler and Rolph, 2011) is used because

of its large flexibility. Three arrival altitudes can be set by

the user and the arrival time can be chosen with a 1 h res-

olution. These options make the HYSPLIT backtrajectory

analysis very flexible for the aerosol typing in an integrated

study with high vertical and temporal resolution lidar data.

The use of backtrajectory analysis for the identification of

aerosol origin is nowadays well recognized, especially for

large-scale sources such as desert regions. Attention should

be paid in the presence of highly localized sources, as in the

case of volcanic eruptions. For observations performed at

long distances from the source and depending on wind speed

(Stohl, 1998) the particle position uncertainty increases with

increasing trajectory length. For potential volcanic erup-

tion cases, the stability of the aerosol typing is checked by
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slightly changing arrival altitudes and times. The follow-

ing additional backtrajectory analyses are used to corrobo-

rate initial results: (a) 4-day backward trajectories provided

by the German Weather Service (DWD) at each EARLINET

lidar station for two arrival times per day and six arrival

pressures between 200 and 975 hPa (Stohl, 1998). (b) The

FLEXTRA trajectory model (Stohl et al., 1995) provided

for each EARLINET site every 6 h at arrival altitudes of

1500, 3000 and 5000 m. (c) The Trajectory Analysis devel-

oped by the Atmospheric Chemistry and Dynamics Branch

of the NASA/Goddard available for each AERONET site at

00:00 UTC and 12:00 UTC for 8 height pressures between

950 and 200 hPa (Schoeberl and Newman, 1995).

Once the particle path has been identified, the occurrences

of a specific event along the path are checked against related

models and, where available, satellite data for the identifi-

cation of the potential aerosol source (for example desert,

volcano and fires). In particular, DREAM (Dust REgional

Atmospheric Model) forecasts are used for Saharan dust in

terms of maps of the dust loading over the Mediterranean

Sea and dust concentration profiles over Potenza EARLINET

site, both available every 6 h. The Eyjafjallajökull volcanic

activity and emission heights are taken into account by us-

ing updated reports provided by the Iceland Meteorologi-

cal Office, VAAC and dedicated studies (e.g. Langmann et

al., 2012). Finally, the presence of forest fire episodes is

checked by using the World Fire Atlas available at http:

//wfaa-dat.esrin.esa.int/, based on the ATSR Active Fire Al-

gorithm.

Special attention should be paid in case of transition be-

tween different atmospheric conditions because of the high

instability of the backtrajectory analysis in the transient

regime between different situations. For such cases, small

changes in time (profiles are obtained with 1 h integration

time) and/or altitudes result in big differences in the path of

the air mass in the horizontal and vertical direction. The

identification of the aerosol layers through the analysis of

one wavelength backscatter lidar (Sect. 3.1) and the com-

bined use of models and backtrajectories is not sufficient,

and would lead to an undefined aerosol type in the result-

ing aerosol mask. In this context the single backscatter lidar

technique is not sufficient to characterize aerosol, and a re-

liable identification of the aerosol type is possible only by

using multi-wavelength lidar data. Moreover, the long-term

lidar measurements performed at CIAO is an added value

for the aerosol typing. In particular, intensive properties and

their temporal evolution are used here for discriminating dif-

ferent aerosol types such as dust and volcanic particles in

uncertain atmospheric situations.

An example of such a situation was evident on 13 May

around 05:00 UTC, during a transition from a condition char-

acterized by the presence of dust and volcanic particles, at

clearly distinguishable altitudes, to the presence of volcanic

particles only.

The profiles of the aerosol backscatter at 1064 nm for this

situation are shown in Fig. 3 together with the backscatter-

related Ångström exponent at 532/1064 nm. On 13 May,

at 04:00 UTC, the backscatter-related Ångström exponent

at 532/1064 nm (in the following å(β)) has values rang-

ing between 1.8 and 0.8 between the top of the PBL up to

4 km a.s.l., with a trend of further decreasing with altitude

and a mean value of about 1 in agreement with the results

obtained in a multi-year climatological study of Saharan dust

intrusions over Potenza (Mona et al., 2006b). The same mean

value is found for the 4–6 km altitude range, even though it

is characterized by larger oscillations due to a higher statis-

tical error. Therefore, the two identified layers extending be-

tween the PBL and 6.4 km a.s.l. are classified as Saharan dust

aerosol layers.

The å(β) profile for 05:00 UTC shows the same depen-

dence on altitude in the 2.1–3.2 km range with a shift toward

lower values with respect to what is measured at 04:00 UTC.

Between 3.2 and 6.4 km a.s.l. the aerosol backscatter profile

is different from the previous one, with the presence of 2 lay-

ers extending between 3.2–4.9 km a.s.l. and 5.1–6.4 km a.s.l.

For these layers, the mean å(β) value is 0.2. The signifi-

cant change in the Ångström exponent indicates the arrival

of particles with different properties. According to the air

mass backtrajectories these altitudes are likely affected by

the volcanic cloud arrival. This indicates a mixing of dust

and volcanic particles.

The å(β) profile measured at 06:00 UTC, however, ex-

hibits a completely different altitude dependence: å(β) is al-

most constant (approximately 1), i.e. independent of altitude,

indicating a homogeneous layer in terms of aerosol size up

to an altitude of 3.4 km a.s.l. The corresponding backscatter

coefficients at 532 and 1064 nm (see Fig. 2) decrease with

altitude, but without pronounced maxima, as is typical for

truly mixed situations, indicating a mixing of PBL aerosol

and desert dust particles. The feeble feature extending be-

tween 3.4 and 4.3 km a.s.l. is characterized by å(β) around

0.2, which is significantly lower than those observed in dust

and in dust/local mixed aerosol, thus indicating the mixing

with larger volcanic particles. At higher altitudes (up to

6.8 km), the backscatter-related Ångström exponent shows

different values (typically close to zero), indicating, for this

case, the presence of volcanic aerosol.

This example demonstrates that only advanced lidar ob-

servational capability and climatological analysis available

at the observational site permit the aerosol typing in complex

atmospheric conditions.

4 Results

The methodology described in the previous section is applied

to all the periods identified as potentially affected by the vol-

canic cloud accordingly to the preliminary quick analysis of

CIAO data: 19–22 April, 27–29 April, 8–9 May, 13–14 May
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Fig. 3. Profiles of the aerosol backscatter at 1064 nm and of the

backscatter related Ångström exponent at 532/1064 nm measured

on 13 May, at 04:00, 05:00 and 06:00 UTC. Mean values are re-

ported as squares for backscatter related Ångström exponent at alti-

tude levels where statistical errors are larger than 30 %. Error bars

correspond to the standard errors for the mean values.

and 18–19 May. The resulting mask is described in detail for

each of these periods, and optical properties are discussed

as well. Finally, an overview of the volcanic aerosol optical

properties is provided in Sect. 4.2.

4.1 Aerosol masks

The result of the aerosol masking is shown in Figs. 4 and

5, where volcanic aerosol layers are reported in different

shades of grey, according to the mean aerosol backscatter at

1064 nm. It should be emphasized again that no distinction

between ash particles and smaller no-ash particles (mainly

sulfate aerosol) of volcanic origin is made. The grey layers

contain both of these components of aerosol, originated by

the volcanic eruption and then eventually subject to modi-

fications occurred during the transport across the European

continent. PBL aerosols and clouds (and/or cirrus clouds)

are reported in yellow and cyan, respectively. Desert dust

layers are reported in orange, local-volcanic mixing cases

are shown in magenta, and pale orange and pink correspond

to local-dust and dust-volcanic mixed aerosols, respectively.

If the identification of the origin of particles in a layer was

not possible, the corresponding aerosol was classified as un-

known (purple).

As reported in the Sect. 3.3, other potential aerosol sources

(as forest fires and continental pollution) and correspond-

ingly their potential mixing with volcanic and Saharan dust

aerosol were considered. No such cases occurred during the

periods under investigation.

4.1.1 19–22 April 2010

The first arrival of volcanic particles at CIAO was recorded

on 19 April 2010 at 20:00 UTC, when the models consid-

ered here did not forecast any other possible source for the

observed aerosol layers and the backtrajectories showed air

masses coming from Iceland and reaching Potenza. In the

period from 19 April, 21:00 UTC, to 20 April, 21:00 UTC,

the retrieval of backscatter profiles with a 1-h integration

time was inhibited because of low clouds. During daytime

a smaller altitude range was investigated in terms of aerosol

typing with respect to night-time conditions because of the

established limit of 50 % on statistical error.

Gradually descending layers of volcanic particles are

observed between 20 April, 21:00 UTC, and 21 April,

12:00 UTC between about 4 km a.s.l. and the onset of the

PBL and at higher altitudes between 10 and 5 km a.s.l. from

21 April, 00:00 UTC, to 12:00 UTC. This is a typical signa-

ture of the arrival of the volcanic cloud observed in different

locations in Europe (Flentje et al., 2010; Emeis et al., 2011;

Dacre et al., 2011; Hervo et al., 2012; Ansmann et al., 2010).

The methodology described in Sect. 3 identified the presence

of volcanic particles over the full altitude range studied for

the entire measurement period. This wide layer is mainly

related to the succession of different explosive and diffusive

eruptions as well as the dispersion of the volcanic cloud over

the continent. This observation of volcanic aerosol presence

over a wide altitude range is in agreement with the widely

spread volcanic layers observed in Germany (Ansmann et al.,

2011; Emeis et al., 2011) and the dispersion model forecast

(Matthias et al., 2012; Heinold et al., 2012). Widely spread

layers typically consist mainly of sulfate particles rather than

ash. This is particularly true for observation points far away

from the aerosol source, like in the case of Potenza. Even

though a quantitative distinction between ash and other par-

ticles of volcanic origin is beyond the scope of this paper, it

is reasonable to assume that the ash component, if present,

is only a small percentage of the total volcanic particles de-

tected at CIAO.

A mixing with aerosol in the PBL was observed starting

on 21 April, 01:00 UTC, causing an ascent of the top of the

PBL to 2.8 km a.s.l. (i.e. 2 km above ground level), which is

an unusual altitude for night-time observations (Mona et al.,

2009). At 10:00 UTC, this 2 km-wide layer splits into two

well-defined layers, one between ground level and the top of

the PBL at 1.5 km a.s.l., and the other above the PBL up to

about 3 km a.s.l. The low top altitude of the PBL observed
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Fig. 4. Aerosol masks for periods 19–22 April, 27–29 April and 8–10 May 2010 in chronological order from the top to the bottom.

Fig. 5. Aerosol masks for the periods 13–14 May and 18–19 May 2010 displayed in chronological order from the top to the bottom.
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at this time indicates that the mixed aerosols can settle on

the ground, in agreement with the detection of volcanic ash

and fine particles found by Scanning Electron Microscopy

(SEM) in PM2.5 samples that were collected at CIAO during

the same period (Lettino et al., 2011). While aerosol settled

within the PBL more volcanic particles were still arriving

at higher altitudes. Another penetration of aerosol into the

PBL was observed at 14:00 UTC, 22 April, when the natural

raise of the top of the PBL due to the solar heating results in

the mixing of PBL aerosol and volcanic aerosol located just

above it.

Complete multi-wavelength analyses for the most sig-

nificant time-windows were performed when cloud cover

permitted: 20 April, 21:00–23:05 UTC and 21 April,

19:06 UTC–22 April, 03:09 UTC (see Table 1 for mean

values of intensive parameters calculated within identified

layers). In addition, aerosol extinction and backscatter at

355 nm were available on 19 April, at 19:53–20:36 UTC,

together with the aerosol backscatter at 1064 nm. For 19

April, when there was no alert for volcanic particle ar-

rival over Potenza, measurements at 532 nm were not avail-

able. Finally, backscatter-related Ångström exponent at

532/1064 nm were available from diurnal measurements per-

formed on 21 April, at 11:30–12:30 UTC.

A lidar ratio at 355 nm of 54 sr was observed on the

first volcanic cloud arrival (19 April, 19:53–20:24 UTC), in

agreement with the values measured at our station for the

close-by volcanic event during the 2002 Etna eruption (Pap-

palardo et al., 2004a) and the Central Europe EARLINET

measurements of Eyjafjallajökull volcanic plume (Ansmann

et al., 2010). The large standard deviation of this lidar ra-

tio may indicate that the identified layer is not particularly

homogeneous in terms of the aerosol microphysical proper-

ties, which could be attributed to a small component of vol-

canic particles with respect to the background ones and the

long complex transport path (Villani et al., 2006; Mona et

al., 2006a). On 20 April, the maximum peak in the aerosol

backscatter at 1064 nm (3 × 10−7 m−1 sr−1) was observed

around 22:00 UTC at about 3.5 km a.s.l. At the same time,

the maximum aerosol optical depth reached a value of 0.13

at 355 nm. Lidar ratios within the identified layers (around

2.5 and 3.5 km a.s.l.) are around 40 sr and 50 sr at 355 nm

and 532 nm, respectively. The Ångström exponent (avail-

able only for the lowest of the 2 layers) of 1.4 indicates the

presence of particles which are on average smaller than those

observed in Central Europe (Ansmann et al., 2010). Corre-

spondingly, the mean particle linear depolarization ratio at

532 nm is around 20 %, which is significantly lower than the

values of around 35 % measured in Germany for this volcanic

event (Ansmann et al., 2010). These differences with Leipzig

lidar measurements can be due to the longer transport path

and a possible contamination with continental aerosols. It is

interesting to note the low variability of lidar ratios in this

case, which could indicate the microphysical aerosol proper-

ties being relatively well-defined and homogeneous.

During 19–22 April an increase in the mean particle size

was observed: the backscatter-related Ångström exponent

at 532/1064 nm decreased from 1.8, recorded on 20 April

evening, to 1.2 during the night of 21–22 April, passing

through 1.3 during daytime measurements on 21 April. Cor-

respondingly, also the Ångström exponent decreased from

1.4 to 1.1. At the same time the particle linear depolarization

ratio slightly increased from 15 % to 25 % in the period 19–

22 April, indicating the presence of increasingly aspherical

particles.

During the night of 21–22 April, lidar ratios of up to 80 sr

at 355 and 532 nm were observed. These values were larger

than those observed in the previous phase for volcanic parti-

cles, but are also significantly larger than 37 sr at 355 nm typ-

ically obtained at CIAO (Mona et al., 2006a). The high lidar

ratio and the low Ångström exponent might be due to the hy-

groscopicity of the volcanic particles. This hypothesis is sup-

ported by the relative humidity measured at CIAO by the mi-

crowave radiometer: in the volcanic aerosols layer, a relative

humidity around 20 % was measured on the evening of 20

April, while it was around 50 % on 21 April. In addition, the

volcanic layer observed at 1.6–3.4 km a.s.l. was the result of

the splitting of the 2 km-deep PBL: the volcanic aerosol pen-

etrated into the PBL on 21 April, around 01:00 UTC. Sub-

sequently the 2 km-deep PBL separated into 2 well-defined

layers, one confined below 1.5 km and the other extended

between 1.6 and 3.4 km a.s.l. In the light of this, the optical

properties of aerosol in the volcanic layer at 1.6–3.4 km al-

titude were probably modified due to the mixing with local

aerosols.

4.1.2 27–29 April 2010

This event was completely different from the previous one

in terms of aerosol amount and transport mechanisms. On

23–24 April, it rained almost all day and on 25 April a strong

dust event was observed. The unknown aerosol classification

was applied for the observation on 27 April. Backtrajectory

analysis for the morning of 27 April did not show any clear

origin of the air masses. The limited number of hours avail-

able for the analysis as well as the availability of only day-

time measurements for this day did neither allow us to take

advantage of the study of the layer’s temporal/vertical evo-

lution nor to utilize the Raman and multi-wavelength data.

On 29 April evening, however, there was clear evidence of

volcanic particles arriving at CIAO in the entire free tropo-

sphere. On this day a peak in the aerosol backscatter coeffi-

cient at 1064 nm of about 2.3 × 10−7 m−1 sr−1 was observed

around 22:00 UTC at about 2 km a.s.l. The complete multi-

wavelength analysis available for the lowest and most intense

aerosol layer (2.7–3.4 km a.s.l.) indicated the presence of

smaller volcanic particles with stronger absorption than those

observed in northern Europe (Ansmann et al., 2010).
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4.1.3 8–10 May 2010

From 5 May wind directions over Europe changed with

respect to the previous days, and transported the volcanic

cloud almost directly over the Iberian Peninsula and then

towards Italy, Greece and the Balkans. Measurements at

CIAO started on 8 May in accordance with the plume dis-

persion forecasts. However, low clouds were present at

CIAO until the evening, therefore measurements started only

around 20:00 UTC. Volcanic aerosol layers were identified

up to 10 km a.s.l. applying the methodology reported in

Sect. 3. In particular, the most intense layer was found at

low altitudes just above the top of the PBL. The maximum

aerosol backscatter coefficient of about 1 × 10−6 m−1 sr−1

at 1064 nm was observed at an altitude of ca. 2 km a.s.l. at

18:00–22:00 UTC. Both the particle linear depolarization ra-

tio and Ångström exponents indicate the presence of volcanic

particles that are on average larger and less depolarizing than

those observed from the beginning of the night on 22 April;

the lidar ratios obtained did, however, not show a significant

variation.

4.1.4 13–14 May 2010

The scenario observed during this period was characterized

by a high variability owing to the presence of both wide

and thin intense aerosol layers, cirrus as well as sparse low

clouds. Four main situations were observed in the period

13–14 May with transitions from dust intrusion, to altitude-

dependent mixing of dust and volcanic particles, to a phase

completely dominated by volcanic particles back to the ar-

rival of large quantities of dust over a volcanic particle back-

ground.

At 04:00 UTC on 13 May, dust and volcanic particles

were simultaneously present, but in well distinct layers lo-

cated at different altitudes. Around 05:00 UTC on 13 May,

a significant change in the aerosol transport occurred with

air masses coming from north-western Europe, very close

to Iceland. Satellite images and ground-based measure-

ments showed the presence of volcanic particles in the cor-

responding regions (Pappalardo et al., 2010a; Schumann et

al., 2011). The analysis of multi-wavelength lidar measure-

ments permitted a detailed aerosol typing. Volcanic layers

(at higher altitudes), the mixing of dust and volcanic aerosol

(at 05:00 UTC, between 3.2–6.4 km a.s.l. and at 06:00 UTC,

between 3.4–4.3 km a.s.l.), the mixing of dust and local

aerosol (at 06:00 UTC below 3.4 km a.s.l.) and the mix-

ing of volcanic and local particles (between 07:00 UTC and

12:00 UTC, below 3–3.2 km a.s.l.) could be distinguished.

The mixing with aerosol in the PBL was observed until the

evening of 13 May. The long break in the aerosol mask in the

early morning of 14 May was due to the presence of very low

clouds and light rain. After this intermission, the mixing of

Saharan dust with volcanic particles was observed in the al-

titude range 2–7 km a.s.l. in the morning of 14 May. During

this time DREAM and backtrajectories analysis showed that,

while the transport of volcanic aerosol from Iceland was still

ongoing, dust contribution was not negligible.

For the volcanic layer, a maximum aerosol backscatter co-

efficient of 8 × 10−7 m−1 sr−1 was observed. However, dur-

ing this period the highest volcanic aerosol optical depth was

observed at CIAO with a value of 0.12 at 355 nm. A similar

value was only observed on 20 April at 22:00 UTC.

In terms of intensive properties, there were significant dif-

ferences in comparison to other cases. Lidar ratio values are

in-between those observed upon the first arrival of volcanic

material on 20 April and after 21 April, while Ångström ex-

ponents were smaller than the values typically observed in

previous days. The mean linear depolarization ratio of 16 %

was similar to the one observed on 20 April.

4.1.5 18–19 May 2010

The last observation of volcanic particles over Potenza was

recorded on 18–19 May between 2 and 5 km a.s.l., when

there were neither restrictions on air traffic over Italy any-

more nor alerts for volcanic particle arrival. On these two

days, layers above 5 km a.s.l. were identified whose origin

is still not fully clarified. For the days concerned, backtra-

jectories passing over continental Europe and the Atlantic

Ocean do not conclusively reveal the volcanic origin of the

observed particles. Since after the first explosive eruption on

15 April volcanic aerosol traces at these altitudes were in-

deed observed, one could potentially attribute the identified

layer to volcanic particles. However, as far as this case is

concerned, the lack of multi-wavelength analyses due to the

sparse low clouds (about 60 % of the time) and daytime con-

ditions did not permit a reliable assignment of these layers to

a certain type. Therefore these layers were labeled as aerosol

of unknown type.

4.2 Optical properties of volcanic aerosol

The dependence of intensive particle properties (i.e. the

backscatter-related Ångström exponent at 532/1064 nm, the

extinction and backscatter-related Ångström exponents at

355/532 nm, the lidar ratios at 355 and 532 nm, and the linear

particle depolarization ratio) on relative humidity, measured

by a microwave radiometer at CIAO, was investigated (see

Fig. 6). In particular, the backscatter-related Ångström expo-

nent at 532/1064 nm, å(β) (Fig. 6a) and lidar ratio at 355 nm,

Suv (Fig. 6c) were considered, because of the larger availabil-

ity of these data respect to Ångström exponent at 532/355 nm

and lidar ratio at 532 nm, Svis, respectively. The particle lin-

ear depolarization ratio at 532 nm, δ, is reported as a function

of the relative humidity (RH) in Fig. 6b. In addition, the ratio

of the lidar ratios in the UV and visible, Suv/Svis is reported

(Fig. 6d), since this parameter has been found to be impor-

tant for the investigation of microphysical particle properties

(Müller et al., 2007).
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Fig. 6. Intensive properties as a function of the relative humidity, measured by the microwave profiler at CIAO. Mean values measured in the

identified volcanic layers are reported. (a) Backscatter-related Ångström exponent at 532/1064 nm (å(β)); (b) particle linear depolarization

ratio at 532 nm (δ532nm); (c) the lidar ratio at 355 nm (Suv); (d) ratio of lidar ratios in the UV and visible (Suv/Svis). Standard deviations for

layers at specific altitudes are indicated by the error bars.

The decrease of å(β) with increasing RH demonstrates the

hygroscopic growth of particles. A similar dependence on

RH was found for the ratio of lidar ratios. High δ observed

in cases of high RH values could indicate the presence of

sulfate aerosols (Sakai et al., 2000).

No clear RH dependence was found for Suv: for the same

RH, low (around 40 sr) and high (around 85 sr) values of Suv

were observed. In particular, low Suv values were measured

on 20 April. The Suv value of 54 sr recorded for the same

event on 19 April indicates an increase with RH for this spe-

cific event. According to backtrajectory analysis, the ob-

servations at CIAO on 19 and 20 April were related to the

largest amount of transportable ash emitted by the volcano

and the highest altitudes at which particles of volcanic origin

occurred on 17–18 April (Langmann et al., 2012). Similarly,

CIAO observations on 13 May were related to a further peak

of transportable emitted aerosol load and maximum emission

altitude occurred on 8–9 May (Langmann et al., 2012). In-

deed, these days were associated with the strongest aerosol

backscatter peaks, descending as a function of time as evi-

dent in time-dependent backscatter profiles. In addition, the

mean value of Suv in the volcanic layer on 13 May fits well

with the Suv dependence on RH observed on 19–20 April.

This suggests differences in terms of the microphysical prop-

erties of volcanic particles reaching CIAO on 19–20 April

and 13 May. A Suv ≈ 40 sr, increasing up to 60–70 sr with
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Table 1. Intensive properties calculated within identified volcanic layers. Mean values and standard deviations of the lidar ratio at 355 nm

(Suv) and 532 nm (Svis); Ångström exponent at 355/532 nm (å(α)); backscatter-related Ångström exponent at 532/1064 nm (å(β)) and

particle linear depolarization ratio at 532 nm (δ) are reported.

Time Altitude Suv Svis å(α) å(β) δ

(UTC) [km a.s.l.] [sr] [sr]

19 April, 19:53–20:24 2.1–4.2 54 ± 14 n.a. n.a. n.a. n.a.

20 April, 21:00–23:05 2.0–3.0 42 ± 2 50 ± 3 1.4 ± 0.2 1.8 ± 0.1 0.15 ± 0.03

3.1–4.0 38 ± 6 n.a. n.a. 1.8 ± 0.1 0.22 ± 0.03

21 April, 11:30–12:30 1.6–3.6 n.a. n.a. n.a. 1.3 ± 0.7 n.a.

21–22 April, 19:07–03:09 1.6–3.4 80 ± 12 78 ± 13 1.1 ± 0.3 1.21 ± 0.07 0.25 ± 0.05

29 April, 22:17–23:24 2.7–3.4 80 ± 17 92 ± 16 1.4 ± 0.3 1.39 ± 0.04 n.a.

9 May, 19:03–21:58 1.6–2.5 89 ± 11 78 ± 15 1.03 ± 0.07 1.5 ± 0.6 0.14 ± 0.04

2.5–5.0 n.a. n.a. n.a. 2.1 ± 0.5 0.10 ± 0.09

13 May, 20:16–21:01 1.5–2.3 60 ± 11 78 ± 12 1.1 ± 0.4 0.82 ± 0.03 0.16 ± 0.07

2.3–2.6 60 ± 7 n.a. n.a. 1.04 ± 0.07 n.a.

increasing RH, was observed at CIAO on 19–20 April and

13 May 2010 together with a ratio of lidar ratios of about

0.8. Lidar ratio values around 55 sr are reported in the liter-

ature for fresh ash cases (Pappalardo et al., 2004a; Ansmann

et al., 2010). This suggests the presence of some ash, be-

sides sulfates, in agreement with higher å(β) values for the

same RH on these days in comparison to all other days (see

Fig. 6a). Moreover, there are some indications that the aging

of aerosol during the transport across the European continent

could affect the ratio of lidar ratios, and hence lead to values

below 1 (Müller at al., 2007).

Besides the similarities of data on 19–20 April and 13

May, which made these cases peculiar concerning other vol-

canic particle observations recorded at CIAO, ultra-giant

particle signatures were also observed in cloud radar sig-

nals in correspondence to these two cases (Madonna et al.,

2010). These signatures can be an indication of modifica-

tion processes of volcanic particles. Further investigations

are needed to better understand the nature of these signatures

in the radar signals.

For the other cases, Suv = 80 sr was obtained while the ra-

tio of lidar ratios is greater than 1. This could be related

to more mixing between continental and sulfate aerosol, in

agreement with high values for Suv, larger particles, and the

values of the ratio of lidar ratios (Ansmann et al., 2011;

Müller et al., 2007).

At this stage the aerosol size distribution for the cases re-

ported in Table 1 and Fig. 6 cannot be appropriately inves-

tigated on the basis of the CIAO AERONET measurements,

because only few AERONET data are available for the pres-

ence of clouds. Moreover, the Raman lidar (night-time) and

AERONET (daytime) measurements are not simultaneous,

and the observed high variability in the aerosol content does

not permit to use AERONET inversion for further investiga-

tions of the aerosol layers identified through the lidar mea-

surements. A study based on the integration of lidar-radar

measurements, with the support of all ancillary instrumenta-

tion available at CIAO, and a numerical simulation will be

carried out in order to investigate both, the aerosol size and

microphysical properties of volcanic particles.

5 Summary

The observations of the Eyjafjallajökull volcanic cloud by

multi-wavelength Raman lidar performed at CIAO obser-

vatory, in southern Italy, are presented and discussed. A

methodology for the identification of the volcanic aerosol

layers starting from temporal series of quality assured par-

ticle backscatter profiles is described in detail. With the sup-

port of model outputs, this methodology relies on both the

multi-wavelength Raman lidar measurements and the long-

term measurements performed at CIAO within EARLINET.

Based on this methodology, this paper provides, for the first

time, the vertical and temporal distribution of aerosol over

southern Italy during the eruption, including the characteri-

zation of particle optical properties.

In the aerosol mask for the period between 19 April and

20 May five periods of volcanic aerosol occurrences are dis-

cussed: 19–22 April, 27–29 April, 8–9 May, 13–14 May and

18–19 May. Volcanic layers were observed in the whole tro-

posphere. On 21–22 April and 13 May volcanic aerosol was

even observed within the PBL. The simultaneous presence

of dust and volcanic aerosol was observed both, at different

altitudes, but also within the same layer where both types are

able to mix.

Two optical depth maxima of approximately 0.12–0.13 at

355 nm were found for volcanic aerosol over Potenza on 20

April, 22:00 UTC and 13 May, 20:30 UTC. These values are

significantly lower than the peak values of ca. 0.7 at 532 nm

observed over Leipzig (Germany) in the volcanic layer dur-

ing this event (Ansmann et al., 2010) and the moderate
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columnar optical depth around 0.3–0.4 and 0.5 observed

over the Iberian peninsula (5–11 May) and Cabauw (17–21

May), respectively, for almost direct transport (Toledano et

al., 2012; Ansmann et al., 2011). The low values observed at

CIAO are related both to the larger distance from the Eyjaf-

jallajökull volcano and the dispersion of the volcanic cloud

during its transport across Europe.

A complete multi-wavelength analysis of the long-range

transported volcanic aerosol is presented for the most inter-

esting time-windows. The dependence of intensive proper-

ties on relative humidity is discussed. Typical values of UV

lidar ratios and depolarization ratios are high and tend to in-

crease with increasing relative humidity. The ratio of lidar

ratios values are found to be greater than unity. These values

suggest the presence of volcanic sulfates mixed with conti-

nental aerosol. Different intensive aerosol optical properties

were measured at CIAO in correspondence of the maxima

observed in the volcanic aerosol load on 19–20 April and 13

May: the UV lidar ratio increased from 40 to 70 sr for in-

creasing relative humidity from 20 to 70 % and ratio of lidar

ratio values were below 1. Apart from the occurrence of sul-

fate aerosol, these values indicate also the presence of some

ash which is affected by the aging during transport over Eu-

rope. A study based on the combined use of all CIAO ob-

servatory instrumentation, including lidar-radar integration,

will be carried out in order to investigate the size and micro-

physical properties of volcanic aerosol in more detail.

In conclusion, observations of aerosol far away from their

source allow the investigation of modifications of their prop-

erties and of mixing processes as they occur during the trans-

port over the European continent. In particular, differences

between volcanic aerosols and Saharan dust particles are dis-

cussed as well as the mixing of same, since both happened

to occur on the same days with particles at similar altitudes.

Moreover the measurements presented can be used as a refer-

ence for the testing of atmospheric dispersion models at the

extremes of their operability, i.e. far away from the source

and for low amounts of volcanic aerosol. Finally, the re-

sults presented in terms of aerosol layering, typing, and op-

tical properties can be useful for comparison and integration

studies with satellite observations of this volcanic event (e.g.

Clarisse et al., 2010). In this context, a large geographi-

cal coverage is needed both for the quantitative validation of

satellite data and the development of an integrated approach

between satellite and ground-based observations. Quantita-

tive information about the 4D distribution of volcanic plume

at continental scale will be obtained applying the methodol-

ogy described in this paper to all EARLINET observations

of the volcanic event.
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Amiridis, V., Boselli,A., Delaval, A., De Tomasi, F., Frioud, M.,
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