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1. Introduction
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Eliminato: of ash

eruption ejected volcanic ash to altitudes as taghlO0 km above sea level, as reported by the
Institute of Earth Sciences (IES, http//www.eanthig.is). The westerly winds over Iceland

transported the volcanic emissions first towardthenn Europe (starting with UK and Norway)

)
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(Petersen, 2010) and then, towards Central anch8ouEurope. Emeis et al. (2011) found from [

remote sensing data and numerical simulationstifeatirst volcanic ash layer reached Germany on/

(Bukowiecki et al., 2011), above southern Italynfird9 April (Madonna et al., 2010; Mona et a[.,

2012), and over Greece after 21 April (Papayanna.e2012), The spimtemporg|ldistribution ofj

N
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initially explosive activity
decreased continuously to a more
effusive eruption a few days after|
(Kristiansen et al., 2012). The
explosive activity increased again
around 5 May and it ended around
23 May, 2010. Minor volcanic
activity was observed until middle

2012).

Aerosol Research Lldar NETwork, which performed @tcontinuous measurements from 15 {
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of June 2010 (Langmann et al.,
the }

April to 22 May 2010 (e.g. Ansmann et al., 20¥0egner et al., 2011; Gasteiger et al., PO&rd3 {
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et al.2011Mona et al., 2012; Papayannis et al., 2012). Lidstruments are well suited to observg/
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instruments have been used to characterize theigahyend optical properties of the volcanic / {
aerosols resulting from the Eyjfjallajokull eruptide.g. Bukowiecki et al. 20115chéafer et al., {

Eliminato: and are highly
dispersed

2011;Revuelta et al., 2012; Campanelli et al., 2012;u8@mn et al., 2011, Toledano et al., 2012,
Rossini et al., 2012).

Eliminato: Their microphysical
and optical properties which may
have changed during advection are

I'| not well known and hence, are

especially interesting to study.

This paper focusefirstly on theintegration of different measurements techniqm:esharacteriz‘é 3 !

aged volcanic aerosols at Lecce (40.4°N; 18.1%gduth eastern lItaly, approximately 4000 km /

away from the Eyjafjallajokull volcano. After adv@m overso long distances, thelcanic ashs /

Eliminato: Aerosol observation:
performed thousands of kilometres
away from source regions are also
important for the validation of
volcanic ash transport models.
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Agency (vww.arpa.puglia.it/web/guest/qariainq) have beenlyaed to study the impact of
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the monitoring siteAerosol observations performed thousands of kiloeseway from sourcg'. | Simulations of the Eyiafjallajokull
'\ | volcanic ash evolution over Euro

\

regions are also important for the validation oflcanic ash transport models. érlafore IEIiminato: with the dispersion}
- W'\ | model FLEXPART

\\]{ Eliminato: (Stohl et al., 2005
. . . . L. . . o inold l., 2012),
An overview of the instrumentation and a brief dggion of the FLEXPART dispersion ' Heinold etal, 2012)
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measuremendatahave been compared witbsults from the dispersion model FLEXPART.
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model are given in section 2. Results and discasaie reported in section 3. Main conclusions and. ( Etiminato: confirm

caveats are presented in section 4. ( Etiminato: us

2. Instrumentation and FLEXPART model

2.1 Experimental devices
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Remote sensing arlirfacein-situ measurements were conducted at the Physics Depreroh o 064 cm.

0 cm, Prima riga: 0,64 cm,
Destro 0 cm

the University of Salento (40.4°N; 18.1°E) whicHasated 6 km away from the town of Lecce, in
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diameter mirror and a frequency-tripled Nd-YAG lag&b5 nm) that delivers pulses (G850 mJ of\\\

[ Eliminato: ground-based Raman

energy at a repetition rate of 30 Hz. The UNJiidar has been designed to derjve vertical profiles. | eliminato: , that

of aerosol extinctiono(z)) and backscatte3(z)) coefficients and lidar ratios (LR(z)) durin\ti:i;\[E"“‘i“am"
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N { Eliminato: at 355 nm

on experimental apparatus and data analysis aceteepin De Tomasi and Perrone (2003) and\\\\ﬁe\\ [ Eliminato:
\:\‘{ Eliminato: to retrieve

Tomasi et al. (2003; 2006). The statistical undetitss of 3(z) are calculated from the error '\

\\{ Eliminato: vertical profiles
propagation law by assuming a Poisson noise ofidhesignals. The aerosol extinction coefficient {E“minato: measurements
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is calculated by a linear fit of the derivative tbe logarithm of the nitrogen Raman signal with
respect to the range (Ansmann et al.,, 1992) andiritertainties are set as the uncertainties
associated to the slope of the fitting straigh¢dinLidar ratio (LR(z) =((z)/ (3(z)) uncertainties are
calculated using standard propagation techniquesvi@ton and Robinson, 2003). The lidar
system is estimated to achieve full overlap betw@8n 0.5 km (Matthias et al., 2004).

An AERONET sun/sky radiometer operates at the Igit# since March 2003. AERONET
is a federated international network of sun/skyicambters established in 1993 (Holben et al.,

1998). Data are publicly available online in nesal#time modeHttp://aeronet.gsfc.nasa.govhe
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nm (340, 380, 440,500, 670, 870, 940 and 1020 8ky).measurements are performed at 440, 670,
870 and 1020 nm wavelengths through a wide rangeattering angles from the Sun (Holben et
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sun measurements. Aerosol microphysical paramatersetrieved from direct sun and diffuse sky (Unito)

radiance measurements by a flexible inversion d@lyor developed by Dubovik and King (2000).
A discussion on the accuracy of individual retrisvia reported in Dubovik et al. (2000). Quality
assured (automatically cloud cleared and manuakpédcted) level 2 AERONET data retrieved
from measurements performed between 19 April and@2, 2010 have been used in this study.
For continuougerosokize distribution measurements at about 10 m flteergtound, a TSI
Aerodynamic Particle Sizer (APS) 3321 with 51 chalsrof equal logarithmic width of 0.031

within the diameter size range of 0.54-2Q1@, was deployed. The APS measurements started on

April 21 at midday. Particulate matter (PM) sampiese also been collected at ~10 m above Ihé{ Ezirtgattatm Inglese (Regno

ground level with a low volume (2.3th) HYDRA-FAI dual sampler which allowed to
simultaneously collect 24-hour PM2.5 and PM1 sasyga 47-mm-diameter preheated filters
(PALLFLEX, Tissuquartz). The filters were conditesh for 48 hours (25°C and 50% humidity)

before and after sampling and PM mass concentgtiawve been determined by the gravimetric

.. . _ - Eliminato: n ]
method. Uncertaintiesf éhe mass concentrations drelow5%. - {
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2.2 The FLEXPART dispersion model
The Lagrangian particle dispersion model FLEXPARSiopl et al., 1998, 2005) was used to
simulate the transport of volcanic ash. FLEXPARTswan in forward mode and driven with

meteorological data from the European Centre fodiMte-Range Weather Forecasts (ECMWF)

analyses with 0.18° x 0.18 °© horizontal resolutiord 91 vertical model levels. The simulation ™ E‘;:;';‘;‘“"“’ Inglese (Regno

accounted for gravitational particle settling aslivees dry and wet deposition, but not for ash
aggregation processes. Formation of sulphate fertigas also not simulated. Ash emission rates
as a function of time and height, determined pneslip using an inversion scheme that coupled a

priori source information and FLEXPART model resudtith satellite data (Stohl et al., 2011), were

used as a source term for this study. The ashcfmsize distribution included 25 particle size sliminato: Methodology to
| detect t

classes from 0.25-250 um diameter. The model odtpdta horizontal resolution of 0.25 © x 0.25 ° Eliminatos The height of the l

. . 1 'I eruption cloud which varied from
and a vertical resolution of 250 m. /| about 3 km up to 10 km and the
/| prevailing mid-tropospheric west:

!, | north-westerly winds over the
. . B eastern North Atlantic north of th
3 Results and discussion ! British Isles carried the volcanic

aerosol first across n

I
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The synoptic meteorological situation on 14-15 Apailth a high located south of Iceland- { Eliminato: orth-western and the
. . . N Central Europe. More specifically,
and a trough over northern Scandinavia, favouredttdnsport of ash first over Norway and Iater{ Ellminator t )

4



Formattato

]

[27

Stagnant conditions over Central Europe duringalewing days favoureg a Iong residence tim of,{E“mi"atm northweste

rly

Formattato: Inglese (Regno

the ash over Europe, associated with slow subsédehthe ash layers and settling of larger paﬂiclé {Umto)

-

—
>
(¢
(28
—
c
Q
=
o
=]
(@]
>0
Q
=
Q
(9%
o
o
=]
N
o
>
o
=.
=
o]
=
D'
=
M
0
~—
)
=
5
o
(2]
—
=
Q
>
n
o
o
—
(¢
o
o
Q
—
n
o
=
—
>
(¢
<
=3
o
Q
=3
Ky
9)
N
3
Y
m
)
3
]
(=4
o
7
o
c
":r’
o
<
j.

.. [28]

Formattato: Inglese (Regno

plume first over south-eastern Europe and then Bastern Europe on April 23 (Flg 1 of thepap/e/r{ Unito)

- J

Eliminato: have... been
diurnal hours oprnI

.onth
[29]

]f

Lagrangian Integrated Trajectory Model (HYSPLITy#&Rler and Rolph, 2010)awe been analyzed {Ellmmato 20
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higher than a few mg fhafter the afternoon of April 20. They reach thgHeist values of nearly 200 ( Eliminato: However, n )

mg mi” during the night of 20/21 April and subsequentlcréase to rather low levels in the/ Eliminato: and thus, mixing with
' aerosols from other sources is

afternoon of 22 AprilNotice that even the largest ash column loadings beece are about one / likely to be relatively important.

order of magnitude lower compared to those simdlate FLEXPART over Central Europe on 16 {E.'&“J.';‘f:,ﬁ’s and FLEXPART }

April (Stohl et al., 2011). Thus, while some voliaash reached Southeastern Italy, it is much more Eliminato: Dotted lines in Fig. 3
represent one-hour average vertical

fil f th Icani h
diluted than earlier over Central Eurogimulations of the Eyjafjallajékull volcanic asfispersal’ ' ‘ D ncontration at the lidar site fror

/i ' FLEXPART simulations.
over Europe using COSMO-MUSCAT also revealed theeetibn of diluted ash over south- eastem

Italy on 21 April (Fig. 4 of the paper by Heinoltad., 2012).,
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Figure 3 (solid lines) shows the backscatter coieffit 3) profiles at 355 nm retrieved from I|day

measurements performed from 20 April until 22 AfHprofiles have been retrieved from one- houI' !

average lidar measurements. More specificallyptiodile at 05:30 UTC was calculated by averagin
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evaluate the impact of volcanic ash emissions erettvironment.
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Table 1 Mean values and standard deviations of the lidéipg at 355 nm retrieved

Potenza, and Leipzig on different days and houdsadmlifferent altitude ranges.

I—BS nm

(km a.s.l.) (sr)

16 April, 14:15-15:30 (Ansmann et al.,

2010) 2.6.4, 6Q:5

20 April, 19:00-20:00

20 April, 23:00-24:00

20 April, 21:00-23:05 (Mona et al.,

21 April, 02:00-03:00

B+6

22 April, 02:00-03:00

35+ 3

45+ 5

21-22 April, 19:07-03.09 (Mona et al.,

8G:12
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Figure Captions

Fig. 1 8-day back trajectoriesom the Hybrid Single Particle Lagrangian IntegdhfTrajectory -

Model (HYSPLIT)of air masses ending at the Physics DepartmetieoSalento University, Lecce {
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Fig. 3 Vertical profiles of the aerosol backscatter &ioEit at 355 nm (solid line) and of the

Eliminato: at selected hours on
(a-c) 20 April, (d-e) 21 April, and
®

Eliminato: selected

and 22 April 2010.

~{

Eliminato: n

)
)

Fig. 4 Vertical profiles of the aerosol extinction caeifint (solid line) and of the lidar ratio (full
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dots) retrieved from nighttimes lidar measurementsfferenfhours ¢ 20, 21, and 22 April 2010. - {
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Fig. 5 Time series of the aerosol optical thickn@s8T) at 355 nm from lidar measurements (open
dots) and of the ash total colunida) simulated by FLEXPART at the lidar site (full trigles).
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measurements.

Fig. 6 Time evolution from 20 to 22 April, 2010 of therasol optical thickness (AOT) at 500 nm
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Fig. 8 Columnar mass size distribution of volcanic mdes inferred from the AERONET volume
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Fig. 11 Columnar mass size distribution of volcanic asimf FLEXPART simulations at differen‘t\\
hours on (a) 20, (b) 21, and (c) 22 April, 2010.
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The simulated volcanic ash was mainly located betw2.5-3.5 km above the ground level
(AGL) at 17:30 UTC (Fig. 3b, dotted line) and thenslated concentrations at this altitude have

increased by orders of magnitude six hours latigy. @€, dotted line).
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Aerosol particles up to about 4.5 km AGL have beetected by the lidar at 23:30 UTC (Fig. 3c and
Fig. 4b). Accordingly, the FLEXPART profile at 28:3JTC (Fig. 3c) shows that the volcanic ash
extends up to 6 km AGL. The highest concentratinfrsbout 170 pg Mat3 km AGL are about a

factor 7 lower than the highest values simulatedl6rApril over Leipzig. This suggests that the



volcanic ash over south eastern Italy was stronglyted. Notice that on 16 April, Asmann et al.
(2010) found from lidar measurements at 355 nmaoperéd over Leipzig, that backscatter and
extinction coefficients reached peak values of MrB'sr* and 370 Mrit, respectively in the center
of the ash plume located from ~ 2.7 up to ~ 4.2 A@L. Figure 3b (solid line) and Fig. 4b (solid
line) of this study show that at 23:30 UTC of 20rihpackscatter and extinction coefficients varied
up to 0.7 Mrifsr* and 30 Mrit, respectively, within 3-4 km AGL. If we assumetttize aerosol load
located above 3 km from the ground was mainly du&dicanic aerosol in accordance with the
above reported discussion, we obtain that extincaad backscatter coefficients mainly due to
volcanic aerosol were over Lecce about a factodoier than the highest values monitored at
Leipzig on 16 April. These last findings which ameeasonable accordance with FLEXPART results
relating peak ash levels at Leipzig (16 April) dretce (20 April), further more support the arrival
of dilute ash over Lecce. Notice that the comparisd Fig. 3c and Fig. 3a indicates that non-
volcanic, pre-existing particles were mainly resgible for the larger backscatter and extinction

coefficients retrieved below 3 km from the grouadd!.
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The mixing of volcanic aerosols with underlying @&l particles as a consequence of

sedimentation processes and/or the advection chaa aerosol also at lower altitudes were likely
responsible for this result. FLEXPART numerical giations show that volcanic ash also arrived at

lower altitudes for the later profiles (Fig. 3c,ditted lines).
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Figure 3g (dotted line) shows that the simulateldartc ash was mainly located from the ground

up to ~1.2 km and from 2 up to ~3.7 km at 23:30 WiQ\pril 21, in satisfactory accordance with
lidar measurements which detected aerosol partiglée ~3.7 km AGL (Fig. 3g, solid line).
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The time evolution of the AOT is similar to that thle ash total column mass concentration
mainly after midday of 21 April. AOTs are quite @gplent on aerosol optical and microphysical
properties. So, the similarity between the AOT #mel Ma time evolution (Fig. 5) likely indicates
that the contribution of volcanic particles all owbe aerosol column was more significant since
midday of 21 April. Volcanic ash, lidar and lidaatio profiles (Fig. 4, full dots) support last
comment, as it is demonstrated below. The compan$é-ig. 3a to Fig. 3b reveals
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Then, the comparison of Fig. 3c to Fig. 3b shoved the aerosol load up t61.5 km AGL,

which is mainly due to non-volcanic aerosol, hasréased on the night of 20-21 April as AOT



values[] 0.3 demonstrate (Fig. 5). A significant increat¢he aerosol load leading to AOT$0.4

was detected by the lidar within 14:00-16:00 UTCAgfril 21 (Fig. 5). The increase of the aerosol
load at altitudes within 1-3 km AGL was responsifide this result, in accordance to Fig. 3e and
likely volcanic particles have significantly coruted to the AOT increase. FLEXPART numerical
simulations show that ash concentrations were faagéhese altitudes and at larger altitudes. Thus,
changes of the contribution by volcanic and norcapic particles have contributed to the larger
variability of the aerosol load revealed by Figard as a consequence, it has not been possible to
obtain a proper estimate of the AOT due to volcgmidicles by integrating lidar measurements and
FLEXPART simulations.
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The volume size distributions retrieved on 20 Aptill4:15 and 15:45 UTC are probably not or

only weakly affected by the contribution of volcamierosols, as discussed previously.
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The comparison of Fig. 7b and 7c reveals that the
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and also agrees with the FLEXPART simulations, Whsbow presence of volcanic ash in
the boundary layer, albeit at lower concentratitwas aloft.
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, In accordance with measurements by the Regionat RQuality Agency
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have mainly been caused by the
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Figure 11 shows the volcanic ash mass concentsatipg/n?) from FLEXPART

simulations at 150 m above ground level at therlglte. Daily means of the volcanic ash mass
concentration were 0.7, 4.5, and 3@ on 20, 21, and 22 April, respectively. Site | g@M10
levels and daily PM10 mass concentrations averaged all sites (Table 1) are also reported in
Fig. 11 by dotted and dashed lines, respectivélysite I, only a few hundred meters away from
the lidar monitoring site, the daily levels of PMd@re on 20, 21, and 22 April, 4, 6, angdnr,
respectively larger than the daily mean on 19 A@iday not yet affected by volcanic particles
(Table 1). These enhancements are quite consistdnthe values simulated by FLEXPART. Sites
H and Site L are only a few tens of kilometres afvayn the lidar site (Fig. 11) and Table 1 shows
that the enhancements of the PM10 levels on 20a2d,22 April, respectively, are at both sites
rather similar to those observed at Site I. Finallgble 1 and Fig. 11 (dashed line) shows that the
daily PM10 mean levels were on 20, 21, and 22 Agril9, and Sug/n?®, respectively larger than
the daily PM10 mean level on 19 April.
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the high variability of the contribution of
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We have also found that the time series of thesa¢roptical depth by lidar measurements were

similar to the simulated ash-total-column mass eatration after midday of 21 April likely for the

more significant contribution of volcanic particlesthe whole aerosol load.
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measurements was in reasonable accordance witmalss size distribution for volcanic ash by
FLEXPART simulations at 14:15 UTC of 21 April. Ssky photometer measurements have also
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the estimated enhancement of PM10 from volcanitighes was ~ 4, 6, and&/nT on 20, 21, and
22 April, respectively at the lidar site.
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integrated use of model and experimental datapraequisite to clearly identify signatures
and impact levels of volcanic particle at a disaot4000 km from the volcano site. Hence, the
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