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Abstract. The Civil Aircraft for the Regular Investiga- isons of measured ash concentrations and simulations with
tion of the Atmosphere Based on an Instrument Containethe FLEXPART dispersion model demonstrate the difficulty
(CARIBIC) project investigates physical and chemical pro- of detailed volcanic ash dispersion modelling due to the large
cesses in the Earth’s atmosphere using a Lufthansa Airbusariability of the volcanic cloud sources, extent and patchi-
long-distance passenger aircraft. After the beginning of theness as well as the thin ash layers formed in the volcanic
explosive eruption of the Eyjafjallakull volcano on Ice- clouds.

land on 14 April 2010, the first CARIBIC volcano-specific
measurement flight was carried out over the Baltic Sea and

Southern Sweden on 20 April. Two more flights followed: 1 Introduction
one over Ireland and the Irish Sea on 16 May and the other

over the Norwegian Sea on 19 May 2010. During these e
three special mission flights the CARIBIC container proved;?jealiy{/ffzgig;( léll]vtzl(gzr;%t(ﬁ 52 Egg\gtnoﬁciﬁﬂ (()ég %2

'tr:emzlr I(t:irﬁZoasL;i'gngg; ngt?;g: Jg;ggt;ibg\:::%ﬁ B;Ir':ii 256'119.63" W) has been dormant for nearly two centuries. Previ-
. ) . N i 20, in 1612 or 161 i
during the first flight (20 April) indicated the presence of ous eruptions occurred around 920, in 1612 or 1613 and in

volcanic ash. Over Northern Ireland and the Irish Sea (161821_1823 $igmundsson et 312010. The explosive part

of the recent eruption began on 14 April 2010 and lasted
M_ay), the D.OAS systgm detect.ed 2@nd Bro co—located_ ith interruptions until 22 May 2010Sjgmundsson et al.
with volcanic ash particles that increased the aerosol optic

i . 2010. The contact of meltwater from the overlying glacier
depth. Over the Norwegian Sea (19 May), the opical Part-yith the hot magma increased the strength and explosivity

cle counter detected a strong increase of particles larger tha the eruption during the first days (phreatomagmatic ex-

400 nm dlam_eter in a region where ash clouc_is were predicte losion, Zimanowski et al. 1997 2003. The high explo-
by aerosol dispersion models. Aerosol particle samples col:

. X sive force was accompanied by the production of unusually
Iecte_d over the Irish Sea and the Norweg|§1_n Seq showed I_ar ine ash particles with samples from the first two days show-
relative enhancements of the elements silicon, iron, titaniu

mng 50 %—70 % of them being smaller than 100 [Baifder-

ool samplen oot o 36 ant 18 oy 3016 oo 2010 Taddeucsi et . 201, 209 being smaler
whole air samples coflected on 16 an ay SNOWeGhan 10 pm and 7% being smaller than 2.6 um in diame-

a pattern of removal of several hydrocarbons that is typi—ter in ash samples collected close to the volca@islason
cal for chlorine chemistry in the volcanic clouds. Compar- and Alfredsson2010. The smallest ash particles, 0 um
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diameter) were transported over long distances due to theiducted measurement flights over Europe during the 2010 Ey-
slow gravitational settling whereas the larger particles felljafjallajokull eruption. Microwave weather radars were used
out closer to the volcano3dinoux 2003 Schumann et al.  as well to study the eruptiotMMarzano et al.20117).
2011). Eruptions of the Eyjafjalidkull volcano typically The Civil Aircraft for the Regular Investigation of the
produce relatively small volumes of ejected matter on theAtmosphere Based on an Instrument Container (CARIBIC)
order of 0.1kni (Sturkell et al, 2009. This also applies project investigates the physical and chemical processes in
to the eruption in April/May 2010 Gudmundsson et al. the Earth’s atmosphere using a Lufthansa Airbus A340-600
2010; hence it was a Volcanic Eruption Index (VEI) 4 erup- long-distance passenger aircraft in scheduled air service.
tion (Newhall and Self1982 Jenkins 2010. The eruption  This aircraft is equipped with a purpose-designed inlet sys-
strongly affected European aviation through the prevailingtem which is permanently mounted at the lower aircraft fuse-
weather situation with a high pressure system (anticyclonejage and which has sampling probes for trace gases, wa-
south of Iceland both at the surface and at higher le\&ds ( ter vapour, total water and aerosol particlBsghninkmeijer
tersen 2010. The south-eastward propagating winds over et al, 2007). In addition, the inlet system houses three minia-
Iceland rapidly transported the emitted ash to Central Européure telescopes of a multi-axis differential optical absorption
followed by consecutive re-circulation and trapping of the spectrometer (MAX-DOAS) system and a forward looking
ash over Europe, thus leading to an unprecedented numbetideo camera. During routine operations, the CARIBIC con-
of flight cancellationsGertisser201Q Flentje et al.2010. tainer is installed once per month into the forward cargo com-
When the ash clouds from the Eyjafjabéull volcano  partment of the aircraft where it is connected to the inlet
reached Central Europe, a large number of stations starteglystem. It then takes measurements during four consecu-
immediately measuring different aspects of the diluted vol-tive routine passenger flights of the aircraft. Lufthansa has
canic clouds. Lidars and sun photometers were used to medeen supporting the CARIBIC project since 2004. Between
sure aerosol optical depth, backscatter ratios and ash madday 2005 and December 2011, more than 260 measurement
concentrations over Hamburg, Leipzig, Munich and otherflights were carried out with the CARIBIC container (see
EARLINET stations in GermanyAnsmann et aJ.201Q http://www.caribic-atmospheric.com/The original suite of
2011, Emeis et al. 2011, Gasteiger et al.201% Wiegner instruments onboard the CARIBIC container has been de-
et al, 2011), southern lItaly fona et al, 2011) and over  scribed in detail bydrenninkmeijer et ali2007), but has been
Belsk in Poland Rietruczuk et a).2010. The ceilome- upgraded since then (see S&jt.
ter network of the German Weather Service measured the CARIBIC has already measured effects of volcanic erup-
backscatter ratios at 36 stations in GermaRlei(tje et al, tions on atmospheric trace gases and aerosols on previous
201Q Emeis et al. 2011). In addition, ozone sondes and occasions. For instance, after the Kasatochi volcano erupted
in situ measurements taken at the HohenpeiRenberg obin 2008, clouds of S@were found over Europédeue et al.
servatory in Southern Germany, at the environmental re2010 and the change in elemental composition of lower
search station Schneefernerhaus on the Zugspitze mountasiratospheric aerosol particles before and after this eruption
in the German Alps and with an ultralight aircraft over was analysed\artinsson et a}.2009.
Southern Germany delivered information about the pres- The most relevant instruments for the investigation of the
ence, size, concentration and composition of the ash parti2010 Eyjafjallapkull volcanic clouds are the new optical
cles Bukowiecki et al, 2011, Flentje et al. 201Q Emeis  particle counter (OPC) briefly described here in S@c2,
et al, 2011, Schéfer et al, 2017). Particle concentrations, the particle samplerNguyen et al. 2006, the improved
size distributions and sulphur dioxide concentrations wereMAX-DOAS system for remote detection of trace gade (
also measured at the Swiss research station Jungfraujoch &t al, 2009 and the whole air sampleBfenninkmeijer et aJ.
the Alps Bukowiecki et al, 2011). The Falcon research 2007). The air samples are analysed after each flight se-
aircraft of the German Aerospace Center (DLR) conductedquence in the laboratory for greenhouse gaSeb(ck et al.
17 research flights between 19 April and 18 May 2010 mea-2009 and a suite of non-methane hydrocarbddaker et al.
suring the ash concentration, particle size, particle com-2010 and halocarbonsX' Sullivan, 2007).
position and optical properties, as well as concentrations Directly after the first closure of the air space above Ger-
of carbon monoxide (CO), ozone {Pand sulphur diox- many, Lufthansa approached the CARIBIC team with the
ide (SQ) (Schumann et gl.2011). Also the French Ser- suggestion for a special volcano flight mission as information
vice des Avions Francais Instruméstpour la Recherche aboutthe ash clouds was scarce. With a lead time of only two
en Environnement (SAFIRE) ATR 42 and Falcon20 air- days, the CARIBIC measurement container was prepared for
crafts, the British Facility for Airborne Atmospheric Mea- the first CARIBIC volcano mission, which took place over
surements (FAAM) BAel46 and Natural Environment Re- Northern Germany, the Baltic Sea and Southern Sweden on
search Council (NERC) Dornier Do228 aircrafts, the Nether-20 April 2010. Two further volcano flights followed: one
lands National Aerospace Laboratory (NLR) Citation Il air- on 16 May over Ireland and the Irish Sea and the other on
craft, the Swiss METAIR Dimona motor glider, the Spanish 19 May over the Norwegian Sea (Fi.
CASA 212 aircraft and a number of smaller aeroplanes con-
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The immediate goal of these special measurement flight®nly the inner 80 % (core flow) are used for the measure-
was to collect as much information as possible regarding thanents. Thus the sampling line efficiency up to the flow split-
number, size and concentration of the ash particles as weller increases to more than 90 % for particles larger than about
as their composition. The main hazard from volcanic ash10nm diameter, based on theoretical considerations. The
clouds to jet aircraft arises from the high temperatures insideparticle losses in the individual sampling line sections down-
aircraft turbines which lead to melting of glassy volcanic par- stream the flow splitter were calculated and corrected for us-
ticles. The melted ash can cover parts of the inside of theng empirical equationsKulkarni et al, 2011). In a simi-
turbines and lead to a loss of power or even flame-out of thdar manner, artifacts due to ash particle break-up at the inlet
engines. The sharp volcanic ash particles combined with theéip are reduced. The majority of artificial break-up particles
high air speed of jet aircraft can lead to sand-blasting of theshould stay close to the inlet walls and for the measurements
cockpit windows and even to completely opaque windowsonly the core flow at the centre line (less than 1% of the air
(e.g. Casadevall1993 Prata and TuppeR009. The ash entering the shroud) is used. However, recent studies indi-
particles can also clog aircraft openings like pitot tubes, cor-cated that (ice) particles hitting instruments or inlet tip sur-
rupting speed and pressure readings, or air filters. In severfaces can travel up to several centimetres in the direction per-
cases, corrosion by volcanic sulphuric acid can inflict dam-pendicular to the main flow directiofK¢rolev et al, 20117).
age to the aircraft fuselage and turbin€agadevall1993. Thus, biases in the size distribution measured by CARIBIC
Assessment of such hazards and ultimately decisions aboumside the volcano cloud are reduced, but can not be totally
the closure of air space therefore require detailed knowledgexcluded or quantified. The CARIBIC aerosol inlet has a
of the ash cloud’s composition, particle sizes and mass conhigh particle transmission efficiency for the sub-micrometer
centrations. particles, but for the super-micrometer particles, the trans-

This paper discusses the results from the three special mignission efficiency decreases. Based on empirical equations
sion CARIBIC volcano flights. It starts with an overview and experience with other inlet systems, an inlet transmis-
of the instruments inside the CARIBIC measurement con-sion efficiency was estimated. It is above 60 % for particles
tainer in Sect2, including a description of the new OPC de- smaller tham~5 pm, but decreases strongly down to zero at
ployed for the first time during the CARIBIC volcano mea- about 10 pm. This inlet transmission efficiency is taken into
surement flights. The three flights are described in Sct. account in the OPC measurements and in the extrapolation
while Sect.4 summarises the results from the flights. Com- of the particle size distribution below, but nevertheless leads
parisons of the CARIBIC ash measurements with predictiongo uncertainty in the measured particle concentrations.
from the NILU FLEXPART model are presented in Séegt.

The different aspects of the measurement results from thé-2 The new CARIBIC optical particle counter
CARIBIC volcano flights are discussed in Se@t. A short

summary of this study is given in Set. During the CARIBIC container upgrade in autumn 2009, a

new optical particle counter (OPC) was constructed by the
Leibniz Institute for Tropospheric Research (IfT, Leipzig)
to measure the sub-micrometre aerosol particle size distri-
bution. This OPC was flown for the first time during the
This section introduces the different instruments used toCARIBIC vc_)Icano fl|ghts. A dgtaﬂed description of the
characterise the volcanic clouds encountered during the threBeW OP,C will be publlshed bWelgglt(2013. The follow- .
CARIBIC Eyjafjallajokull flights. For a comprehensive N9 section contains a short overview of the instrument, its

overview of all instruments onboard the CARIBIC container, characteristic; and the OPC data analysis.
the reader is referred Brenninkmeijer et al(2007). The small, lightweight and very robust KS-93 OPC from
RION Co., Ltd. (Japan) was chosen as basis instrument

for the CARIBIC OPC unit. Housed inside a "1%U
(221 mm height) rack unit, a computer controlled gas flow

Ideally, measurements of micrometer-size particles or largefYStem with two mass flow controliers (MKS, Germany)

is carried out using wing-mounted free stream instruments@"d @ fully automated data acquisition (PXI, National Instru-

However mounting such large instruments on a commercia/ents) were arranged around the KS-93. To reduce errors in
aircraft is not feasible. Consequently, the CARIBIC parti- particle size classification due to laser field inhomogeneities,

cle detection and sampling uses air collected via an aerosd['® measurement air is focused to the centre of the optics by
inlet probe which consists of a diffuser tube fitted with a Sheathing the measurement air with particle-free air just up-
leading shroud. The air is transferred to the instrumentsStréam (10cm) of the optics. This sheath air is filtered air

in the container via 3.5-4.0 m long electropolished stainlesr@wn in from inside the CARIBIC container. = Sensitivity

steel tubing Brenninkmeijer et a).2007. Just upstream the studies indicated the best signal to noise ratio for a sheath air
aerosol instruments, after 3.2m sampling line, a flow split- {0 Measurement air ratio of 9:1.

ter removes the outer 20 % of the sampling volume flow, and

2 CARIBIC instruments

2.1 Aerosol particle inlet system

www.atmos-chem-phys.net/12/879/2012/ Atmos. Chem. Phys., 12, 8®2-2012
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Fig. 1. Flight tracks of the CARIBIC flights on 20 April 2010 (left), 16 May 2010 (middle) and 19 May 2010 (right) with indicated flight

times. Circles mark the whole air glass flask sample locations where solid circles denote those samples that have a volcanic influence
(as determined from the whole air samples and the backward trajectories). The orange highlighted segments of the flight tracks mark the
integration times of those aerosol impactor samples which indicated volcanic origin of the sampled particles. Note the different geographical
projection of the right map.

Table 1. Complex refractive index and density for an internal mixture of aerosol particles, based on volume mixing rules. The given volume
fractions assume “typical” aerosol composition for those atmospheric regions where most of the CARIBIC measurements were conducted.
The refractive indices for the different aerosol compounds are takenToam et al. (1976, Hummel et al (1988, Krekov (1993, Bond

and Bergstronf2006 andDick et al.(2007). Mixed complex refractive index and particle density are calculated using volume mixing rules.

Region Composition Mixed complex Mixed particle
[volume fraction] refractive index density [g Crﬁ]
Mid-latitude H2S0y: 90%
lowermost Organics: 10% _ . _
stratosphere (NHp2SO04: 0% N, total = 1.43—0.0001i p=1.64
(LMS) Soot: 0%
. . HoSOy: 44%
Mid-latitude Organics: 10%
upper troposphere 9 ) Ne total = 1.48—0.0143i p=1.72
(UT) (NHg)2SOy:  44%
Soot: 2%
HoSOy : 19%
Tropical middle  Organics: 40 % _ . _
troposphere (MT) (NH,),S0;:  40% Ng total = 1.48-0.0075i p=1.63
Soot: 1%

Atmos. Chem. Phys., 12, 879802 2012

www.atmos-chem-phys.net/12/879/2012/



A. Rauthe-Scloch et al.: CARIBIC measurements of Eyjafjallajokull clouds 883

To avoid contamination by strongly polluted air around butions from a CARIBIC flight on 14 November 2010 from
the airport, the OPC unit is set into stand-by mode by theFrankfurt (Germany) to Johannesburg (South Africa), cov-
CARIBIC master computer during takeoff and landing. In ering all three regions of interest, the total particle mass for
this stand-by mode the tubes inside the OPC unit are flushedach three minute measurement interval was calculated. On
with filtered air provided by a small diaphragm pump. average, the derived total particle mass for the mid-latitude
When the aircraft reaches a pressure altitude of 700 hPd,MS aerosol calibration was 10.5 % lower and for the trop-
the CARIBIC master computer sets the OPC unit into mea-ical MT aerosol calibration 8.3 % higher than the mass ob-
surement mode. In this mode 15%min—1 of measure- tained from the mid-latitude UT aerosol calibration. Con-
ment air and 135 cAmin—1 of sheath air are drawn through sequently, the systematic uncertainty of the average particle
the KS-93 optics. The pressure inside the measuremennasses derived by using the CARIBIC OPC size distribu-
cells changes with ambient pressure, but tests have showtions with one fixed average refractive index for all flight re-
that the KS-93 response is very stable in a wide pressurgions is in the order of=10 %. Depending on the exact type
range of 200 hPa—1000 hPa. The signal of the KS-93, laseof aerosol present, the error for single measurements may be
diode light ¢. =830 nm) scattered by the aerosol particles, islarger.
recorded with very high frequency (333kHz) using a real- After implementing the sheath air technique, the max-
time PXI system from National Instruments, which allows imum counting efficiency of the OPC unit increased
to analyse even the form of individual particle pulses. Fur-from ~50% (manufacturer value) t689 % (see Figzb).
thermore, the time resolution for the particle size distribution The relatively large error bars represent mainly the volume
can be varied and chosen case-by-case during data analysftow uncertainties, as the OPC volume flow is obtained by
For statistical reasons, three minutes are used in this studgubtracting two roughly equal mass flow controller readings.
All other data needed to calculate the particle concentratioriike for the size calibration, all calibration points were trans-
(volume flow, pressures and temperatures) are recorded witferred to mid-latitude UT aerosol.

10 Hz resolution. For the special case of the Eyjafjabéull volcanic ash

For calibration of the OPC unit different kinds of aerosols particles, a separate calibration has been performed. Follow-
encountered in the various CARIBIC flight regions have to ing Schumann et a(2011), Bukowiecki et al.(2011), Kan-
be considered. Depending on their refractive indices, pardler (personal communication, 2011) aBldoji et al.(1994),
ticles of identical particle diameter and shape cause differthe OPC analysis was repeated with refractive indices of
ent scattering signals. At mid-latitudes the CARIBIC air- n=1.50-0.01i,n =1.55-0.001i and: =1.60-0.0001i at the
craft flies quite often in lowermost stratospheric armarg OPC wavelength of 830nm. These values span the range
Velthoven 2019. For such air masses the particle compo- of refractive indices that have been reported for ash from
sition is dominated by sulphuric acidi(rphy et al, 2007). the Eyjafjallapkull (e.g. Schumann et 312011). The un-

In contrast, in the mid-latitude upper troposphere (UT) andknown refractive index is a major source of uncertainty in
tropical middle troposphere (MT), besides sulphuric acid,deriving ash particle masses from the OPC measurements
also ammonium sulphate, different organics (organic car-but there are other potentially even larger sources of uncer-
bon), as well as soot (elemental carbon) become importantainty as discussed below. The ash particle density was as-
(Dibb et al, 1999 Kojima et al, 2004 Schwarz et a).2006 sumed to bep =2.65gcnT3. Particle aggregates may have
Froyd et al, 2009 Morgan et al. 2009 Pratt and Prather a lower density which would directly influence the derived
201Q Schwarz et a)2010. Upper tropospheric particles are ash particle mass concentrations. Because most volcano
usually dominated by sulphurous and carbonaceous materidlight measurements were obtained at altitudes lower than
(Nguyen et al.2008 Martinsson et a).2009. the normal CARIBIC cruise altitudes, all data outside the

To obtain a uniform and consistent OPC data analysisash clouds were analysed using the ammonium sulphate cal-
for the normal CARIBIC flights, a refractive index sen- ibration (z=1.52-1.41x10"7i, p=1.83gcn3). Further-
sitivity study was carried out using three internal mixed more, due to the different refractive indices in combina-
aerosols representative of (a) the mid-latitude lowermostion with saturation of the OPC photodiode, the upper de-
stratosphere (LMS), (b) the mid-latitude UT and (c) the trop- tection limit is particle material dependent. For the mid-
ical MT (Tablel). Using volume mixing rules for particle latitude UT aerosol, the ammonium sulphate aerosol and the
refractive index and density as well as a Mie scattering codehree volcanic ash refractive indices, the upper detection lim-
for spherical particles, the OPC response curve was calcuits in terms of particle diameter are 1.31 pum, 1.09 um and
lated for each of the three characteristic aerosol composid.21/1.03/0.94 um, respectively. For the volcanic ash cali-
tions. As an example, Fia shows the calibration curve brations, the upper detection limit of the OPC decreases with
obtained from laboratory measurement with latex and ammoincreasing real part (decreasing imaginary part) of the re-
nium sulfate and transferred to the refractive index of mid-fractive index. All particle diameters measured by the OPC
latitude upper tropospheric (UT) aerosol particles (1.48—  are derived from the amount of light scattered by the par-
0.0143i, see Tabl&) using a Mie scattering program. Using ticle using Mie theory and assuming a spherical shape of
the three calibration curves and measured patrticle size distrithe particles. The 50 % lower detection limit is calculated

www.atmos-chem-phys.net/12/879/2012/ Atmos. Chem. Phys., 12, 8®2-2012
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function fits. supported by the size distributions found ®ghumann et al.
(2011, their Fig. 7) in Eyjafjallapkull volcanic clouds which
show a continuous extension of the size distributions from
to be 143nm, 139nm and 139/138/137.4nm in diameterparticles below 1 um to larger particles. An example for this
for mid-latitude UT aerosol, ammonium sulphate and thefit is shown in Fig.3 which shows the size distribution mea-
three refractive indices of volcanic ash, respectively. Consesured on 19 May 2011 at 11:14 UTC fer 1.50-0.01i with
quently, the differences in the response of the CARIBIC OPCred bars and the linear fit with the blue line. This fit is then
to the particles inside and outside the volcano clouds areised to extend the OPC size range with additional “virtual”
quite small simplifying the analysis and interpretation of the size channels (indicated by the magenta bars) until the num-
OPC measurements. ber of particles is reached that the OPC has counted in its up-
Even if the uppermost OPC size channel has a nominapermost channel or the centre diameter of the virtual chan-
upper diameter size limit of 0.94—1.21 ym for volcanic ash,nel exceeds 10 um. At a particle diameter of 5um the in-
larger ash particles are still counted in that size channel butet efficiency has dropped te60 % and for particles larger
their size cannot be resolved. On routine CARIBIC flights, than 10 um in diameter the inlet efficiency is zero, i.e. they
this is not a problem as the air at cruising altitude con-are not collected by the inlet or are lost in the sampling lines
tains only very few of these coarse mode patrticles (diameto the OPC (see Se@.l). If the extrapolation would require
ter >1um). In the volcanic ash clouds however, the particle particles larger than 10 um to explain the number of particles
size distribution is enhanced in this size range and these partin the uppermost OPC channel, the slepeof the extrap-
cles contribute significantly to the total ash maSsiumann  olated size distribution is increased iteratively until the sum
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of the particles in the virtual size channels reaches the numsure and lies in the range of 30s-90s, the sampling interval
ber of particles counted in the uppermost OPC channel. Iris chosen to achieve a regular sampling over the entire flight.
the example in Fig3 this was not necessary and the largest For the volcano flights, which were shorter than the regu-
“virtual” size channel is centred at 2.21 um. Its value is cal- lar CARIBIC flights, this meant a spacing of 8 min for the
culated such that the sum of all “virtual” particles equals the glass flask samples. These was the shortest possible interval
particles in the uppermost OPC channel. In addition to theincluding the necessary purging of the sampling containers
actual slope from the linear fit, the extrapolation is repeatedorior to the actual sampling. The samples were analysed after
for the maximum slope encountered in the volcanic cloudseach flight in the laboratory for the greenhouse gases carbon
for each refractive index (green bars) and a minimum slopedioxide (CQ), methane (Chl), nitrous oxide (NO) and sul-

of 0.0 (orange bars, see further explanation in SE8). The  phur hexafluoride (S} with a HP 6890 gas chromatograph
particle mass is then calculated with the appropriate particleequipped with a flame ionisation detector for £énd CH,
density for ammonium sulphate (background aerosol) or vol-and an electron capture detector fosONand Sk (see de-
canic ash (volcanic cloud aerosol). Note that since the totatails in Schuck et a].2009. The precision of the greenhouse
particle number is fixed, the extrapolation using the smallesigas measurements are 0.08 %, 0.17 %, 0.15% and 1.5 % for
slope will extend to the largest particle sizes and hence giveCO,, CH4, NoO and Sk, respectively. A suite of non-
the highest particle masses. The unknown shape of the sizmethane hydrocarbons (NMHCSs) including ethaneHg),
distribution for particle diameters larger thar1.0 umis one ethyne (GH>), propane (GHs), butanes (gH10), pentanes

of the major sources of uncertainty for the derived aerosol(CsH12) and benzene (EHg) were measured using cryogenic

mass concentrations. pre-concentration and focusing of the NMHCs in combina-
tion with a second HP 6890 gas chromatograph equipped
2.3 Condensation particle counters and particle with a flame ionisation detector (see detailBiaker et al.
sampler 2010. This analysis gives a precision of better than 5% and

lower detection limits of 1 pptv—3 pptv.

In addition to the OPC, the CARIBIC container equip-
ment includes three condensation particle counters (CPC2.5 Other instruments
modified TSI model 7610) with lower threshold diameters
(50 % counting efficiency) of 4 nm, 12 nm and 18 nm, respec-The CARIBIC Multi-AXis Differential Optical Absorption
tively, at 200 hPa operating pressukefmann and Wieden- Spectrometer (MAX-DOAS) system is connected to the three
sohler 2001). The upper detection limit of all CPCs is esti- DOAS telescopes in the CARIBIC inlet system via three
mated to be about 2 um in diameter. quartz fibre bundles. It observes the atmosphere under el-

Besides the four particle counting instruments, there isevation angles of-82° (nadir), —10° and +10° relative to
a particle sampler with 16 impactor chambers and an upthe horizon (for details seBix et al, 2009 Heue et al.
stream cyclone separator covering the particle diameter rang@010. The DOAS system has also been upgraded in au-
from 80nm to 2um (50% counting efficienciedguyen tumn 2009. The three new CTF60 spectrometers (omt — op-
et al, 2006. The sampler employs sampling substrates oftische messtechnik, Germany) cover the wavelength range
polyimide film (0.2 pm thickness) which are analysed postof 290nm to 430 nm with a spectral resolution of 0.5nm
flight at the University of Lund (Sweden) for the elemental (Heue et al.2010. During the CARIBIC volcano flights
composition of the aerosol particles. Particle Elastic Scatteron 20 April and 16 May 2010, the nadir and thé0° DOAS
ing Analysis (PESA) is used for the elements H, C, N and O,channels gave a signal large enough for the derivation gf SO
and Particle Induced X-ray Emission (PIXE) for the heavier slant column densities. On 16 May, BrO ang & proxy for
elements, including Si, S, K, Ca, Ti, Mn, Fe and Niguyen  the aerosol optical depth were retrieved in addition (see de-

and Martinsson2007). tails in Heue et al.2011). During the last volcano flight on
19 May 2010, the MAX-DOAS system unfortunately failed.
2.4 The new high resolution whole air sampling system For the measurement of carbon monoxide (CO), a fast re-

sponse vacuum UV resonance fluorescence instrument based
The new whole air sampling system comprises a unit withon the Aero-Laser Model AL 5002 is employed. It measures
two stainless steel bellows pumps, two units with 14 glassCO via a resonance-fluorescence transition around 150 nm.
sampling flasks (2.71) each and a large unit with 88 stain-The instrument has an excellent linearity and a precision of
less steel sampling cylinders (1.01). The latter were incorpo-3.5 ppb when the signal is integrated over 1 second. In-flight
rated into the CARIBIC container in autumn 2009 and werecalibrations are performed every 25 min using a calibration
flown for the first time during the CARIBIC volcano flights. air mixture (see details iBcharffe et al.2012).
Flasks and cylinders are filled te4.5 bar according to a pre- For ozone (@), two different instruments are used.
defined schedule with regular sampling intervals during theThe absolute @ mixing ratio is measured with a custom-
flight. While the actual time required for filling the sam- made, light-weight and accurate dual-beam UV photome-
pling flasks or steel cylinders depends on the ambient prester with a time resolution of 4s. A UV-LED at 255nm

www.atmos-chem-phys.net/12/879/2012/ Atmos. Chem. Phys., 12, 8®2-2012



886 A. Rauthe-Sclich et al.: CARIBIC measurements of Eyjafjallajokull clouds

(bandwidth~6 nm) is used as a light source. The total ac- ing the volcanic cloud edges because of the limited sensitiv-
curacy is~2 % or 1 ppbv, whatever is higher. In addition, a ity of the satellite retrievals. Thus, the model performance for
very fast and precise solid-state chemiluminescence detectdhe relatively weak clouds sampled by the CARIBIC aircraft
measures @with a measurement frequency of 10 Hz equiv- may be not as good as for stronger ash clouds.

alent to a horizontal resolution of 30 m—40 m at normal cruis-  In the model run used for the comparison to the CARIBIC
ing speeds. The absolute;easurements of the UV pho- measurements 24 million volcanic ash particles were re-
tometer are used to calibrate the fast chemiluminescence dataased in 22 size classes between 250nm and 250 um to
(for more details segahn et al.2011). obtain vertically resolved ash concentratioigohl et al,

The overall system control in the CARIBIC container is 2011). The gravitational settling of the particles was cal-
achieved through the CARIBIC master computer which com-culated using an ash particle density of 3.0 gém For
municates with all instruments via an internal bus system. Ita consistent comparison to the OPC mass concentrations,
also records once per second the flight position, flight alti-all FLEXPART ash concentrations shown here have been
tude, airspeed, outside air pressure, air temperature and wirgtaled to an ash particle density of 2.65gcémas used
speed received from the aircraft via its ARINC-428 bus sys-in the OPC analysis, i.e. the particle mass was decreased

tem. by 12%. The FLEXPART model output has a spatial reso-
lution of 0.25x 0.25. The vertical resolution is 250 m from
2.6 Meteorological information the ground up to 7 km altitude, 500 m up to 10 km altitude,

1000 m up to 13km plus an additional stratospheric layer
The Royal Netherlands Meteorological Institute (KNMI) at 20km. The ECMWF meteorological input data is avail-
supports the CARIBIC project with trajectory calculations able every three hours at a spatial resolution of 2.08.8
(up to 8-day backward and 2-day forward) and further mete-and 91 model levels (further details on the model simu-
orological data (including potential vorticity) from the Euro- lations are available irStohl et al, 2011). For compari-
pean Centre for Medium Range Forecasts (ECMWF) for allson of FLEXPART predictions and CARIBIC aerosol mea-
flights (van Velthoven2012. The trajectory model used is surements, vertical distributions of the simulated volcanic
the KNMI TRAJKS model which applies the Petterssen inte- ash concentrations were extracted along the CARIBIC flight
grating scheme using an integration step of 10 riichgele  tracks.
et al, 1996 Stohl et al, 2001). The meteorological input
data is taken from the ECMWF with a vertical resolution
of 90 levels (uppermost level at 0.01 hPa), 316 spherical har
monics for a horizontal resolution of less thehahd a time
step of 6 h between consecutive meteorological input fields.

3 CARIBIC volcano flights

The explosive phase of the 2010 eruption of the Eyjafjal-
lajokull volcano began on 14 April 2010 and lead to the
subsequent partial closure of European airspace. As in-
sufficient information was available, Lufthansa offered the
CARIBIC consortium the possibility of conducting a volcano

.FLEXPA.‘RT Is a widely used Lagranglap dlsper5|on mOd?' measurement flight on 20 April (takeoff 13:47 UTC, land-
in ongoing development at the Norwegian Institute for Air ing 17:33 UTC) from Erankfurt airport (Germany), the home
Research (NILU) that obtains its meteorological input data 9-7 P Y),

from the European Centre for Medium-Range Weather Fore-base of the Lufthansa CARIBIC aircraft. Heading northeast-

. ward from Frankfurt the flight track crossed North-Eastern
casts (ECMWF). It simulates the long-range and mesoscal%ermany and continued over the Baltic Sea and the island

ggg;poc::,\;jallfrfiléilgrl,r:cré/r:n((i;/veetdg?;loesdltlgg,sgri]dti:)aggz;:tlveof Gotland before turning northwest and passing Stockholm.
y P Crossing Southern Sweden and Denmark the CARIBIC air-

2”2'"6&3?26 Szeﬁci?gnmfsc:rfl rgr\l/(;’}’::n?fgjsphf?r;g;er Iszgtj)aé_ctcraft returned via Northern Germany to Frankfurt (left panel
jatlay P 9 1ECt o Fig. 1). Between Frankfurt and Gotland island the air-

to dry deposition, wet deposition and gravitational settling .
. i ! : craft descended and ascended repeatedly thus measuring ten
but ignoring ash aggregation processes. This model run uses_. ' . ;
) ) NN o Vertical profiles between 3700 m and 8000 m with the aim
the ash source information and initial size distribution deter-to increase the chance of intercepting the ash cloud (see
mined via inverse modelling bgtohl et al.(2011). The in- biing

verse modelling merged a priori information on the ash emis-fllght profile in the upper panel of Figl). Another descent

sion strength, sensitivity calculations with FLEXPART and down t_o 6000 m followed e_lround 16:45 l.JTC over the Ger-
. . . ._man Bight. Throughout this paper, all flight altitudes men-
satellite retrievals of total atmospheric columns of volcanic

ash to obtain optimised time- and heiaht-resolved voIcanictioned are pressure altitudes with respect to the International
P 9 . Standard Atmosphere (ISA, e 8irbus Customer Services

patterns are well constrained by the satellite observations f(?fboa as reported by the aircraft via the ARINC-428 bus sys-

strong ash clouds. The satellite measurement constraint is
less good for ash clouds with lower ash loadings or for defin-

2.7 FLEXPART ash dispersion simulation
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Fig. 4. Altitude profiles of the CARIBIC flights on 20 April 2010 (upper panel), 16 May 2010 (middle panel) and 19 May 2010 (lower
panel). All altitudes are pressure altitude according to the International Standard Atmosphere (ISA). The whole air samples and the aerosol
impactor samples are indicated in the same way as inlFig.

As the volcanic eruption continued and the situationto a required holding pattern before landing in Frankfurt.
regarding air space closures remained unclear, a second During flight planning for the three CARIBIC volcano
CARIBIC flight from Frankfurt took place on 16 May 2010 flights, ash dispersion forecasts from several sources were
(takeoff 08:08 UTC, landing 13:49 UTC). For this day, sev- used. The Volcanic Ash Advisory Centre (VAAC) London
eral volcanic ash dispersion models (see below) had preissued official Volcanic Ash Advisories for three altitude re-
dicted ash clouds over Northern Ireland and Scotland. Theregions (surface to flight level (FL) 200 (20 000 ft), FL200-350
fore the CARIBIC aircraft flew two south-north transects and FL350-550) and three steps for the maximum ash con-
over Ireland and over the Irish Sea (middle panel of B)g.  centration of 200 ugm?, 2mgnt3 and 4 mgn3, the lat-
Flying further north was not possible as the airspace was beter defined as the absolute no-fly zone at that time by the
ing closed just when the aircraft arrived there. The trans-civil aviation authorities European Commissio2010. Ad-
fer flights to this region were carried out at cruise altitude ditional ash dispersion predictions from the UK MetOffice
around 12 km. During the south-north transects, the altitudgwhich also issues the VAAC forecast) with finer concen-
was stepwise reduced from 7600 m to 3700 m (middle panetration steps were obtained from the German Weather Ser-
of Fig. 4). vice (DWD). Also ash dispersion forecasts from the EU-

The right panel of Figl shows the flight route of the third RAD model (University of Cologne) and the SILAM mod-
and final CARIBIC volcano flight which left Frankfurt on elling framework (Finnish Meteorological Institute) were
19 May 2010 (takeoff 07:43UTC, landing 15:38 UTC) and used. The Norwegian Institute for Air Research (NILU) of-
headed north over the Norwegian Sea td(W510° E) where fers a web interface for its FLEXPART dispersion model
the dispersion models had forecast volcanic ash clouds witivhich produces plot with a vertical resolution of one kilo-
areas exceeding 4 mgr of ash which at that time was the Metre. These plots were used to determine the best flight
limit for no-fly zones European Commissior2010. The altitude pattern for intercepting the ash clouds. In addition
transfer flights were again carried out at a cruise altitude ofto dispersion models, freely available satellite data fop SO
around 12 km to save time and fuel. Once at destination, thdrom the GOME2 instrumenthftp:/sacs.aeronomie.be/nrt/
altitude was stepwise reduced from 5200 m to 3700 m whileindex.php) and for atmospheric aerosols from the space li-
flying east to 15 E and from there turning south again. When dar onboard the CALIPSO satellitet{p://www-calipso.larc.
leaving the area of forecast ash clouds, the aircraft climbedasa.gov/productsivere also taken into consideration to
again to cruise altitude for the return flight (lower panel of determine the most promising flight patterns.

Fig.4). The stepwise descent at the end of this flight was due
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The flight tracks in Figl and the flight altitude profiles in  Nevertheless, some useful results could also be derived from
Fig. 4 also include the locations and altitudes of the whole airthe flight on 20 April and are presented first.
glass flask samples. Open circles mark samples that were not
influenced by the volcano and hence constitute background-1 20 April 2010: Baltic Sea
conditions. Solid circles show samples for which the back- | o )
ward trajectories calculated at KNMI showed that the air hadPuring this first CARIBIC volcano flight, the OPC found
passed over Iceland at altitudes below 9 km, which was thénhancements in particle mass concentrations (not shown)

maximum altitude the eruption reached during the relevantNat coincided with air masses that the trajectory analysis
days according t&chumann et a{2011, their Fig. 2). The traced back to the Eyjafjallékull volcano (see filled dots in

parts of the flight tracks and flight profiles highlighted in or- |€ft panel of Fig.1). Enhancements were found over North-
ange mark the collection intervals of those aerosol particle=aStern Germany at an altitude of around 4 km, close to Got-

samples for which the elemental composition clearly indi- [and island at 3.5km altitude and over North-Western Ger-
cates a volcanic origin (see next section). many around 7 km. The ash particle mass concentrations de-
termined as described in Se2t2in those air masses were in

The transit times .of the volcanic (;Iouds, i.e. the age ofthe range of 2.8 ugMP—115 pgm3 (10 %90 % percentiles)
the released volcanic ash, were estimated from the KNMI_ . . - .
with a median of 41 pgr? for the minimum slope used in

backward trajectory analysis. For each whole air sample, . . :
. " ; the extrapolation. Using the maximum slope, the calculated
8-day backward trajectories were calculated starting at the . .
. . : .. ash mass concentrations were in the range of 1.8 %gm
sampling location. The mean transport time from the Eyjaf- 3 .
R . . 17 pgnt 2 with a median of 6.5pugm?. All numbers are
jallajokull volcano to the CARIBIC sampling location was : :
: ; calculated over all values received using the three vol-
15h-29h for the flight on 20 April, 34 h-53h for 16 May canic ash refractive indices. The highest value observed in
and 19h-24h for the flight on 19 May 2010. The uncer- ' g

tainty of backward trajectories was assessed through a traje%g(; 1180:Tt3)|?(;'r:2at)'(?:§uvn\:a;027e7) ‘;?—leO;?mJ.}lén l;r: dsllogim
tory ensemble calculated by arbitrarily shifting starting point HY b | )

. . : . o : altitude over North-Eastern Germany. For the non-volcanic
coordinates in latitude and longitude B0.4° and in pres- 3
. . aerosol measurements, the range was 0.81fg@2 pgnt
sure by+3%. If all of these 15 back trajectories stay close _ . : . .
) ) . ; with a median of 1.4 ugm? for the linear extrapolation. All
together, the trajectory is well defined. In contrast, if the

15 back trajectories separate after a short time the origin onmllee numper and mass concentrations in th'S. .study are
the sampled air has a large uncertainty which makes it gir9Ven for am_b|ent pressure and temperature conditions.
ficult to determine whether it had been in contact with the For technical reasons, the aerosol _sampler collec_ted only
Eyjafjallajokull eruption or not. For this study, an air sam- one sample Qurlng the first volcano flight on .20 Apnl 2010
yiall ' é{ntegra'uon time 15:20-16:48 UTC; orange highlighted part

ple is considered to contain volcanic ash and gases if at least, . . : : i
seven of the 15 back trajectories pass within 200 km from theOf flight track in left panel of Figl). This sample had an ex

: . ceptionally high iron content of 2.4 Wb of the total particle
volcano at an altitude of 9km or less. The radius of 200 km P yhig - P )
. . . . _mass (see elemental composition of the samples listed in Ta-
is used to account for the horizontal uncertainty of the trajec- - . . .
. . : : .~ ble 2). In fact, this is the highest iron fraction ever measured
tories caused by imperfections in both the TRAJKS trajec—in the CARIBIC proiect. The silicon content was 2. 5%t
tory model and the ECMWF wind fields. The results from broject. )

the trajectory analysis confirm the results obtained from theWhICh is much larger than in the background aerosol sam-

. . . . ples collected during the other two flights most of which
CARIBIC measurements in separating air masses that are in- . .
o contained less than 0.5®4 of silicon. The low mass ra-
fluenced by the Eyjafjallé@kull volcano from those that are

. . : tios of silicon (Si), potassium (K) and calcium (Ca) to iron
not even though the calculations did not take into account(Fe) of 1.0 0 1(9 :ngo 20 respfegtively confirm(the)high iron
sedimentation of volcanic ash, which depends on particle e L '

mass and constitutes an additional uncertainty content of the sampled aerosol particles during this flight.

’ The whole air samples during the 20 April 2010 flight did
not show any peculiarities that would point to a volcanic in-
fluence in the sampled air. The MAX-DOAS system mea-
4 Results sured a slight enhancement of $€lose to Gotland island

around 15:15UTC. Unfortunately, the signal strength of the

The following sections present the results from the threePOAS instrument was very low during this flight and the
CARIBIC volcano flights in April and May 2010. The enhancement did not rise significantly over the signal noise
aerosol impactor samples indicated volcanic ash particles if€Vel- The DOAS BrO signal did not show any increase. Also
the probed air masses through marked changes in the eldhe in situ trace gas analysers did not show any peculiarities.
mental composition for all three measurement flights as dis-

cussed below. However, for the first flight the signal was less

clear than for the subsequent flights. Therefore the focus of

this paper will be on the two subsequent flights in May 2010.
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Table 2. Relative mass contents and mass ratios of those elements that were enhanced in the volcanic ash samples collected by the aeros:
impactor sampler during the three CARIBIC volcano flights. The samples containing volcanic ash are marked in bold. Sample 8 on 20 April
and sample 5 on 19 May probably represent a mixture of air with and without volcanic influence and are therefore shown in bold italics. The
values derived fronSigmundsson et a{2010 are means for their samples SRG 2b and SRG 5a collected on 15 April and 27 April 2010 in

the vicinity of the Eyjafjallapkull.

volcanic? sample Si S K Ca Fe SilFe S/Fe K/Fe CalFe

mixed 20 April no. 8 2% 19% 0.45%  0.48% 2.4% 1.0 79 0.19 0.20

No 16 May no. 2 0.18% 21% 0.20% 0.074% 0.13% 1.3 157 15 0.56
No 16 May no. 3 044% 20% 0.37% 0.13% 0.40% 11 49 092 0.32
Yes 16 May no. 4 10.606 10% 0.81% 1.1% 19% 5.2 55 042 0.59
No 16 May no. 5 12% 12% 0.39% 0.10% 0.29% 4.0 41 13 0.33
Yes 16 May no. 6 9.2 11% 0.91% 1.2% 21% 44 55 044 0.56
No 16 May no. 7 0.18% 20% 0.52% 0.10% 0.17% 11 119 3.1 0.61

No 19 May no. 2 0.54% 18% 0.60% 0.15% 0.073% 7.4 243 8.3 2.0
No 19 May no. 3 0.38% 18% 0.55% 0.11% 0.12% 3.3 153 4.7 0.98
No 19 May no. 4 044% 19% 1.1% 0.13% 0.31% 1.4 59 3.4 0.41
mixed 19 May no. 5 400 16% 098% 0.14% 0.70% 5.7 22 1.4 0.20
Yes 19 May no. 6 9P 12% 12% 0.87% 23% 4.3 51 0.53 0.38
No 9 May no. 7 017% 19% 0.55% 0.093% 0.14% 1.3 142 4.0 0.68

Sigmundsson et a{2010 27% - 1.4% 4.1% 76% 3.5 - 0.19 0.54

4.2 16 May 2010: Ireland and Irish Sea the non-volcanic samples. For the two volcanic samples, the
ratios of Si/Fe, K/Fe and Ca/Fe were 5.2 & 4.4,0.42 & 0.44
and 0.59 & 0.56, respectively.

The CPC particle number_ concentrations at ambient pres- The MAX-DOAS system measured strong enhancements
sure and temperature during the second CARIBIC volcanoof SOy (up to 49 ppb) and BrO (up to 6 ppi) during those
flight on 16 May are shown in the upper panel of Fig. P PP P bp 9

where volcanic cloud encounters are marked by arrows. The\? arts of the flight on 16 May \'/vhe're the air was traced back
: . : o o the volcano (see filled dots in Fitj). While the CARIBIC
show an increase in the number of particles with diameters .

: aircraft flew north over the Irish Sea it encountered once
larger than 12nm (red line) and larger than 18 nm (blacka ain air coming from the volcano (11-55—12-10 UTC) with
line) from~1.5x 10° particlescm® in the background airup 292" & g v (11:55-12: ) Wi

to 1.8x 10% particlescm® during 10:17-10:40 UTC when a much smaller increase in $@nd no increase in BrO. Also
the aircraft turned around north of Ireland and descended int he CPCs detected again increased particle number concen-

. . : _ rations, e.g. of the particles with diameters larger than 12 nm
the volcanic cloud (see middle panels of F|ganq4). un with 7x 10° particlescnm3. A detailed discussion of the
fortunately, the brand-new OPC, employed in airborne mea- ) .

. . . MAX-DOAS measurements during this flight has been pub-
surements for the first time during the CARIBIC volcano lished in a companion article in this special issue e
flights, did not work during this second flight. Therefore no ' pani icle in this special issueHgu

continuous particle mass concentrations are available for thigt al.(2011. . o .
flight. The CO measurements during this flight are shown in the

lower panel in Fig5 (black line). The background CO con-
The aerosol impactor sampler was set to an integrationcentration outside the volcanic air is 120 ppbv, a usual back-
time of 50 min during this flight and elemental analyses ground value for this region in May. When the aircraft
gave clear indications of volcanic ash for samples no. 4descended into the volcanic cloud around 10:17 UTC, the
(sampling interval 09:59-10:49 UTC) and no. 6 (sampling cO concentration rose to 200 ppbv but shortly after returned
interval 11:38-12:27UTC, see orange highlighted partsto the background value although the aircraft was still inside
of the flight track in middle panel of Figl and Ta-  the volcanic cloud according to the CPC measurements and
ble 2). Both samples showed high silicon and iron frac- the packward trajectories. A smaller increase to 155 ppbv
tions of 10.0wi% Si and 1.3web6 Fe for sample no. 4  \as detected at 12:00 UTC when the aircraft measured the
and 9.1wi% Si and 2.1web Fe for sample no. 6, which second volcanic cloud over the Irish Sea. The measured
is much hlgher than the fractions present in the nOﬂ-VOlcani(bzone concentrations (green line in lower pane| of Bp
samples (Si up to 0.5v#, Fe up to 0.4wbb). Also the  did not show a significant change of the ozone inside the vol-
fractions of calcium (1.2w& vs. 0.15wi%) and titanium  ¢anic clouds.
(0.26 wt% vs. 0.03 wi%) are clearly enhanced in relation to

www.atmos-chem-phys.net/12/879/2012/ Atmos. Chem. Phys., 12, 8®2-2012



890 A. Rauthe-Sclich et al.: CARIBIC measurements of Eyjafjallajokull clouds

o

_535000 E s e e O T TS 3 A Ts 6 T e 1920272553 245
S 30000 —— N(>12nm) =
c 3 — N(> 18nm) -
o 25000 3 ——N{4nm=-12nm) =
(&) 3 C
S 20000 7 o
2 15000 3 -
2 10000—; ;—
© 5000 7 o
0 3 -
- O T T T 1T |'|L| L L L L L L L L L L L L L L L
é_“ 09:30 10:00 10:30 11:00 11:30 12:00 12:30

Time uTtcC [16 05. 2010]
210 A - 545 6 7 8 0 1011121314156 1716 192021225324

;‘150%
8120 4\ y UJAMMM,,MWM\

T T T T T T T T T T T
09:30 10:00 10:30 11:00 11:30 12:00 12:30
Time UTC [16.05.2010]

Fig. 5. Measurements from the CARIBIC volcano flight on 16 May 2010 at the time of volcanic cloud interception (see arrows). The
numbers close to the upper margin mark the whole air samples. Upper panel: particle number concentrations from the CPCs in different size
ranges for nucleation mode particles (4 nm—12 nm diameter, blue), particles between 12 nm and 2 um diameter (red) and particles betweer
18 nm and 2 um diameter (black). Lower panel: carbon monoxide (CO, in black) and ozgrie g@en). Gaps in the time series are caused

by calibrations (CO) or missing data 4D
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Fig. 6. Selected non-methane hydrocarbons (NMHCs) and perchloroethylene (PCE) measurements in whole air samples collected on
16 May 2010. Shown are ethane (black, left scale), n-butane (magenta, right scale), benzene (green, right scale) and PCE (blue, righ
scale). The whole air sample numbers are printed close to the upper margin. Open symbols denote samples outside the volcanic clouds, fille
samples are from within the volcanic clouds. The dashed lines indicate the mean background concentrations outside the volcanic clouds.
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Fig. 7. Measurements from the CARIBIC volcano flight on 19 May 2010 during the volcanic cloud encounter (see arrows). Same represen-
tation as in Fig5. Additionally, OPC particle mass concentrations for particles larger than 138 nm are shown in the upper panel (right scale).
The solid green lines show the mass concentration assuming the smallest slope while the dotted blue lines are calculated assuming the large
slope in the size distribution extrapolation. The three lines are calculated assuming different refractive indices for the volcanic ash particles
(see text).

The whole air samples, analysed for a suite of non-4.3 19 May 2010: Norwegian Sea
methane hydrocarbons, showed a clear decrease of ethane,

ethyne, propane, butanes and pentanes in those air samyring the final CARIBIC volcano flight on 19 May 2010,
ples which were traced back to the Eyjafjatieill (sam-  the aircraft sampled between 10:15UTC and 11:45UTC in a
ples no. 8-10 and no. 18-21, see filled symbols and numberggion with predicted volcanic ash in the middle troposphere
close to upper margin in Fi) compared to background air yer the Norwegian Sea. Like during the previous flights, the
samples (see open symbols and dashed lines indicating thgrcraft approached and left this region flying at cruise alti-
mean background concentrations). Also the perchloroethyyde (see lower panel of Fig). The OPC worked well dur-
lene (PCE) mixing ratios (shown in blue) are slightly lower jng this flight and the inferred particle mass concentrations
inside the volcanic cloud than outside. Interestingly, benzengye shown in the upper panel of Fig(solid green and dotted
(shown in green) did not show such a decrease in the volcanig)ye |ines, right scale) where volcanic cloud encounters are
air samples. This depletion pattern was attributed to chloringynarked by arrows. The solid green lines are for the minimum
radical chemistry occurring inside the volcanic clouds (sees|0pe while the dotted blue lines are for the maximum slope
detailed analysis iBaker et al.2011). Using transporttimes  ysed in the extrapolation for particles larger than the upper
from the backward trajectories, the estimated mean chloringjetection limit of the OPC (see below and description of OPC
radical concentration during the transport to the British |5|esanalysis in Sect2.2). The OPC derived particle mass and
was 1.3-6.4 10" Clem™ with a mean of 3.& 10* Clem™2. number size distribution are used to distinguish background
air from the volcanic clouds. The aerosol background is de-
termined from the measurements during 10:37-10:59 UTC.
During the volcanic ash encounter at 11:01-11:38 UTC, the
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maximum fitted slopes are +1.20/+1.28/+1.34 for the three

. ! . . A . —. 108 OPC measurement

volcanic ash refractive indices. Based on the individual 180 s — Background: 10:37 - 10:59 =
particle number size distributions, a constant extension of 3 | = Vocane 0T ISR 0N S0 +
the size distribution (slope =0.0) is assumed as the minimumfél 107
slope during the volcanic cloud encounter. The size distribu- E H:I_
tion measured at 11:14 UTC is shown as an example indrig. 2 10’ ; {[— Jﬁ';
which also shows the extrapolation to “virtual” size channels = o . ﬁﬁf —
for the slope from the linear fit (magenta bars) and for mini- § 40 A o A
mum and maximum slope (orange and green bars). £ "+++"'*‘**~s—1+¢~#++ .}ﬂF} -I

A smaller slope in the extrapolation extends the size dis- £ 10 £ ereitte -—T
tribution to larger particle diameters before the number of & -+
particles counted is reached. Therefore the derived particle 100 1000

mass is higher for the smaller slope (green solid lines in up- Particle diameter [nm]

per panel of Fig.7) than for the larger slope (blue dotted 103 FLEXPART simulation
lines) of the extrapolation. The highest particle masses aree ]
. . . . J]— Volcanic contact 2: 11:13 - 11:36
derived when using the smallest refractive index ef1.50— , ] 1
0 1

0.01i. There are two peaks in the OPC mass concentrations

a maxima of 58 pgm?3 for minimum slope (40 pgm? for 1 __~H__l_-- 1‘
maximum slope) at 11:14 UTC and 133 pgf(107 ugnt3 10" 5 T H T
for maximum slope) at 11:29 UTC (again all values given —— ‘ ~l»
are for ambient pressure and temperature). A third much & 100 | o |
smaller increase was measured at 10:34 UTC with a massS ]
concentration of 6.4 ugnt (4.5 pgnt 2 for maximum slope)
coinciding with a narrow peak in the CPC particle hum- ]
ber concentrations. For a refractive index of 1.60— S
0.0001i, the corresponding values are 23 rgns9 pgnrs Particle diameter [nm]

and 2.3ugm? using the minimum slope in the extrapo-

lation.  The mean aero;sol baf:kgrour.1d is determined fro”]:ig. 8. Measured and modelled particle mass size distributions for
the measurements during 10:37-10:59 UTC and found tQpe cARIBIC flight on 19 May 2010. Upper panel: measured OPC

be 0.3ugm3-1.2pugnT® (10%-90% percentiles) with a sjze distributions. Shown are averaged distributions for the back-

median of 0.5 pgm? for the linear extrapolation. ground aerosols (blue) and for the volcanic ash cloud (red & gray).
The CPCs detected maxima in the number concentratiorError bars indicate the &- variability for the two periods. The

of particles with diameters larger than 12 nm¢Nand 18 nm  solid bars show the mass calculated with the smallest slope for the

of up to 1.6< 10* particleschT3 (Fig. 7, red and black solid  size distribution extrapolation. The long bars at the uppermost size

lines, left scale). For nucleation mode particles (blue line)channel show the derived mass if the largest slope is used in the

there are maxima around 10:34UTC and 11:15UTC coin-€Xtrapolation. Lower panel: ash particle size distributions from the

- . . . : FLEXPART simulations averaged over the first predicted ash cloud
n the OPC particle mass and .
ciding with the first two peaks i P encounter (orange, not observed with the OPC) and the second ash

the qther CPC particle ranges, Wh”_e for the last p_artide MaS3ncounter (red, confirmed by the OPC measurements). Note the
maximum the peak for the nucleation mode particles OCCUMSjittarent x-axes.

at the beginning when the concentrations in the other two

CPC patrticle size ranges are just starting to increase.

The measured particle mass size distributions averagegmallest slope for the extrapolation of the size distribution.
over the background and the volcanic ash periods of the flighThe long bars at the uppermost size channel are calculated
on 19 May 2010 are shown in the upper panel of Bigrhe using the maximum slope as described above.
blue bars represent the mean background size distribution During the third CARIBIC volcano flight, only one aerosol
while the red and gray bars show the mean size distributiorsample showed volcanic particles (sample no. 6, pre-defined
of the volcanic ash for the two extreme ash refractive indices sampling interval 11:12-12:01 UTC, see TakJeMass frac-
Error bars indicate the &-variability during the two averag- tions of 2.3wt% iron, 9.7 wt% silicon, 0.87 wi% calcium
ing periods. Inside the volcanic ash cloud, all size channelsand 0.27 wb titanium were measured. As the aircraft left
have higher particle masses than in the background air. Buthe ash cloud around 11:40 UTC, half of the sampling inter-
the most pronounced difference is found for particle diame-val was in background air. Sample no. 5 collected earlier
ters larger than 450 nm where the mass per size channel irfrom 10:22-11:12 UTC is a mixture of background aerosols
creases with particle size for the volcanic ash while it staysand volcanic ash which contained less silicon and less iron
more or less constant for the background aerosol. The errofe.g. K/Fe ratio 1.4 vs. 0.53 for the later sample no. 6).
bars for the uppermost size interval are calculated using the

dM/diog, o(dp) [weg/

107"
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Fig. 9. Selected non-methane hydrocarbons (NMHCs) and perchloroethylene (PCE) measurements in whole air samples collected on
19 May 2010. Same representation as in Big.
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Fig. 10. Particle measurement and model comparison for flight on 16 May 2010. Upper panel: CPC particle number concentration for
particles between 12 nm and 2 um. Lower panel: simulated vertical distribution of the ash along the flight track from the FLEXPART model.
The magenta line gives the CARIBIC pressure altitude as reported by the aircraft. The modelled total ash particle mass is colour-coded. Ash
particle mass concentrations of less than 10 id@re not shown.

The continuous measurements of CO (black line, leftthere are clearly two strong CO peaks of up to 179 ppbv (an
scale) and @ (green line, right scale) are shown in the increase of 60 ppbv or 50 % over the background).
lower panel of Fig.7. During the flight section of interest The non-methane hydrocarbons for the 19 May 2010
between 10:15UTC and 11:45UTC, the CO concentrationflight showed similar systematic decreases as during the
stays fairly constant at around 120 ppbv while thecOncen-  second volcano flight on 16 May and the volcanic signa-
tration is~60 ppbv (a typical value for the mid-troposphere ture was even more clear. The chlorine radical concentra-
in May at 7% N, Fortuin and Kelderl999. After 11:45UTC  tion estimated from whole air samples no. 17-25 (see filled
the aircraft climbed to cruise altitude and entered the lowersymbols and numbers close to upper margin in Bigis
stratosphere (according to ECMWF potential vorticity). This 2.0-5.%< 10* Clcm~3 (see detailed discussionBaker et al.
explains the high @and low CO values at this time. During 2011). The MAX-DOAS system was not working during this
the first aerosol peak around 11:13 UT, there is only a veryflight so there is no information about the $6r BrO con-
short and small increase in CO and a small decrease.in O centration available.
However during the second aerosol peak around 11:28 UT,
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Fig. 11. Particle measurement and model comparison for flight on 19 May 2010. Upper panel: OPC total particle mass concentration for

particles larger than 138 nm calculated with the smallest slope (solid green lines) and largest slope (dotted blue lines) in the size distribution
extrapolation. The three lines are calculated assuming different refractive indices for the volcanic ash particles (see text). Lower panel:
simulated vertical distribution of the ash along the CARIBIC flight track from the FLEXPART model. Same representation as0n Fig.

5 Comparison to the FLEXPART dispersion model 19 May 2010. The large modelled ash concentration at
10:30-10:46 UTC was not measured with the CARIBIC

The FLEXPART model results (see Se@.7) for the =~ OPC (green lines in upper panel of Fidl). Only the CPCs
CARIBIC flight on 16 May 2010 are shown in the lower measured a very short peak around 10:34 UTC. Considering
panel of Fig.10. The total ash particle mass in all size classesthe vertical distribution, it seems that the CARIBIC aircraft
is colour-coded in pgm?® at ambient pressure and tempera- Missed this volcanic cloud because it flew just above it or
ture. The CARIBIC flight altitude is indicated by the ma- around it. The simulated second ash encounter at 11:10-
genta line. Qualitatively the simulated volcanic aerosol con-11:35UTC fits in time to the volcanic ash observed with the
centration fits well to the CPC measurements on 16 May (up-CARIBIC OPC. The high OPC particle mass concentrations
per panel of Fig10) with a strong peak around 10:20 UTC at the end of the flight are due to tropospheric pollution and
and a second smaller maximum around 12:00 UTC. The higHow level clouds while flying a holding pattern north-east of
CPC number densities at the end of the flight are due to lowFrankfurt airport and during the final approach.
level clouds and tropospheric pollution while approaching The lower panel in Fig8 shows the simulated ash particle
Frankfurt airport. Since the OPC had not been working dur-mass size distributions for the first (orange bars) and second
ing this flight, the mass concentrations cannot be compared(red bars) volcanic ash encounter on 19 May 2010. The error
Notice that the two ash encounters simulated bybars indicate the &- variability during the ash encounters.
FLEXPART for the CARIBIC flight on 16 May 2010 oc- The size distributions qualitatively agree with the measured
curred in close proximity to each other and resulted fromOPC volcanic aerosol size distribution (red & gray bars in
sampling the model output of a single simulated volcanicupper panel of Fig8). There is a strong increase for the size
cloud, seen also by the mirrored appearance of the cloud iglasses 250 nm, 450 nm and 750 nm, similar to the size distri-
Fig. 10. This is the result of the aircraft turning north of bution measured with the OPC. For particles with diameters
Ireland around 10:15 UTC and flying back almost along theabove 12 um (first ash encounter) and 14 um (second ash en-
same route but at a lower altitude and shiftet4 km to the  counter), the mass size distributions decrease by nearly two
east (see Figd and4). The fact that the measurements ob- orders of magnitude. These particles were present in the ash
served volcanic ash only on the return leg shows that the airemitted by Eyjafjallapkull but settled out of the ash cloud
craft sampled the western edge of the volcanic cloud, whichduring transport$tohl et al, 2011).
was displaced slightly further to the west by FLEXPART. A direct comparison of simulated and measured particle
The same kind of plot is shown in the lower panel mass concentrations on 19 May is shown in Fig. for
of Fig. 11 for the third CARIBIC volcano flight on the flight section 09:30-12:00UTC. The black solid line
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Fig. 12. Comparison of OPC measured ash concentrations with simulations from the FLEXPART model for the CARIBIC flight on

19 May 2010. The green lines indicate the particle mass concentrations derived from the OPC measurement using the smallest slope
for the size distribution extrapolation (blue dotted lines using the largest slope). The three lines are calculated assuming different refractive
indices for the volcanic ash particles (see text). The simulated FLEXPART total ash particle mass is shown by the black line. The red line
shows the simulated FLEXPART ash particle mass in the size range 250 nm—4.5 um. The black and red dashed lines show the correspondin
FLEXPART ash particle masses for the altitude bin below the CARIBIC flight altitude.

shows the total volcanic aerosol concentration in all sizefor the OPC particle mass concentration are 133pgm
classes from the FLEXPART simulations. The red solid (108 pgm3 for maximum slope) and =1.50-0.01i. Us-

line is restricted to the seven FLEXPART size classes beding the altitude bin below the CARIBIC flight altitude (black
tween 250 nm and 4.5 um that overlap with the maximumand red dashed lines) improves the temporal agreement but
size range of the OPC. The black and red dashed lines are thgorsens the quantitative agreement. Considering the un-
FLEXPART results for the altitude bin below the CARIBIC certainties of the measured OPC mass concentrations and
flight altitude. The total aerosol concentrations derived fromthe FLEXPART simulations, this is a good agreement of
the OPC measurements using the smallest slope for the siZeLEXPART model and OPC measurements.

distribution extrapolation are shown by the green solid lines.
The blue dotted lines are calculated using the largest slop
(see also discussion in Sedt3). Comparing OPC mea-
surement and FLEXPART simulation, the timing of the ash

clouds seems to agree slightly better for the bin below the fllghts with the new OPC system described in this article and
CARIBIC flight altitude (dashed red line) while the ash mass the first flights with the improved DOAS spectrometers (see
concentration agrees best in the actual altitude bin of theﬂeue et al.2017. Most equipment functioned well, but be-
model (solid red line). cause of the upgrade and extension of the CARIBIC con-
The FLEXPART simulation predicts a first ash encounter tainer with new or improved instruments, there were gaps in
during 10:35-10:45 UTC with a maximum ash concentrationthe observations. Nevertheless, the CARIBIC aircraft con-
of 379pgm 3 (287 pgm for particles smaller than 5um  ducted a comprehensive suite of measurements in volcanic
in diameter). At that time, the OPC only measured agsh clouds of variable age during the three flights which add
very small increase in the uppermost channel as indicatedome unique in situ observations to the multitude of measure-

by the green dashed line at 10:35UTC. This probably in-ments collected during the Eyjafjaltaull eruption in 2010.
dicates an ash cloud that is very variable with patches

of higher concentrations and patches of ash-free air. A6.1 Volcanic aerosol composition and concentrations
slight error of the modelled ash cloud position and cloud _ .

edges could exp]ain that the difference between measur@n 20 Aprll 2010 the volcanic ash cloud had descended from
ment and ELEXPART model results. Later both OPC andits initial altitude of~7 km to around 3 km or below over Eu-
FLEXPART simulations indicate volcanic ash with maxima rope @nsmann et a).201Q Flentje et al. 2010. At these
around 11:13UTC and 11:28 UTC. While the timing is very low altitudes the ash blended into the planetary boundary
similar in OPC measurement and FLEXPART simulation for Iayer in which it is difficult to diStingUiSh the normal bound-
these maxima, the ash mass concentrations are somewhat dty layer aerosol from volcanic ash particles. During the
ferent but agree within their uncertainties. The FLEXPART subsequent flights in May 2010, the volcanic clouds were
maximum at 11:33UTC is 104 ugm (100 pgnt3 for par- ~ found in the free troposphere well separated from the plane-
ticles smaller than 5um). The corresponding numberstary boundary layer.

% Discussion

The three Eyjafjallajkull volcanic flights were the first
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The patrticle impactor sampler collected a total of 13 sam- The optical particle counter (OPC) measures the particles
ples during the three CARIBIC volcano flights (see Tal)le  size distribution up to a particle diameter-ef pm and an in-
Four of the samples were found to have an elemental compakegral of larger particles up to the inlet cut-of§0 % collec-
sition rich in silicon and iron and hence were similar to ashtion efficiency at 5 um particle diameter). It therefore missed
samples collected at the surface in Iceland (see supplememhost of the larger particles of up t812 um-14 um diame-
of Sigmundsson et al2010 and to precipitation samples ter that were still present according to the FLEXPART model
collected on HohenpeiRenberg in southern Germatenje  even after long-range transport (lower panel in Bjg.Mea-
et al, 2010. Of those four samples the highest iron frac- surements with the DLR Falcon and at the Jungfraujoch re-
tion was found in the sample collected on 20 April 2010 search station in the Swiss Alps showed that there were in-
over the Baltic Sea. Silicon was enhanced in that sampleleed considerable amounts of particle mass in this size range
as well but not as much as in the volcanic samples from(Schumann et 312011 Bukowiecki et al, 2011). Together
the later two flights which showed silicon fractions of up with the unknown real size distribution for the particles larger
to 10.0wt%. Moreover the OPC observations (not shown) than 1.0 um in diameter, this means that the OPC probably
indicated enhanced particle concentrations only during theunderestimated the true ash mass concentrations present in
first part of the particle sampler integration time for the sam-the ash clouds encountered during the CARIBIC volcano
ple on 20 April. Hence, the particle sample was collectedflights. The change in the assumed volcanic ash refractive
only partly in air loaded with volcanic ash but partly also in index moves the upper detection limit of the OPC to lower
ash-free background air which did not have contact with theparticle sizes for larger real part (smaller imaginary part)
volcanic cloud. The aerosol elemental composition of theof the refractive index and correspondingly all channels are
samples collected on 19 May 2010 over the Norwegian Seahifted to smaller sizes (see red vs. gray bars in upper panel
is very similar to that found three days earlier over Northernin Fig. 8). This shift to smaller diameters is the reason for
Ireland and the Irish Sea but with a little more iron and lessthe shift to lower particle mass concentrationsAer 1.60—
calcium. 0.0001i. At the same time it reduces the maximum volcanic

Ash samples collected on the ground in the vicinity of ash mass concentration on 19 May 2010 from 133 pjfor
the volcano (see details in the supplemenstgmundsson  n =1.50-0.01i to 59 pugm? for n = 1.60-0.0001i. The differ-
et al.(2010) have a similarly high Si/Fe ratio of 3.5 as was ence at the smallest diameters is due to different counting ef-
found in the CARIBIC volcanic particle samples but have ficiencies at the lower detection limit of the OPC but has no
even higher relative amounts of Si, Ca and Fe with 2%yt  significant influence on the total particle mass. The results
4.1wt% and 7.6 wbhb, respectively (see TabR®). The ele- for the intermediate refractive index fall in the middle of the
mental composition of the aerosol samples together with théwo other refractive indices. The three refractive indices were
back trajectories clearly showed that the measured particleselected to span the whole range of possible values. The true
had their origin at the Eyjafjallékull volcano on Iceland. particle mass concentrations were therefore probably some-

The decision to open or close airspace is based on meawhere within the range calculated using the lower and upper
surements of the total ash mass concentration with a threshrefractive indices.
old of 4mgnT3 below which safe aircraft operation is  The CPC particle concentrations for the flight on 16 May
deemed possible&Eiropean Commissio2010. The Eyjaf-  (upper panel of Fig5) indicate new particle formation
jallajokull eruption produced massive amounts of ash parti-(blue line shows nucleation mode particles) at the begin-
cles, around half of them being smaller than 100 um in di-ning of the first volcanic cloud encounter north of Ire-
ameter during the first days of the eruption and less latedand around 10:17UTC and none for the volcanic cloud
on after all the overlying ice had melted and the style of around 12:00 UTC. However without knowing such impor-
the eruption changeds@nderson2010. However, single tant parameters as the precursor gas concentrations or the
particles of 20 um diameter have a sedimentation velocityavailable particle surface area, it is not possible to analyse
of ~130mhour? or 3.1kmday?! (Ginoux 2003 Schu- this eventin more detail.
mann et al.2011). Aggregation of particles may even lead  For 19 May, the three size channels of the CPC particle
to faster settling while aerodynamic drag on irregular parti- concentrations show differences in the shape of the peaks
cles may lead to slower sedimentation velocitieaddeucci  around 10:34 UTC, 11:15UTC and 11:30 UTC (see arrows),
et al, 2011, Sorem 1982. Hence even though there are especially for the nucleation mode particles (blue line in up-
considerable uncertainties and a large variability of the in-per panel of Fig7). The elevated nucleation mode particle
jection height of the ash, probably most of the particlesconcentration indicates that a few hours before sampling the
>20um diameter were removed from the ash cloud be-first two volcanic clouds, some new particle formation had
fore the CARIBIC aircraft measurements as mean transitaken place despite the elevated OPC particle mass and hence
times from emission to measurement were around 45 h fothe high available particle surface area. In the last intercepted
16 May 2010 and around 20h for 19 May. This is also cloud around 11:30 UTC, the particle surface area was prob-
confirmed by the simulated FLEXPART size distribution for ably too large and thus inhibited new particle formation. This
19 May in the lower panel of Figg. explanation is supported by the anti-correlation @b red
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line) and OPC particle mass (green lines). For the OPC masi agreement with model calculations sgn Glasow(2010
concentration, the peak around 11:30 UTC is highest whileand rapid @ destruction in a volcanic cloud after chlorine
N1z is largest for the first peak around 10:34 UTC. This in- and bromine activation in the stratosphere reported/dy
dicates a consecutive shift towards larger particles becauskard et al.(2006. In the model, the @loss is mostly due
already a few more large particles lead to a strong increaséo bromine chemistry. The CARIBIC NMHC measurements

of the particle mass as it depends on the radius cubed. inside the volcanic clouds could not identify bromine chem-
istry but instead showed clear indications of chlorine chem-
6.2 Trace gases in the volcanic clouds istry (Baker et al.2011). The latter can also destroys@ut

did so in the model with less efficiency. Also there is much

The CO measurements showed increases of up to 80 ppore G (60 ppb) than BrO (6 ppt). This may explain the ab-
in some parts of the volcanic clouds and no increases irsence of clear @losses inside the volcanic clouds measured
other parts where the CPC and OPC measurements clearfjuring the CARIBIC flights. A detailed discussion of the
showed that the aircraft was still inside the volcanic cloud. MAX-DOAS SO, and BrO measurements on 16 May and
This demonstrates the large variability of the volcanic cloudscomparisons of MAX-DOAS and satellite measurements has
which is probably due to the changing emission characterispeen published in a companion article in this special issue
tics combined with small-scale structures created by mixingby Heue et al(2011).
and turbulence during the advection of the volcanic clouds The clearer volcanic signature in the NMHC depletions on
from Iceland to the British Isles and the Norwegian Sea. 19 May 2010 compared to 16 May may be due to the shorter

A plume of Iceland’s Hekla volcano was shown to con- mean transport times @20 h for the third flight on 19 May
tain up to 45 ppbv CO about 34 h after the erupti®oge  compared to~45 h for the second flight thus giving less op-
et al, 2006. The DLR Falcon found CO enhancements of portunity for mixing with non-volcanic air. However, as the
up to 72 ppb in one Eyjafjaltzkull ash cloud on 2 May 2010  NMHC background values were nearly identical during these
but much less in most other observed volcanic clo&th@-  two flights and it seems highly unlikely that the volcano is an
mann et al.2011). The CARIBIC measurements for the Ey- NMHC source, it could still be that the volcanic emission
jafjallajokull clouds were made far away from the volcano was stronger with more available chlorine for the later flight.
after 19 h—53 h of transport and mixing. Compared to thesea more detailed analysis of the NMHC depletions detection
other measurements, the observed CO enhancements of @firing the three CARIBIC volcano flights has been published
to 80 ppb are comparable but rather high while the CO vari-in a separate article Bgaker et al(2017).
ability agrees with the DLR Falcon measurements. Produc- The partial mismatch of chemical influence (as indicated
tion of CO through the reaction of methane with chlorine jn the whole air samples) and ash particle detection during
radicals (Cl), shown to be presentin the volcanic clouds, canthe flight on 16 May 2010 over Northern Ireland and on
not explain the observed CO peaks. At the derived Cl con-19 May over the Norwegian Sea shows a partial separation
centrations, the transport time of up to two days would atof yolcanic ash and volcanic gases, presumable already close
most produce a few ppb of CO. As strongly enhanced hy-g the volcano eruption columiHplasek et al.1996), with
droxyl radicals (OH) inside the volcanic clouds are found to sypsequent somewhat different dispersion due to wind shear.
be very unlikely Baker et al. 2011), the production of CO  This also means that glazing of aircraft turbines by melting
through methane destruction by OH also fails to provide angsh and abrasion of aircraft windows does not necessarily
explanation for the observed CO peaks. For the flight ongceur in the same airspace where enhanced corrosion may
16 May 2010, the CO enhancement together with the indicapccur due to sulphuric acid formed when volcanic,3&-
tions for new particle formation from the CPC measurementsacts with atmospheric water. The separation of volcanic ash
imply that deep convection of boundary layer air at the vol- particles and volcanic gases is confirmed by satellite inves-
cano may have contributed to the enhanced CO concentraigations of the Eyjafjallajkull eruption Thomas and Prata
tions. 2011).

During the second CARIBIC volcano flight on
16 May 2010, no significant ozone decreases were founag.3 Comparison to FLEXPART dispersion model
during the CO peaks. On 19 May, two co-locategl dips
were found around 11:28 UTC (see lower panel of Fijg.  Although forecasts from the Volcanic Ash Advisory Cen-
However, considering the ozone variability before and aftertre (VAAC) in London as well as multiple other dispersion
the encounter of volcanic air, it remains unclear whether thismodels were used for the flight route planning ahead of the
is due to Q destruction in the volcanic clouds or just the flights, it appeared to be generally difficult to intercept parts
background variability. of the diluted volcanic clouds, in particular in view of the

Vance et al(2010 found a mean @destruction of 37 % in  limited vertical extent of the ash layers. The VAAC forecasts
Eyjafjallajokull clouds that was maintained for several days proved to be useful to find the general area of ash contamina-
after the eruption. Even largers@epletions were found by tion while other models like the NILU FLEXPART model
the DLR Falcon $chumann et g12011). Both findings are  proved to be more useful to determine the flight altitude
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due to their higher vertical resolution. The comparisons of The optical particle counter showed enhanced concen-
CARIBIC measurements and FLEXPART aerosol modelling trations of particles with diameters larger than 400 nm on
show good agreement for some parts of the clouds while thd9 May 2010 over the Norwegian Sea in regions where
position of the cloud edges was not always well simulated. FLEXPART and other dispersion models had predicted the
This is an encouraging result given that the CARIBIC parti- occurrence of volcanic ash from the Eyjafjaiiljll volcano.
cle mass concentration measurements have their own set & few aerosol mass concentration peaks were also found on
uncertainties mainly due to the unknown refractive index and20 April. The highest aerosol mass concentration found was
the restricted size range covered by the OPC (see &€t. 277 pugni3. The three size channels of the CPC provided

This differences between CARIBIC measurements andsigns of new particle formation in the volcanic clouds and
FLEXPART ash dispersion modelling show that even with asuppression of new particle formation at the largest particle
well-constrained source term (see detailed description of thenass and hence particle surface concentrations. The compar-
model run inStohl et al, 2011) simulated volcanic clouds can ison of FLEXPART simulations and CARIBIC particle mass
be offset from real cloud locations due to errors still presentmeasurements shows that for improving the ash dispersion
in the source term, uncertainties in the simulated transportmodel forecasts, it will be important to measure as close to
and ash removal processes. It also indicates the continuetthe source as possible and with instruments that cover the
need for a safety zone around modelled ash clouds with conentire size range of the ash particles.
centrations exceeding thresholds considered safe for avia- On 16 May 2010, S@clouds were found over Northern
tion, to allow for ash cloud position errors. Ireland and the Irish Sea together with smaller enhancements
of BrO. Non-methane hydrocarbon (NMHC) measurements
in whole air samples collected on 16 May and 19 May
showed a depletion pattern that was dominated by chlorine
radical chemistry. The observed CO enhancements of up
The CARIBIC observatory is designed for the regular to 80 ppb were larger than expected from NMHC destruc-
surveillance of the atmosphere and the measurement equigion as strongly enhanced hydroxyl concentrations could also
ment was not optimised for the detection and investigationbe excluded from the NMHC measuremenBaker et al.
of volcanic ash and gas clouds. However, the shear lack011). No significant ozone depletions were found in the
of information following the eruption of the Eyjafjali@kull volcanic clouds.
in April 2010 lead to the decision to conduct three spe- Based on the CARIBIC observations, three key points
cial CARIBIC flights on 20 April over the Baltic Sea and should be taken into consideration for aircraft safety in the
Sweden, on 16 May over Ireland and the Irish Sea and orevent of a volcanic eruption. First, agreement between ob-
19 May 2010 over the Norwegian Sea. They proved thatservations and model predictions shows that models work
CARIBIC can investigate many different aspects of volcanicwell to gain an approximate location of volcanic ash. How-
clouds (see alsbleue et al.2011; Baker et al, 2011 Mar- ever, discrepancies indicate the need for a safety buffer zone
tinsson et al.2009. The CARIBIC container features amul- around modelled ash clouds with high ash mass concentra-
titude of instruments for both in situ sampling and remotetions. Second, CARIBIC measurements indicate that ar-
sensing as well as air and particle sampling for post-flighteas of high concentrations of potentially corrosive volcanic
laboratory analyses. gases (like S@ seeCasadevall1993 are not always coinci-

Aerosol particles collected over the Baltic Sea on dent with areas having enhanced particle densiié®ihas
20 April 2010 indicated the presence of volcanic ash throughand Prata2011). Third, for a better understanding of vol-
their elemental composition with an enhancement in siliconcanic clouds, comprehensive measurements as those with the
and a very high enhancement in iron, similar to ash sam-CARIBIC container offer a detailed insight into their particle
ples collected on the ground close to the volcano. Even largenumber and mass densities, trace gases and the chemistry in-
relative enhancements of silicon, titanium and calcium wereside these clouds.
found in particle samples collected over the Irish Sea on
16 May and the Norwegian Sea on 19 May showing that the
aircraft really sampled inside volcanic clouds from the Eyjaf- Acknowledgementsie wish to thank all our CARIBIC partners.
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