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11Università del Salento, Department of Mathematics and Physics, Lecce, Italy
12Ludwig-Maximilians-Universität, Munich, Germany
13Andøya Rocket Range, Andenes, Norway
14Finnish Meteorological Institute, Kuopio Unit, Finland
15Karlsruher Institut für Technologie, Garmisch-Partenkirchen, Germany
16Institute of Electronics, Bulgarian Academy of Sciences, Sofia, Bulgaria
17Deutsches Zentrum für Luft- und Raumfahrt, Institut f. Physik d. Atmosphäre, Oberpfaffenhofen, Germany
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Abstract. The eruption of the Icelandic volcano Eyjafjal-

lajökull in April–May 2010 represents a “natural experi-

ment” to study the impact of volcanic emissions on a con-

tinental scale. For the first time, quantitative data about the

presence, altitude, and layering of the volcanic cloud, in con-

junction with optical information, are available for most parts

of Europe derived from the observations by the European

Aerosol Research Lidar NETwork (EARLINET). Based on

multi-wavelength Raman lidar systems, EARLINET is the

only instrument worldwide that is able to provide dense time

series of high-quality optical data to be used for aerosol typ-

ing and for the retrieval of particle microphysical properties

as a function of altitude.

In this work we show the four-dimensional (4-D) distribu-

tion of the Eyjafjallajökull volcanic cloud in the troposphere

over Europe as observed by EARLINET during the entire

volcanic event (15 April–26 May 2010). All optical prop-

erties directly measured (backscatter, extinction, and parti-

cle linear depolarization ratio) are stored in the EARLINET

database available at www.earlinet.org. A specific relational

database providing the volcanic mask over Europe, realized

ad hoc for this specific event, has been developed and is avail-

able on request at www.earlinet.org.

During the first days after the eruption, volcanic parti-

cles were detected over Central Europe within a wide range

of altitudes, from the upper troposphere down to the local

planetary boundary layer (PBL). After 19 April 2010, vol-

canic particles were detected over southern and south-eastern

Europe. During the first half of May (5–15 May), material

emitted by the Eyjafjallajökull volcano was detected over

Spain and Portugal and then over the Mediterranean and the

Balkans. The last observations of the event were recorded

until 25 May in Central Europe and in the Eastern Mediter-

ranean area.

The 4-D distribution of volcanic aerosol layering and op-

tical properties on European scale reported here provides

an unprecedented data set for evaluating satellite data and

aerosol dispersion models for this kind of volcanic events.

1 Introduction

Aerosols originating from volcanic emissions have an im-

pact on the climate (e.g., Hansen et al., 1997; Robock, 2000;

Solomon et al., 2011): sulfate and ash particles from vol-

canic emissions reflect solar radiation, act as cloud conden-

sation and ice nuclei, and modify the radiative properties and

lifetime of clouds, and therefore influence the precipitation

cycle. These volcanic particles can also have an impact on

environmental conditions and can be very dangerous for air

traffic.

Lidar (light detection and ranging) techniques represent a

powerful method for monitoring the dispersion of a volcanic

cloud in the atmosphere because of their profiling capabil-

ity. In particular, lidar techniques provide geometrical prop-

erties (top, bottom, and thickness) for each volcanic layer,

optical properties (extinction, backscatter, and optical depth),

aerosol typing and in some cases also microphysical proper-

ties if advanced multi-wavelength Raman lidar systems are

used.

The impact of particularly violent volcanic eruptions on

the stratospheric aerosol load has been studied with lidar re-

mote sensing since the early 1970s (e.g., Jäger, 2005; Desh-

ler et al., 2006; Deshler, 2008). The most important erup-

tions during this period were those of El Chichon (Mexico,

1982) and Mt. Pinatubo (Philippines, 1991). After 1996 there

was a ten-year period without appreciable volcanic activity,

which ended by the end of 2006 when a series of several

eruptions injected particles into the stratosphere that were

recorded with lidar systems world-wide (Mattis et al., 2010;

Kravitz et al., 2011; Sawamura et al., 2012; Trickl et al.,

2012). Although many lidar observations are available for

volcanic aerosol in the stratosphere, only a few are known

for tropospheric events before 2010, such as those related to

Etna volcanic eruptions in 2001 and 2002 (Pappalardo et al.,

2004a; Villani et al., 2006; Wang et al., 2008).

Eyjafjallajökull (63.63◦ N, 19.60◦ W, 1666 m a.s.l.) is one

of the smallest glaciers in Iceland. After seismic activity

recorded during December 2009, a first eruption started on

20 March 2010, between 22:30 and 23:30 UTC. After a brief

stop, a new phase of the Eyjafjallajökull eruption started

around midnight on 14 April, when meltwater penetrated to

the central crater beneath the glacier. After a short hiatus in

eruptive activity, a new set of craters opened up in the early

morning of 14 April under the volcano’s ice-covered central

summit caldera. Meltwater started to emanate from the ice

cap around 07:00 UTC on 14 April, and an eruption plume

was observed in the early morning. The Eyjafjallajökull ex-

plosive eruptive phase started on 14 April 2010 lasted until

21 May 2010 (Langmann et al., 2012).

The ash-loaded eruption plume rose to more than 10 km

height, deflected to the east by westerly winds. The height

of the emitted plume was around 8 km until 16 April and

decreased to a typical maximum height of 3–4 km in the fol-

lowing days (Arason et al., 2011). The plume rose up again to

an altitude of 5–6 km in the period of 4–20 May (Langmann

et al., 2012).

Depending on the wind direction, the eruption plume was

transported toward different regions of continental Europe

and toward the Atlantic Ocean at different altitudes. Even

though this eruption was only moderate in intensity, it had

a strong impact on air traffic. In order to prevent possible

damages to aircraft engines, the airspace over large parts of

Northern Europe was closed on 15 April when the first parts

of the eruption plume reached continental Europe. Air traffic

restrictions and partial closure of European airspace were not

uniform during the eruption period and differed from region

to region depending on the volcanic ash transport pattern and
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the (sparse) information on height and density of volcanic

aerosol at the time.

The first characterization of the volcanic ash cloud was

provided by Ansmann et al. (2010) relying on EARLINET

lidar observations at Leipzig and Munich, Germany. EAR-

LINET, the European Aerosol Research Lidar Network

(Bösenberg et al., 2001), performed almost continuous mea-

surements from 15 April 2010 in order to follow the evolu-

tion of the volcanic cloud over Europe.

During the event (15 April–26 May 2010), the volcanic

cloud was transported to different regions of Europe at dif-

ferent altitudes and times and with a large variety in load.

Volcanic particles were first observed in the UK, Ireland, the

Netherlands, Germany, and France from very low altitudes

up to the upper troposphere (e.g., Ansmann et al., 2011; Pap-

palardo et al., 2010a; Schumann et al., 2011; Hervo et al.,

2012; Matthias et al., 2012). The volcanic cloud was then

observed over Switzerland, Poland, and Norway (Pietruczuk

et al., 2010; Schumann et al., 2011). The cloud reached Italy

and Greece after 19 April (Mona et al., 2012; Papayannis

et al., 2011). In May 2010, the volcanic cloud was trans-

ported over the Iberian Peninsula (Sicard et al., 2012; Navas-

Guzmán et al., 2013) and then moved towards the East,

reaching Italy, Greece, and Turkey (Mona et al., 2012; Per-

rone et al., 2012; Papayannis et al., 2012). A series of publi-

cations covered the in-depth characterization of the ash cloud

over different parts of Europe, combining measurements of

lidars, sun photometers, and in situ probes. Schumann et

al. (2011) reported on measurements on board the German

research aircraft Falcon that covered several flights over Cen-

tral Europe, Iceland, and the North Sea. Groß et al. (2011)

demonstrated the potential of lidar-derived intensive aerosol

properties to distinguish volcanic aerosol from other types.

Further aircraft observations of the volcanic cloud including

an on board lidar were performed over France (Chazette et

al., 2012) and the United Kingdom (Marenco et al., 2011).

Wiegner et al. (2012) demonstrated the benefit of lidar ob-

servations for the validation of the spatial distribution and

mass concentration as calculated by a chemistry-transport

model. The derivation of mass concentration as the most rel-

evant property for air safety issues using data of advanced

EARLINET-type lidars and sun photometers was covered

in detail by Ansmann et al. (2011), Gasteiger et al. (2011),

and Sicard et al. (2012). Despite the limited revisit time and

field of view, also CALIOP, the backscatter lidar carried on

the CALIPSO satellite, observed the volcanic cloud (Winker

et al., 2012). Scientific literature for this event is related to

specific cases studied in detail (e.g. Ansmann et al., 2010;

Gasteiger et al., 2011; Schumann et al., 2011; Marenco et

al., 2011, Marenco and Hogan, 2011; Newman et al., 2012;

Turnbull et al., 2012) or specific regions (e.g. Flentje et al.,

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

et al., 2011; Groß et al., 2011; Schäfer et al., 2011; Chazette

et al., 2012; Hervo et al., 2012; Mona et al., 2012; Papayannis

et al., 2012; Sicard et al., 2012). A study presenting profiling

observations for the whole volcanic event on a continental

scale has not been published yet.

The main objective of this work is to summarize the spa-

tial and temporal evolution of the volcanic cloud generated

by the Eyjafjallajökull eruption for the entire Eyjafjallajökull

volcanic event (15 April–26 May 2010) as observed by the

coordinated ground-based lidar network EARLINET.

Volcanic particle layers have been identified for all the

EARLINET stations using a specific backtrajectory-models-

lidar observations integrated methodology for a volcanic

aerosol masking (Mona et al., 2012).

EARLINET observations performed during the Eyjafjal-

lajökull eruption event are described in Sect. 2. The volcanic

aerosol masking is presented in Sect. 3, and results of the 4-

dimensional distribution of the volcanic cloud are discussed

in Sect. 4. Finally a summary is given in Sect. 5.

2 EARLINET and its observations during the volcanic

event

EARLINET, established in 2000, is the first coordinated

aerosol lidar network whose key remit is the provision of

a comprehensive, quantitative, and statistically significant

database on the spatial and temporal aerosol distribution on

a continental scale (Bösenberg, et al., 2001). At present, the

network includes 27 stations distributed over Europe (see Ta-

ble 1). More information about EARLINET can be found at

www.earlinet.org.

Lidar observations within the network are performed on a

regular schedule since May 2000, allowing for the collection

of long-term data sets for climatological studies (Matthias et

al., 2004a). In addition to the routine measurements, further

observations are devoted to the monitoring of special events

such as Saharan dust outbreaks (Ansmann et al., 2003; Mona

et al., 2006; Papayannis et al., 2008; Guerrero-Rascado et al.,

2009; Wiegner et al., 2011), forest fires (Müller et al., 2007;

Amiridis et al., 2009), photochemical smog (Carnuth et al.,

2002) mixed with biomass burning particles (Mamouri et

al., 2012), and volcanic eruptions (Pappalardo et al., 2004a;

Wang et al., 2008; Mattis et al., 2010).

Data quality has been assured by inter-comparisons at

instrument level using the available transportable systems

(Matthias et al., 2004b; Freudenthaler et al., 2010). Data

quality assurance also includes the inter-comparison of

group-specific retrieval algorithms for both backscatter and

Raman lidar data (Böckmann et al., 2004; Pappalardo et al.,

2004b). Based on well-defined common standards, the rou-

tinely performed quality-assurance exercises of lidar instru-

ments and algorithms ensure that the data products provided

by the individual stations are homogenous and continuously

of highest possible reliability. Efforts to guarantee and im-

prove the quality of data derived from observations in EAR-

LINET are continuous (Freudenthaler et al., 2010).
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Table 1. Locations of EARLINET lidar stations, corresponding ID code, altitude, and geographical coordinates.

Site ID Altitude a.s.l. (m) Lat. (N) Long. (E)

Andenes, Norway an 380 69.28 16.01

Athens, Greece at 200 37.96 23.78

Barcelona, Spain ba 115 41.39 2.11

Belsk, Poland be 180 51.84 20.79

Bucharest-Magurele, Romania bu 93 44.45 26.03

Cabauw, the Netherlands ca 1 51.97 4.93

Cork, Ireland co 75 51.89 −8.49

Evora, Portugal ev 293 38.57 −7.91

Garmisch-Partenkirchen, Germany gp 730 47.48 11.06

Granada, Spain gr 680 37.16 −3.61

Hamburg, Germany hh 25 53.57 9.97

Ispra, Italy is 209 45.82 8.63

L’Aquila, Italy la 683 42.38 13.32

Lecce, Italy lc 30 40.30 18.10

Leipzig, Germany le 100 51.35 12.44

Linköping, Sweden lk 80 58.39 15.57

Madrid, Spain ma 669 40.45 −3.73

Maisach, Germany ms 515 48.21 11.26

Minsk, Belarus mi 200 53.92 27.60

Munich, Germany mu 539 48.15 11.57

Naples, Italy na 118 40.84 14.18

Neuchâtel, Switzerland ne 487 47.00 6.96

Palaiseau, France pl 162 48.70 2.20

Payerne, Switzerland py 456 46.81 6.94

Potenza-Tito Scalo, Italy po 760 40.60 15.72

Sofia, Bulgaria sf 550 42.67 23.33

Thessaloniki, Greece th 60 40.63 22.95

All measured profiles are stored in a standardized data for-

mat in a centralized database which allows for easy access to

the complete data set for further scientific studies. Presently,

the EARLINET database represents the largest collection of

ground-based data of the vertical aerosol distribution on a

continental scale.

For the occurrence of special atmospheric events an alert-

ing system has been implemented in EARLINET. In the case

of the volcanic eruption of Eyjafjallajökull, an alert was sent

to the whole network on 15 April 2010. The alert was based

on information from different sources: (i) the Icelandic Me-

teorological Office Bulletin for the daily status of the vol-

canic event, (ii) the ash dispersion models provided by the

volcanic ash advisory center (VAAC, http://www.metoffice.

gov.uk/aviation/vaac/vaacuk vag.html), (iii) the European air

pollution dispersion (EURAD) model (http://www.eurad.

uni-koeln.de/index e.html), and (iv) available satellite data

(as those provided by MODIS, SEVIRI, OMI, CALIPSO).

On 15 April the eruption plume reached continental Eu-

rope, causing closure of the airspace over large parts of

Northern Europe. On the same day at 10:00 UTC an alert

from CNR-IMAA, Potenza, was sent to all EARLINET sta-

tions informing them about a large amount of ash being trans-

ported towards the northwest of Europe. Almost all EAR-

LINET stations promptly started continuous measurements,

whenever weather conditions allowed it.

Despite the fact that EARLINET stations are not truly op-

erational, the lidar systems were run almost continuously,

weather permitting, coordinated by daily alerts. More than

5000 h of measurements were performed day and night dur-

ing the period 15 April–26 May 2010. Thus, the evolution

of the volcanic cloud was monitored, providing, for the first

time, a four-dimensional distribution of the volcanic cloud

over Europe for the entire event. Even though the EAR-

LINET observations were initially driven by scientific inter-

est, it became obvious after a few days that the information

obtained from the coordinated effort of the network would be

very useful for European aviation authorities. A page with

the quicklook data of the lidar range-corrected signals was

made available on the EARLINET website in order to pro-

vide near-real-time qualitative information about the pres-

ence and altitudes of the volcanic cloud over Europe. The

quicklooks were accompanied with a measurement report

(updated daily) to explain the significance of the data at the

time. Direct links with the World Meteorological Organiza-

tion (WMO) and national agencies responsible for the flight

zone safety were established.
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A first volcanic layer was observed at an altitude of ca.

3 km and up to 6 km over Hamburg in the early morning

of 16 April. On the morning of 16 April, the major ash

plume reached Central Europe (Germany and France) at 5–

6 km a.s.l. and Belarus at ca. 4 km a.s.l. The volcanic cloud

crossed Central and Eastern Europe on 16 and 17 April. Most

EARLINET stations discovered a distinct feature at that time.

The layer appeared first at 5–8 km a.s.l. and then decreased

with time. Finally, volcanic aerosol was mixed into the local

planetary boundary layer (PBL). After 17 April the volcanic

plume was dispersed towards Western and Eastern Europe.

The transport to the south was almost completely blocked by

the Alps until 19 April when a redistribution of aged volcanic

aerosol from west to east and from north to south occurred.

On 20 April Italian EARLINET stations observed a clear sig-

nature of the plume for the first time. Afterwards, the plume

was further dispersed across Europe and reached Greece on

21 April.

The volcanic plume persisted over Central Europe for the

whole period of 15–26 April, even though with different

aerosol load. Only small amounts of material were emit-

ted by Eyjafjallajökull between 19 April and 3 May (see,

e.g., Fig. 2 in Schumann et al., 2011). However, new signifi-

cant eruptions occurred from 4–9 May and 14–19 May. The

first of these phases mainly influenced Western Europe, from

Great Britain to the Iberian Peninsula. EARLINET stations

in Spain and Portugal reported the arrival of the first volcanic

layers on 5 May (Sicard et al., 2012; Navas-Guzmán et al.,

2013). On 16 May, a distinct ash plume travelled over Great

Britain toward Central Europe again and reached the Central

European EARLINET stations in the Netherlands and Ger-

many in the night of 16–17 May (see, e.g., Fig. 14, 15, and

18 in Schumann et al., 2011). Volcanic layers were observed

in Central Europe and in the Central and Eastern Mediter-

ranean area on 18–22 May. Last observations of the event

were recorded over Central Europe by 25 May.

3 Volcanic aerosol mask

A volcanic aerosol mask has been generated based on all

EARLINET observations performed during the Eyjafjal-

lajökull eruption (15 April–26 May 2010). The methodology

for obtaining the mask is specific to this kind of event and

was applied to the whole network. The approach is based on

aerosol layer identification using only aerosol backscatter co-

efficients at one wavelength, so that daytime measurements

could be included in the study and potential observational

limitations of some stations were eliminated. For each sta-

tion, the aerosol backscatter coefficient at the longest avail-

able wavelength in the 355–532–1064 nm range was used

for the layering, thereby taking advantage of the better sen-

sitivity to the aerosol structure at longer wavelengths. For

aerosol typing, backward trajectory analyses and model out-

puts were used together with the multi-wavelength Raman li-

dar measurements performed within the network during this

event. The aerosol mask methodology provides snapshots of

distinguishable aerosol type distributions over Europe with

one hour temporal and high vertical resolution and unprece-

dented sensitivity to aerosol presence.

The mask was generated with a temporal resolution of 1 h

in order to be able to compare the dataset directly with results

from models (e.g., ECMWF) which typically provide data

with a one-hour time resolution. The volcanic mask is pro-

vided with the best possible effective vertical resolution, as

determined individually by each group within EARLINET,

typically between 60 and 180 m. Only backscatter data with

a relative statistical error lower than 50 % are considered

in order to gain a reliable aerosol mask. The aerosol mask

methodology is described in detail by Mona et al. (2012).

The most relevant points are therefore only summarized here

in brief.

The first step is the layer identification through the first

derivative of the particle backscatter profiles. Tests per-

formed on several EARLINET station data identified 30 %

as a reasonable statistical error limit for the application of the

derivative method. At altitudes where the derivative method

is not applicable, because the signal-to-noise ratio is too low,

layers are identified as those regions where the scattering ra-

tio (i.e. the total-to-molecular backscatter ratio) is higher than

a pre-defined threshold chosen as the value for typical aerosol

background conditions plus 15 %.

The second step in the procedure is to perform a rigor-

ous cloud screening on the data and to assign an aerosol

type to each identified layer. Cloud screening is performed

manually by each station (low clouds) and in a centralized

way (cirrus clouds). In particular, cirrus clouds are identi-

fied on the basis of cirrus high particle depolarization ra-

tio, neutral wavelength dependence and temporal evolution.

Backward trajectory analyses and model outputs are used

to investigate the origin and nature of the identified aerosol

layers. In particular, ten-day HYSPLIT backtrajectory anal-

ysis provided by NOAA (Draxler and Rolph, 2012; Rolph,

2012) is used, because the arrival altitudes and times could

be chosen in a flexible way, which makes it very useful for a

study on aerosol typing based on lidar data with high vertical

and temporal resolution. In addition, German Meteorolog-

ical Service (DWD), FLEXTRA (Stohl et al., 1995; Stohl,

1998), and NASA/Goddard (Schoeberl and Newman, 1995)

backtrajectory analyses are used to check further the valid-

ity of the aerosol source identification. In particular, four-

day backward DWD trajectories for two arrival times per day

and for six arrival pressure levels between 200 and 975 hPa,

as well as four-day backward FLEXTRA trajectories arriv-

ing at altitudes of 1500, 3000, and 5000 m every six hours

are available for each EARLINET site. For EARLINET sta-

tions that are also AERONET sites, the backtrajectory analy-

sis developed by the Atmospheric Chemistry and Dynamics

Branch of NASA/Goddard are available at 00:00 UTC and
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12:00 UTC and were used for eight height levels between

950 hPa and 200 hPa.

Once the particle path is identified through backtrajectory

analysis, the type of the aerosol is investigated using model

output and the support of the multi-wavelength Raman lidar

measurements performed within the network. The Eyjafjal-

lajökull volcanic activity and emission heights are also taken

into account by using the reports provided by the Iceland Me-

teorological Office, VAAC, and dedicated studies (e.g. Lang-

mann et al., 2012).

Within EARLINET, it has been shown that a careful analy-

sis based on lidar observations, air-mass backtrajectories and

modeling tools allows for a detailed classification of the ob-

served aerosols (e.g. Mona et al., 2006; Muller et al., 2009;

Villani et al., 2006; Pappalardo et al., 2010b). The method-

ology described above has been manually applied to all the

layers identified. In most of the cases reported in this pa-

per, the origin and type of the observed particles are clearly

defined through the backtrajectories–models combined ap-

proach. Particular attention was needed in cases of transi-

tion between different atmospheric conditions because of the

high instability of the backtrajectory analysis in the transient

regimes. For these cases, advanced lidar observational capa-

bility and climatological analysis available at the observa-

tional site could permit the aerosol typing. An example of

the aerosol typing for this condition is reported in detail in

Mona et al. (2012). Situations not clearly identified with this

kind of approach still remain and are reported as “unknown”

aerosol in the masking.

Many types of aerosol may have been present over Eu-

rope during the whole eruptive period. Specific models and

satellite observations are used in order to check the occur-

rences of other specific aerosol-related events along the iden-

tified aerosol paths. The potential presence of Saharan dust

for instance is checked using the Dust REgional Atmospheric

Model (DREAM) forecasts in terms of maps of the dust load-

ing and dust concentration profiles at each EARLINET site,

both available every six hours (http://www.bsc.es/projects/

earthscience/BSC-DREAM). The results of the ATSR World

Fire Atlas (available at http://due.esrin.esa.int/wfa/) are used

for identifying the presence of forest fire episodes. Cases

with backtrajectories that are locally confined and without

the presence of any specific source resulted in aerosol being

classified as continental. For all the other cases with uncer-

tain situations, aerosol is classified as “unknown”. All pos-

sible mixes among these types of aerosol are also taken into

account.

As far as volcanic aerosol is concerned, it should be noted

that aerosol layers identified through this approach could

consist of different ash and sulfate mixing ratios for differ-

ent sites. Moreover, the observed particles of volcanic ori-

gin may be affected by modification processes and mixing

with other air masses during transport. Aerosol layers, for

which other aerosol sources besides the Eyjafjallajökull vol-

cano can be identified, are classified as mixed aerosols.

The particle layer identification and typing is performed

for each station on individual backscatter profiles. A consis-

tency check is carried out on the temporal evolution of the

resulting layering for each station. A further check is per-

formed by taking advantage of the geographical distribution

of EARLINET stations. In particular, stations located at rela-

tively short distances (below 500 km) from each other can be

considered representative for a specific region, giving us the

opportunity to also study local phenomena. When a doubtful

atmospheric scenario is observed in a specific region, multi-

wavelength Raman lidar data from at least one close station,

including lidar ratio, Ångström exponent, and particle linear

depolarization ratio, are used as additional information sup-

porting aerosol typing.

Four interesting examples of the overall event in terms

of aerosol content at different locations and different phases

of the volcanic cloud transport over Europe have been se-

lected to better illustrate the methodology (see Figs. 1–4).

Each of these is considered as a representative example (EX)

for other aerosol occurrence and transport scenarios during

the event: (EX1) almost direct transport towards Central Eu-

rope during the first phase of the eruption; (EX2) co-presence

of dust and volcanic aerosol over France and other Mediter-

ranean countries during the first phase of the eruption; (EX3)

almost direct transport over the Iberian Peninsula at the be-

ginning of May; (EX4) transport towards Central Europe at

the end of May.

For each example, the aerosol mask is reported, providing

in particular the following information:

1. Minimum and maximum altitudes covered in measure-

ments. These can vary for each site depending on the

corresponding lidar instrument performances and atmo-

spheric conditions.

2. PBL height (as derived directly by the lidar signals)

(Steyn et al., 1999).

3. Volcanic aerosol layers are reported in shades of grey.

Different shades of grey refer to different aerosol

backscatter values (βλ) [black: β532 >1 × 10−6 m−1

sr−1; grey: 1 × 10−7 <β532 <1 × 10−6 m−1 sr−1; light

grey: β532 <1 × 10−7 m−1 sr−1; black: β1064 >5 ×

10−7 m−1 sr −1; grey: 5 × 10−8 <β1064 <5 × 10−7

m−1 sr−1; light grey: β1064 <5 × 10−8 m−1 sr−1]. No

distinction between ash particles and smaller non-ash

particles (mainly sulfate aerosol) of volcanic origin is

made. The grey layers contain both of these components

of aerosol, originating from the volcanic eruption and

then eventually being subject to modifications that oc-

cur during the transport across the European continent.

4. Aerosol types: aerosol in the PBL (mainly local) is

reported in yellow; continental aerosol in dark yel-

low, forest fires in light green; desert dust in orange;

cloud/cirrus in cyan; volcanic mixing cases are shown in

Atmos. Chem. Phys., 13, 4429–4450, 2013 www.atmos-chem-phys.net/13/4429/2013/
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Fig. 1. Aerosol mask for the Hamburg EARLINET site in the 15–25 April 2010 period.

magenta. If the identification of the origin of particles in

a layer was not possible, the corresponding aerosol was

classified as unknown (purple).

3.1 EX1

The first example refers to the lidar observations performed

at the EARLINET station in Hamburg, Germany, in the pe-

riod 16–25 April 2010, i.e. during the initial phase of the

volcanic event. The corresponding aerosol mask is shown

in Fig. 1, where volcanic particles are represented in differ-

ent shades of grey depending on the corresponding aerosol

load. All other aerosol types, also mixed ones, are repre-

sented by different colours. The peak backscatter coefficients

above Hamburg on 16 April are the highest found for the en-

tire plume (see further below). Figure 1 clearly shows that

volcanic particles were typically observed over the entire al-

titude range sounded by the lidar instrument. In particular,

the intrusion of volcanic particles into the PBL appears to be

very common for this station during this period. These situ-

ations are identified, in the whole study, on the basis of the

temporal evolution of the layers and modification of aerosol

optical properties in the PBL region, in particular of parti-

cle linear depolarization ratio and other intensive properties.

Direct injection of volcanic particles from Iceland into the

PBL, as well as transport of volcanic particles at higher al-

titudes (e.g., see data around 09:00 UTC on 23 April) was

observed. During the night of 24–25 April, when air masses

reaching Hamburg in the free troposphere arrived from over

the Atlantic Ocean and the United States, it was not possible

to identify a specific source of the observed aerosol, which is

therefore labelled as unknown. No layers are reported in the

mask for some times since the aerosol backscatter retrieval

was not possible due to the presence of low clouds. The ap-

parent temporal behaviour of the top altitude of the volcanic

layer is exclusively related to an instrumental effect of the

differences between daytime and nighttime signal-to-noise

ratio conditions. During nighttime, the statistical error of the

aerosol backscatter coefficient is lower than for data taken

during daytime for a given altitude. This means that because

of the pre-defined threshold for the statistical error (50 %),

the layer identification algorithm operates as expected only

for a lower altitude range during daytime compared to night-

time.

3.2 EX2

Figure 2 shows the aerosol mask for Palaiseau, France, for

the period 23–24 April 2010. This is a very interesting period

of the eruption event, where Saharan dust above 4 km and a

layer of volcanic particles beneath it was observed. Aerosol

typing in situations with different long-range transported

aerosols is really challenging. In such cases advanced lidar

observational capability and climatological analysis avail-

able at EARLINET sites could permit the aerosol typing.

In particular, intensive properties and their temporal evolu-

tion are used here for discriminating different aerosol types

such as dust and volcanic particles. A detailed example of

aerosol typing for mixing situations is described in Mona et

al. (2012).

www.atmos-chem-phys.net/13/4429/2013/ Atmos. Chem. Phys., 13, 4429–4450, 2013
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Fig. 2. Aerosol mask for the Palaiseau EARLINET site in the 23–24 April 2010 period.

Intrusion into the PBL was observed on 23 April starting at

11:00 UTC when the top altitude of the PBL rose while vol-

canic particles entered into the PBL. A mixed aerosol layer

consisting of volcanic particles and Saharan dust was then

observed on the evening of 23 April when the Saharan dust

layer started to decrease in altitude, merging with the vol-

canic aerosol layer.

3.3 EX3

During most of the volcanic eruption period, the Iberian

Peninsula was not affected by the presence of the volcanic

cloud. The only exception was a ten-day period in May dur-

ing which the wind transported volcanic particles directly to-

ward Spain and Portugal. Figure 3 shows the volcanic aerosol

mask over Granada, Spain, for the period 5–7 May 2010.

This example shows a situation where volcanic particles were

observed almost over the entire altitude range covered by

the lidar instrument and intrusion into the PBL was also ob-

served. Mixing of volcanic particles with local and dust par-

ticles was observed for the whole period up to an altitude

of ca. 3 km. Above 3 km, the particle linear depolarization

ratio was measured to be around 7 %. The values of 4–5 %

for the lower layer suggest the mixing of volcanic particles

with other particles (Navas-Guzmán et al., 2013; Sicard et

al., 2012).

3.4 EX4

In the final part of the 2010 Eyjafjallajökull eruption pe-

riod, the volcanic cloud was mainly transported over Central

Europe and subsequently into the Central Mediterranean re-

gion. Figure 4 shows the volcanic aerosol mask for Cabauw,

the Netherlands, for the period 17–20 May 2010. As for the

Hamburg example, volcanic particles were observed over the

entire altitude range covered by the instrument. The strongest

feature is located at about 5 km a.s.l. around 18:00 UTC on

17 May, consistently with what was observed by the DLR

and FAAM aircrafts (Turnbull et al., 2012; Newman et al.,

2012). This layer slightly decreased in altitude in the fol-

lowing hours, down to 3.5 km a.s.l. around 20:00 UTC on 18

May. The layers reported as purple are aerosol layers of un-

known type. The identification was not possible, because at

these altitudes air masses arrived from the east after passing

over Southern Europe and sometimes also Northern Africa.

This complex transport scenario prevented a clear identifica-

tion of the aerosol sources to date.

4 Results: 4-D distribution of volcanic aerosol over

Europe

The methodology described in Sect. 3 was applied to all

EARLINET data provided individually by each station with

the required 1 h temporal averaging. In this way, information

about the aerosol layering and types within the whole net-

work was gathered. Geometrical properties of the volcanic

cloud over Europe are presented with high resolution (typi-

cally 60–180 m) in terms of the base and top of the volcanic

layer. Once the top and the base of a layer are identified, the

center of mass of the aerosol layer can be also estimated from

lidar profiles. The center of mass gives us information about

Atmos. Chem. Phys., 13, 4429–4450, 2013 www.atmos-chem-phys.net/13/4429/2013/
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Fig. 3. Aerosol mask for the Granada EARLINET site in the 5–7 May 2010 period.

Fig. 4. Aerosol mask for the Cabauw EARLINET site in the 17–20 May 2010 period.

the altitude where the most relevant part of the aerosol load

is located. In absence of wind, the temporal evolution of the

center of mass of the aerosol layer could give insight about

the dynamics of the whole layer. Assuming the microphysi-

cal properties to be homogenous within an aerosol layer, the

center of mass can be estimated as the mean altitude of the

identified layer weighted by the altitude-dependent aerosol

backscatter coefficient (Mona et al., 2006). Due to the large

number of performed measurements the arrival of volcanic

cloud over Europe could be timed very accurately. Informa-

tion about cases of mixing with other aerosol types and in-

trusions into the local PBL was gathered.

www.atmos-chem-phys.net/13/4429/2013/ Atmos. Chem. Phys., 13, 4429–4450, 2013
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Fig. 5. Central Europe cluster: Hamburg (hh), Cabauw (ca), Leipzig (le), Palaiseau (pl) and Maisach (ms). The following quantities are

reported hourly: center of mass of the identified volcanic layer (black dots), base and top of the identified volcanic layer (blue and cyan lines,

respectively). Mixing with dust and continental aerosol is highlighted by orange and dark yellow symbols, respectively. Mixing with local

aerosol above the PBL is reported in green. The intrusion in the PBL and, therefore, the mixing with local aerosol is indicated by a magenta

cross located at the top of the PBL as obtained from lidar observations. Red line on the abscissa axes indicates no measurements.

Results are grouped into clusters representing five geo-

graphical regions: Central Europe – CE (Fig. 5), Central

Mediterranean – CM (Fig. 6), Western Mediterranean – WM

(Fig. 7), Eastern Mediterranean – EM (Fig. 8), and Eastern

Europe – EE (Fig. 9). For each cluster, the temporal evolution

of the volcanic layer is reported for each station for which a

long record of data is available. Stations are listed in order of

decreasing latitude, i.e. from North (top) to South (bottom)

for each cluster. Further data from other stations (Andoya,

Cork, Garmisch-Partenkirchen, Neuchatel, Payerne, Sofia,

Barcelona, and Madrid) are not shown in the figures, but are

available in the EARLINET database.

Starting from 15 April, 00:00 UTC, the following quanti-

ties are provided hourly: center of mass of the identified vol-

canic layer (multiple layers are regarded as a unique extended

layer), base and top of the identified volcanic layer. These

quantities are shown as black dots, blue lines, and cyan lines,

respectively. Scenarios where a layer with volcanic aerosol

mixed with another kind of aerosol are noted as well. For

these cases the center of mass of the mixed layer is indicated.

Mixes with dust and continental aerosol are highlighted by

orange and dark yellow symbols, respectively. Mixing with

local aerosol above the PBL is reported in green. The in-

trusion into the PBL and the subsequent mixing with local

aerosol is indicated by magenta crosses located at the top of

the PBL.

All cirrus clouds have been removed following the

methodology described above, even though the presence of

volcanic particles within the cirrus clouds cannot be ruled

out and probably occurred regularly in the time period con-

cerned. However, this aspect is outside the scope of the cur-

rent publication and a devoted study related to cloud proper-

ties during the volcanic event would be required to address

this issue. Some publications report specific cases (Seifert et

al., 2011; Hoyle et al., 2011; Steinke et al., 2011; Bingemer

et al., 2012; Rolf et al., 2012) but neither for all of Europe

nor for the entire period of the eruption.
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Table 2. Geometrical and optical properties of the volcanic layers for each of the clusters: median value and minimum-maximum range

value of base, top, center of mass (CoM), integrated backscatter (IB) and backscatter (β) at 532 nm are reported together with the maximum

backscatter value (peak value) with corresponding altitude, location, and time.

Cluster Base

[km]

Top

[km]

CoM

[km]

IB

[1 × 10−3

sr−1]

β

[1 × 10−7

m−1 sr−1]

Peak

Altitude

[km]

MaxBack

[m−1 sr−1]

MaxTime

[UTC]

Central Europe 1.7

0.2–11.7

6.5

1.6–14.5

3.3

1.0–13.0

1.0315

0.016–26

3.6 ± 2.6

0.8–99.9

2.8 26.6×10−6 16 April 2010 –

05:00 (hh)

Central

Mediterranean

2.0

0.5–13.8

5.2

2.1–16.2

3.1

1.4–14.5

1.18

0.009–9.2

5.8 ± 3.9

0.4–19.2

3.1 6.7 × 10−6 20 April 2010 –

08:00 (is)

Western

Mediterranean

2.5

1.1–7.4

6.2

1.7–18.1

4.1

1.5–7.9

0.6865

0.003–6

2.1 ± 1.2

0.2–42.2

3 17.9×10−6 13 May 2010 –

06:00 (gr)

Eastern

Mediterranean

1.8

1.0–6.4

5.0

1.7–12.2

2.7

1.5–7.7

1.988

0.02–10

7.1 ± 5.3

0.6–23.4

1.3 5.02×10−6 22 April 2010 –

17:00 (th)

Eastern Europe 3.5

1.2–8.2

5.7

2.9–13.4

4.5

2.8–8.2

0.48

0.3–2

1.8 ± 0.5

0.8–3.4

2.3 1.35×10−6 17 April 2010 –

14:00 (mi)

Finally, a red line is shown on the abscissa axes of the fig-

ures for hours when no measurements were performed. This

situation typically arose during adverse weather conditions,

but sometimes also because of technical problems. It should

be noted that the network is not designed to be fully opera-

tional around the clock and that intensive measurement series

lasting for more than one month imply a considerable effort

for most of the stations.

Geometrical and optical properties of the volcanic layers

are reported for each cluster in Table 2. Specifically, me-

dian values and minimum/maximum range values of base,

top, center of mass, aerosol backscatter coefficient, and inte-

grated backscatter at 532 nm are provided together with the

maximum aerosol backscatter coefficient value (peak value)

with corresponding altitude, location, and time. The aerosol

backscatter coefficient at 532 nm has been chosen because it

is available in each cluster.

During the first period (15–26 April) all stations within the

Central Europe cluster (Hamburg (hh), Cabauw (ca), Leipzig

(le), Palaiseau (pl), and Maisach (ms)) observed volcanic

particles (see Fig. 5). Clouds were also very frequently ob-

served. Low clouds over Cabauw often did not permit lidar

data inversion. In the successive periods substantial cloud

cover and rain limited the possibility to perform measure-

ments, hence data had to be taken more sporadically. The

center of mass of the volcanic layer was typically around 3–

3.5 km for all stations apart from Maisach where it remained

at about 2.5 km. Intrusion into the PBL was a common fea-

ture for almost all observations. In the case of Maisach the

volcanic layer came into contact with the boundary layer

during the afternoon of 17 April. The process of mixing of

the ash with locally produced aerosol was investigated with a

very high temporal resolution of one hour (Groß et al., 2011).

The state of mixing was determined from the particle lin-

ear depolarization ratio applying a methodology proposed by

Shimizu et al. (2004) and Tesche et al. (2009). Similar studies

were also performed for three sites in Germany (Ansmann et

al., 2011).

A peculiar feature was present over the Hamburg,

Palaiseau, and Maisach stations during the first arrival of the

volcanic cloud: a volcanic layer rapidly decreasing with al-

titude from 6 to ca. 3 km a.s.l. This phenomenon was asso-

ciated with an air-mass propagation on the east side of an

anti-cyclone, accompanied also by a stratospheric air intru-

sion documented by daily forecasts, similarly to those de-

scribed by Stohl et al. (2003), Zanis et al. (2003) and Trickl

et al. (2010). This behaviour became in some sense the signa-

ture of the Eyjafjallajökull plume as it was presented and dis-

cussed at many conferences and specific related events (e.g.

Dacre et al., 2011). However, as emphasized in this publi-

cation, the presence of the volcanic plume was not always

associated with this kind of time/altitude behaviour as many

different scenarios were observed over Europe. The Ham-

burg, Palaiseau, and Maisach stations observed this apparent

descending plume almost at the same altitude, but at differ-

ent times. In Hamburg the apparent descent was observed

from 05:00 to 17:00 UTC, 16 April (29 to 41 h since 15 April,

00:00 UTC), while in Palaiseau and Maisach it occurred be-

tween 16:00 UTC, 16 April, and 00:00 UTC, 17 April (40 to

48 h since 15 April, 00:00 UTC).

As shown in the mask in Fig. 1, the diurnal/nocturnal be-

haviour is evident in the Hamburg series for the layer top.

For Hamburg the top of the PBL also exhibited a strong

diurnal/nocturnal cycle, leading to the same behaviour for

the center of mass of the volcanic layer as well. The seem-

ingly constant layer top for Palaiseau was caused by fixing

the maximum observation height at this station, hence the

www.atmos-chem-phys.net/13/4429/2013/ Atmos. Chem. Phys., 13, 4429–4450, 2013
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Fig. 6. As Fig. 5 for Central Mediterranean cluster: Ispra (is), L’Aquila (la), Naples (na), Potenza (po) and Lecce (lc).

presence of volcanic aerosol at higher altitudes cannot be ex-

cluded.

Within the Central Europe cluster typical volcanic lay-

ers were observed between 1.7 and 6.5 km height. Measured

aerosol backscatter coefficients at 532 nm ranged from the

minimum of 0.8 × 10−7 m−1 sr−1 to the maximum values of

26.6 × 10−6 m−1 sr−1 observed at an altitude of 2.8 km over

Hamburg at 05:00 UTC on 16 April. The latter value repre-

sented the largest aerosol backscatter coefficient measured

by EARLINET over Europe for the whole event. Exten-

sive and intensive optical properties observed by the multi-

wavelength Raman lidar systems available in this region, to-

gether with sun photometer observations, allowed for the dis-

crimination between sulfate particles and ash in the most in-

tense volcanic layers (Ansmann et al., 2011).

The Central Mediterranean cluster Ispra (is), L’Aquila (la),

Naples (na), Potenza (po), and Lecce (lc) (see Fig. 6) ob-

served the volcanic cloud later in comparison to the Cen-

tral Europe cluster. All the Italian stations observed the vol-

canic cloud in the period 19–22 April 2010 with the cen-

ter of mass of the volcanic layer at lower altitudes (at about

2.8 km) compared to the Central Europe cluster. During 6–

10 May and 12–15 May, when there was air mass transport

from the west, the volcanic cloud was observed only over the

southern stations (na, po, and lc). In the period 18–19 May,

the volcanic cloud was observed also in Northern Italy, over

Ispra, in agreement with observations in the Central Europe

cluster and over Maisach in particular.

An apparent descending layer between 10 and 5 km a.s.l.

was observed over Potenza from 21 April, 02:00 UTC to

11:00 UTC (146 to 155 h since 15 April, 00:00 UTC). In the

Central Mediterranean cluster, intrusion into the PBL was

also observed very often. Mixing with Saharan dust also oc-

curred during May for all southern stations.

In the Central Mediterranean cluster, the values of

the aerosol backscatter coefficient were much lower

compared to those measured over Central Europe.

Here typical backscatter coefficient values at 532 nm

were around 5.80 × 10−7 m−1 sr−1 with a maximum of

6.7 × 10−6 m−1 sr−1 observed over Ispra on 20 April,

08:00 UTC. Extensive and intensive optical properties

measured in this cluster revealed the presence of mainly

sulfate aerosols with the presence in few cases of some aged

diluted ash (Mona et al., 2012; Perrone et al., 2012).

The Iberian Peninsula was affected by the volcanic cloud

only for few days in May when the wind transported the

Atmos. Chem. Phys., 13, 4429–4450, 2013 www.atmos-chem-phys.net/13/4429/2013/
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Fig. 7. As Fig. 5 for Western Mediterranean cluster: Evora (ev) and Granada (gr).

plume from Iceland towards the southwest. The weather was

quite unstable, characterized by the presence of clouds and

rain over the peninsula. Only few sporadic measurements

were possible over Barcelona and Madrid and are there-

fore not reported here. More measurements were possible for

more western stations: Evora (ev) and Granada (gr). The re-

sults are shown in Fig. 7. First observations of the volcanic

cloud were made on 5 May, 10:00 UTC (490 h since 15 April,

00:00 UTC) over Granada. The typical altitude for the cen-

ter of mass of the volcanic layer was about 4.1 km. Simi-

lar patterns in the center of mass behaviour were observed

at both stations on 6 May. There was, however, a time de-

lay of about 8 h between Granada (535 to 544 h since 15

April, 00:00 UTC) and Evora (527 to 537 h since 15 April,

00:00 UTC). Data from Evora furthermore showed the center

of mass to be approximately 300 m higher than over Granada.

Typical aerosol backscatter coefficient values at 532 nm

were found to be for this cluster around 2.1 × 10−7 m−1 sr−1

with the maximum of 17.9 × 10−6 m−1 sr−1 observed over

Granada at 06:00 UTC on 13 May. Multi-wavelength Raman

lidar data from Granada were also used to retrieve micro-

physical properties during the night from 7 to 8 May. Particle

effective radius ranged from 0.30 ± 0.11 µm to 0.55 ± 0.13

µm in the volcanic plume along this night. This study indi-

cated that the volcanic plume over this station was mainly

composed by sulfate and sulphuric acid droplets (Navas-

Guzmán et al., 2013).

In the Eastern Mediterranean cluster, Bucharest (bu),

Thessaloniki (th), and Athens (at), generally less volcanic

aerosol occurrences were recorded (see Fig. 8). The typical

height of the center of mass of the volcanic layer has been

observed at about 2.5 km over Athens and Thessaloniki and

at a higher altitude (around 4.6 km) over Bucharest. These

values observed over Greece were lower in comparison to

those observed over Central Europe and in good agreement

with data from Southern Italy. An apparent layer descending

from 7 km on 21 April, 22:00 UTC (165 h since 15 April,

00:00 UTC), down to 2.2 km on 22 April, 07:00 UTC (175 h

since 15 April, 00:00 UTC), was observed over Athens. This

observation was consistent with those from Potenza 20 h be-

fore. In the period 18–19 May, the center of mass of the vol-

canic layer was at an altitude of 2.5 km, in agreement with

the measurements at Potenza in the same period.

In this cluster, typical aerosol backscatter coefficient val-

ues at 532 nm were around 7.1 × 10−7 m−1 sr−1 with a max-

imum of 5.02 × 10−6 m−1 sr−1 found over Thessaloniki on

22 April, 17:00 UTC. Extensive and intensive aerosol opti-

cal properties and geometrical characteristics, combined with

model simulations were used for aged ash and mineral dust

aerosol discrimination over the Eastern Mediterranean area,

in the height range between 2–5 km height a.s.l., especially

during May 2010 (Papayannis et al., 2012).

The Eastern Europe cluster, Minsk (mi) and Belsk (be),

observed the volcanic cloud mainly in the first period of the

event (16–25 April, see Fig. 9) after the volcanic cloud had

reached Central Europe and had spread out with parts of it

moving in easterly direction. The volcanic layer observed in

this cluster was characterized by a typical center of mass

of 4.3 km over Belsk and 6.2 km over Minsk. Intrusion of

the volcanic aerosol into the PBL was also commonly ob-

served. Typical backscatter coefficient values at 532 nm ob-

served over Minsk were around 1.8 × 10−7 m−1 sr−1 with a

maximum of 1.35 × 10−6 m−1 sr−1 observed over Minsk at

14:00 UTC on 17 April.

Figure 10 provides an overview of the volcanic aerosol

content as observed by EARLINET. Integrated backscatter

at 532 nm is reported because the dataset of this optical

property is the most abundant. For each cluster the mean
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Fig. 8. As Fig. 5 for Eastern Mediterranean cluster: Bucharest (bu), Thessaloniki (th) and Athens (at).

Fig. 9. As Fig. 5 for Eastern Europe cluster: Minsk (mi) and Belsk (be).

integrated backscatter evaluated inside the volcanic aerosol

layer identified and discussed above and averaged inside the

cluster is reported for each hour of observation. As a refer-

ence, the IB as measured at a representative site inside each

cluster is reported too. Three main periods (15–26 April, 5–

13 May and 17–20 May) are observed by the network and are

characterized by: different vertical distributions (discussed

above), different amounts of volcanic particles, specific hor-

izontal path, and different modification and dispersion pro-

cesses over Europe. During the first phase (15–26 April), the

volcanic cloud moved from the CE cluster down to the CM

and then to EM. An almost constant IB at 532 nm over the

clusters (around 0.007 sr−1) was observed in the first hours

of the volcanic cloud observation. A sudden decrease in the

IB values was found for all the 3 interested clusters down to

0.002 sr−1 for CE and 0.001 sr−1 for CM and EM. For the

sake of completeness, it is important to remember here that

just a few hourly data of high IB at 532 nm are measured over

Hamburg in the early 16 April (see Table 2) which are out of

the Fig. 10 scale. On the contrary, small IB values are ob-

served over EE and there are no observations of the volcanic

cloud over the WM.

During the second period, the volcanic aerosol content was

instead around 0.005 sr−1 over the WM and was consider-

ably reduced in intensity during the transport over Europe

toward CE, CM, EM and EE. The third interesting phase

(17–20 May) was characterized by moderately high IB val-

ues (around 0.003 sr−1) on CE, CM and EM clusters. In this

case, the integrated backscatter over southern regions was oc-

casionally higher than CE ones, probably because of aging

processes of the particles.
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Table 3. Values for geometrical properties and optical properties (aerosol optical depth (AOD), lidar ratio (S), linear particle depolarization

ratio (δ), and Ångström exponent) observed from specific EARLINET multi-wavelength Raman lidar stations in specific periods of the

Eyjafjallajökull eruption (April–May 2010). The table reports also the retrieved volcanic aerosol type with corresponding references.

Date and hour Location Height

(km)

AOD532 S355

(sr)

S532

(sr)

δ355 δ532 Ångström355/532 Type Reference

16 April

2010, 14:15–

15:30 UTC

Leipzig 2.6–4.3 0.35 60 ± 5 60 ± 5 0.33 ± 0.03 0.03 ± 0.40 ash Ansmann et

al. (2010)

17 April

2010, 01:40–

02:30 UTC

Munich 2.6–3.5 50–60 55 ± 5 0.35 ± 0.02 0.37 ± 0.02 −0.11 ± 0.18 Pure dry

ash

Ansmann et

al. (2010) – Gross

et al. (2011)

Ansmann et

al. (2011)

20 April

2010, 21:00–

23:05 UTC

Potenza 2.0–3.0 42 ± 2 50 ± 3 0.15 ± 0.03 1.4 ± 0.2 Sulfates

with some

ash

Mona et al. (2012)

7 May 2010,

00:30–01:30

UTC

Evora 2.7–3.7 0.07 39 ± 10 32 ± 4 0.68 ± 0.63 Fresh

volcanic

particles

Sicard et al. (2012)

8 May 2010,

03:30–04:30

UTC

Granada 2.6–2.9 47 ± 7 48 ± 16 0.066 ± 0.005 0.79 ± 0.54 Sulfates

with some

ash

Sicard et al. (2012)

Navas et al. (2013)

13 May 2013,

20:16–

21:01 UTC

Potenza 1.5–2.3 60 ± 11 78 ± 12 0.16 ± 0.07 1.1 ± 0.4 Sulfates

with some

ash

Mona et al. (2012)

17 May 2010,

20:15–20:45

UTC

Cabauw 2.7–6 0.53 42 ± 1 44 ± 24 0.30 ± 0.03 0.1 ± 1.1 Sulfate-ash

mixture

Ansmann et

al. (2011)

19 May 2010,

20:30–21:30

UTC

Athens 3.0–4.8 0.05 67 ± 13 89 ± 3 0.57 ± 0.26 Aged

ash/sulfates

Papayannis et

al. (2012)

All these results are in fair agreement with the volcanic

cloud dispersion as forecast by EURAD (EURopean Air Pol-

lution Dispersion) model: a complex dispersion of the vol-

canic cloud over a large part of Europe for the first days after

15 April (Fig. 11), the transport from Iceland to the Iberian

peninsula and afterwards in the west–east direction for the

first days of May (Fig. 12) and finally a well-defined trans-

port along the north-west to south-east for the last part of the

event (Fig. 13). Overlaying the EURAD forecast with max-

imum in IB as observed by EARLINET stations (Figs. 11–

13) allows for a better appreciation of the fair agreement be-

tween model and observations. The illustration is based on

the EURAD forecast provided on the website daily during

the event and is in reasonable agreement with other model

results from FLEXPART (Stohl et al., 2011), VAAC, and

COSMO-MUSCAT (Heinold et al., 2012). First of all we

can conclude that the EARLINET network, even if not op-

erative, covered the volcanic cloud dispersion in each identi-

fied phase, providing a detailed 4-D analysis of the event. In

general there is good agreement in terms of timing of peak

observations and in terms of aerosol amount: larger IB values

are observed at stations interested for the first by the plume

transport, afterwards a decrease in IB is observed moving far

from the source. Differences are found in some cases in par-

ticular for stations located at the boundary of the dispersion

plume. This is probably related to differences in the time of

reported model/observations, but could also be the effect of

missing observations due to bad weather conditions and/or

to EURAD model uncertainties at the boundary. A detailed

and quantitative comparison between models and observa-

tions would require a devoted study with a strong contribu-

tion by the modelers. It is therefore beyond the scope of this

paper and could be the object of further investigations.

For these and other studies, the database of EARLINET

observations of volcanic cloud over Europe will be of great

value. In particular, geometrical data for the layers related to

the volcanic cloud have been collected and are publicly avail-

able on request in a relational database. More details about

the Eyjafjallajökull 2010 EARLINET relational database can

be found in the data user manual available on the EARLINET

website. This database, specifically set up for this event, con-

tains details about layers identified as volcanic (ash, sulfates,

and modified volcanic particles) and mixed layers involv-

ing the presence of volcanic aerosol (e.g., volcanic-dust and

volcanic-locally mixed layers). For each layer, base, top, and

center of mass altitudes are reported together with aerosol

backscatter mean and standard deviation values, integrated

backscatter, and mean relative aerosol backscatter statistical
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Fig. 10. Integrated Backscatter at 532 nm measured by EARLINET

in the volcanic layers over the 5 clusters: Central Europe (CE), East-

ern Europe (EE), Central Mediterranean (CM), Eastern Mediter-

ranean (EM), and Western Mediterranean (WM). Mean values ob-

served over the cluster are reported as black squares. Values mea-

sured at representative site for each cluster are reported as red dots:

Hamburg, Belsk, Naples, Thessaloniki and Evora stations were se-

lected as representative because of their large number of backscatter

measurements at 532 nm.

errors evaluated within the layer. Each layer is linked to

the corresponding aerosol backscatter profile available in the

EARLINET database. The following information is provided

for each aerosol backscatter profile: station name and coor-

dinates, time, minimum and maximum height investigated

within each profile, first altitude above the fixed threshold in

the relative error, PBL height, and the indication of whether

there was an intrusion into the PBL. The name of the corre-

sponding original file (netCDF) contained in the public EAR-

LINET database (www.earlinet.org) is also reported for fur-

ther exploitation. The Eyjafjallajökull 2010 EARLINET re-

lational database is available on request through the related

link on the EARLINET website.

Quantitative optical data, specifically aerosol backscat-

ter and extinction coefficient profiles and particle linear de-

polarization ratio at different wavelengths, are available in

the EARLINET database (www.earlinet.org) in the volcanic

category. From these data, it is possible to derive lidar ra-

tio (extinction-to-backscatter ratio) and Ångström exponent

data. This kind of spectral extensive and intensive optical

data are useful for aerosol typing and for the retrieval of mi-

crophysical properties (Müller et al., 1999; Veselovskii et al.,

2002; Böckmann et al., 2005).

Table 3 summarizes the values for geometrical and optical

properties (aerosol optical depth, lidar ratio, linear particle

depolarization ratio, and Ångström exponent) observed from

specific EARLINET multi-wavelength Raman lidar stations

in specific periods of the event. The table also reports the re-

trieved volcanic aerosol type together with the corresponding

references.

In this publication, we report the results regarding the dis-

tribution of the volcanic cloud over Europe as directly ob-

served by the EARLINET lidar network for the entire Ey-

jafjallajökull volcanic event (15 April–26 May 2010). The

results presented in this publication comprise all valid EAR-

LINET observations in the troposphere during the 2010 erup-

tion event. The data also reveal the presence of volcanic

aerosol at higher altitudes, reaching the upper troposphere-

lower stratosphere altitude range (UTLS) (Trickl et al.,

2012). However, it was decided to focus only on the tropo-

spheric region because the aerosol mask methodology pre-

sented in this work cannot be simply transferred to the UTLS

region and above. The analysis of volcanic aerosol in the

UTLS related to all observations available from the EAR-

LINET stations able to provide stratospheric data require a

separate study.

5 Summary

EARLINET made a very substantial effort to monitor the Ey-

jafjallajökull eruption event in April–May 2010 by perform-

ing almost continuous lidar measurements during the entire

period. The coordinated observations by EARLINET and a

methodology that was specifically designed ad hoc for this

event provided a detailed description of the 4D distribution

of the volcanic cloud over Europe for the whole event. Ge-

ometrical properties of the volcanic cloud over Europe were

provided with high vertical resolution (typically 60–180 m)

in terms of base, top, and center of mass of the volcanic layer.

A first volcanic layer was observed at an altitude of ca.

3 km and up to 6 km over Hamburg in the early morning of

16 April. In the following days the ash plume was observed

over Central Europe (Germany and France) at 5–6 km a.s.l.

and Belarus at 8 km a.s.l. The maximum backscatter value of

26.6 × 10−6 m−1 sr−1 was observed at an altitude of 2.8 km

over Hamburg on 16 April. Volcanic particles were observed

over Italy on 20 April and over Greece on 21 April. The vol-

canic cloud was persistent over Central Europe for the whole

period (15–26 April), with varying aerosol loads. Apparent

descending aerosol layers were typically observed in all of

Europe and intrusion into the PBL was commonly detected

at almost each site. In May volcanic particles were detected

over Spain and Portugal and then over the Mediterranean and

the Balkans. Volcanic particles were observed over Central

Europe until 25 May.

Mixing of volcanic particles with other kind of aerosol

(dust, continental and local) was identified. Mixing with Sa-

haran dust was observed mainly during May for all southern

stations.

The results about the 4-D distribution of the volcanic cloud

are reported in a specific relational database available on re-

quest through the EARLINET website.
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Fig. 11. Map of Europe showing the dispersion of the Eyjafjallajökull (red star) volcanic aerosol plume during the first week after the major

eruption on 14 April 2010. The approximate location of the plume in the 3–5 km height range is given for 12:00 UT on 16 April (dark brown),

17 April (light brown), 18 April (red), 19 April (orange), and 21 April 2010 (yellow). The maximum integrated backscatter (IB) at 532 nm

measured by each station is reported in black. The exact time location of the maximum IB reported is reported in the legend.

Fig. 12. Map of Europe showing the dispersion of the Eyjafjallajökull (red star) volcanic aerosol plume during the 6–10 May 2010 period.

The approximate location of the plume in the 3–5 km height range is given for 12:00 UT on 6 May (dark brown), 7 May (light brown), 8

May (dark red), 9 May (light red), and 10 May 2010 (yellow). The maximum integrated backscatter (IB) at 532 nm measured by each station

is reported in black. The exact time location of the maximum IB reported is reported in the legend.

Quantitative optical data, specifically aerosol backscat-

ter and extinction coefficient profiles, linear depolarization

ratio at different wavelengths, and derived lidar ratio and

Ångström exponent profiles, are available through the EAR-

LINET database (www.earlinet.org) in the volcanic category.

Typical optical data observed for this particular event have

been also reported in this publication. EARLINET data col-

lected for this event, including the specific relational database

related to the geometrical properties of the volcanic cloud,
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Fig. 13. Map of Europe showing the dispersion of the Eyjafjallajökull (red star) volcanic aerosol plume during the 6–10 May 2010 period.

The approximate location of the plume in the 3–5 km height range is given for 12:00 UT on 17 May (dark brown), 18 May (light brown), 19

May (red), and 20 May 2010 (yellow). The maximum integrated backscatter (IB) at 532 nm measured by each station is reported in black.

The exact time location of the maximum IB reported is reported in the legend.

represent a unique database for model evaluation, data vali-

dation, and integration.
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Mamouri, R., Mattis, I., McAuliffe, M., Molero, F., Mona, L.,

Müller, D., Mitev, V. Nicolae, D., Papayannis, A., Perrone, M.

R., Pietruczuk, A., Pujadas, M., Putaud, J.-P., Ravetta, F., Rizi,

V., Serikov, I., Sicard, M., Simeonov, V., Spinelli, N., Stebel, K.,

Trickl, T., Wandinger, U., Wang, X., Wagner, F., and Wiegner,

M.: EARLINET observations of the Eyjafjallajökull ash plume

over Europe, in: Lidar Technologies, Techniques, and Measure-

ments for Atmospheric Remote Sensing VI, edited by: Singh, U.

N. and Pappalardo, G., Proc. of SPIE Vol. 7832, 78320J, 2010a.

Pappalardo, G., Wandinger, U., Mona, L., Hiebsch, A., Mattis, I.,

Amodeo, A., Ansmann, A., Seifert, P., Linne, H., Apituley, A.,

Alados Arboledas, L., Balis, D., Chaikovsky, A., D’Amico, G.,

De Tomasi, F., Freudenthaler, V., Giannakaki, E., Giunta, A.,

Grigorov, I., Iarlori, M., Madonna, F., Mamouri, R.-E., Nasti,

L., Papayannis, A., Pietruczuk, A., Pujadas, M., Rizi, V., Ro-

cadenbosch, F., Russo, F., Schnell, F., Spinelli, N., Wang, X.,

and Wiegner, M.: EARLINET correlative measurements for

CALIPSO: First intercomparison results, J. Geophys. Res., 115,

D00H19, doi:10.1029/2009JD012147, 2010b.

Perrone, M. R., De Tomasi, F., Stohl, A., and Kristiansen, N. I.:

Integration of measurements and model simulations to charac-

terize Eyjafjallajökull volcanic aerosols over south-eastern Italy,

Atmos. Chem. Phys., 12, 10001–10013, doi:10.5194/acp-12-

10001-2012, 2012.

Pietruczuk, A., Krzyscin, J. W., Jaroslawski, J., Podgorski,

J., Sobolewski, P., and Wink, J.: Eyjafjallajokull volcano

ash observed over Belsk (52 degrees N, 21 degrees E),

Poland, in April 2010, Int. J. Remote Sens., 31, 3981–3986,

doi:10.1080/01431161.2010.498030, 2010.

Robock, A.: Volcanic eruptions and climate, Rev. Geophys., 38,

191–219, 2000.
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