Atmos. Chem. Phys., 13, 1781796 2013 Atmospheric o
www.atmos-chem-phys.net/13/1781/2013/ . g
d0i:10.5194/acp-13-1781-2013 Chemistry >
© Author(s) 2013. CC Attribution 3.0 License. and Physics &

Composition and evolution of volcanic aerosol from eruptions of
Kasatochi, Sarychev and Eyjafjallajokull in 2008—-2010 based on
CARIBIC observations

S. M. Anderssort, B. G. Martinssont, J. Friberg?, C. A. M. Brenninkmeijer 2, A. Rauthe-Sctoch?, M. Hermann3,
P. F. J. van Velthovert, and A. Zahn®

IDivision of Nuclear Physics, Lund University, Lund, Sweden

2Max Planck Institute for Chemistry, Atmospheric Chemistry, Mainz, Germany

3Leibniz Institute for Tropospheric Research, Leipzig, Germany

4Royal Netherlands Meteorological Institute, de Bilt, The Netherlands

SInstitute for Meteorology and Climate Research, Karlsruhe Institute of Technology (KIT), Germany

Correspondence td. M. Andersson (sandra.andersson@nuclear.lu.se)

Received: 12 April 2012 — Published in Atmos. Chem. Phys. Discuss.: 22 August 2012
Revised: 7 January 2013 — Accepted: 5 February 2013 — Published: 18 February 2013

Abstract. Large volcanic eruptions impact significantly on LMS mainly consisted of sulphate (50-77 %) and carbon
climate and lead to ozone depletion due to injection of par-(21-43 %). These fractions were increasing/decreasing with
ticles and gases into the stratosphere where their residendbe age of the aerosol. Because of the long observation pe-
times are long. In this the composition of volcanic aerosolriod, it was possible to analyze the evolution of the relation-
is an important but inadequately studied factor. Samples ofhip between the ash and sulphate components of the vol-
volcanically influenced aerosol were collected following the canic aerosol. From this analysis the residence time (1/e) of
Kasatochi (Alaska), Sarychev (Russia) and also during thesulphur dioxide in the studied volcanic cloud was estimated
Eyjafjallajokull (Iceland) eruptions in the period 2008—-2010. to be 45+ 22 days.
Sampling was conducted by the CARIBIC platform during
regular flights at an altitude of 10-12 km as well as during
dedicated flights through the volcanic clouds from the erup-
tion of Eyjafjallajpkull in spring 2010. Elemental concentra- 1 Introduction
tions of the collected aerosol were obtained by accelerator-
based analysis. Aerosol from the Eyjafjafikjill volcanic ~ Despite its modest size, the eruption of Eyjafjdilajll vol-
clouds was identified by high concentrations of sulphur andcano in the spring of 2010 caused considerable disruption of
elements pointing to crustal origin, and confirmed by trajec-European air traffic due to the ash and sulphate aerosol it pro-
tory analysis. Signatures of volcanic influence were also usedluced. In particular ash particles are hazardous, since they
to detect volcanic aerosol in stratospheric samples collected¢an damage jet engines and disrupt avionics and navigation
following the Sarychev and Kasatochi eruptions. In total it Systems (Casadevall, 1994), whereas sulphate aerosol have
was possible to identify 17 relevant samples collected bebeen reported to cause crazing of aircraft windows (Carn et
tween 1 and more than 100 days following the eruptions studal., 2009). Above all the complex effects of volcanoes on at-
ied. The volcanically influenced aerosol mainly consisted ofmospheric chemistry and physics are also of concern for cli-
ash, sulphate and included a carbonaceous component. Samate (Ammann et al., 2003). Not only the amount of ejected
ples collected in the volcanic cloud from Eyjafjatiéull material, the location of the volcano and the force of the erup-
were dominated by the ash and sulphate comporne#6 @0  tion, but also the properties of volcanic aerosol play a con-
each) while samples collected in the tropopause region angiderable role in these contexts. Unfortunately, our present
understanding of the composition of volcanically influenced
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atmospheric aerosol is limited since quantitative measureacross the tropopause (Papaspiropoulos et al., 208#&et
ments in the free troposphere and in the stratosphere aral., 2009). Especially aerosol from forest fires can be brought
scarce. To improve this situation, we report here on the in-to high altitudes by extreme convection, however, the fre-
vestigation of the elemental composition of volcanic aerosolquency and global contribution of such events is poorly un-
sampled directly in the volcanic cloud from the Eyjafjal- derstood (Fromm et al., 2004, 2008). Guan et al. (2010) es-
lajokull eruption in 2010, and moreover sampled in the up-timated that on average about six such events per year lead
per troposphere/lowermost stratosphere (UT/LMS) follow- to injection of particles to altitudes above 8 km. With a fre-
ing eruptions of the volcanoes Kasatochi (Alaska, 2008) andquency of one or a few events per year, volcanic eruptions
Sarychev (Russia, 2009). contribute to stratospheric aerosol mass of similar magnitude

The scattering and absorbing properties of volcanicas OCS does (Vernier et al., 2011), and in a few events per
aerosol affect the Earth’s radiation budget and thus result ircentury volcanism is by far the strongest source of strato-
temperature gradients that perturb circulation patterns andpheric aerosol (Ammann et al., 2003).
impact climate (IPCC, 2007). After the eruption of Mount  Volcanic eruptions inject large quantities of ash and gases
Pinatubo in 1991, with a large Volcanic Explosivity Index into the atmosphere. Sulphur dioxide is the third most abun-
(VEI) (Newhall and Self, 1982) of 6, the global, tropospheric dant gas in volcanic emissions, after water vapor and car-
temperature was estimated to have beeriO.lower thanthe  bon dioxide (von Glasow et al., 2009). It is oxidized in
climatological average temperature. Another large eruptiorthe atmosphere thus leading to sulphate aerosol. Enhanced
in Tambora (1815, VEI 7) caused an estimated drop in globakoncentrations of stratospheric aerosol following the erup-
mean temperature of 0.4 to 0C (McCormick et al., 1995). tions of El Chiclbon (1982) and Pinatubo (1991) had a resi-
Stratospheric aerosols also act as surfaces for heterogeneodence time (1/e) of 10.3 and 12.0 months respectivélged
reactions that affect the distribution of ozone and other trace2005; Deshler, 2008). Especially the number concentration
gases (IPCC, 2007). Not only massive eruptions such a®f particles larger than 1 um in diameter was observed to in-
those mentioned above are of importance to the stratosphericrease substantially following the Pinatubo eruption (Desh-
aerosol load. A study by Vernier et al. (2011) based on satelier, 2008). The directly emitted ash particles exhibit a size
lite observations shows that eruptions of lower explosivity of 2 mm or less (by definition) (Heiken and Wohletz, 1985),
are also an important source of stratospheric aerosol. Theiand show a large span in size with particle diameters down to
effect is visible in the increase of the stratospheric aerosoless than 1 um (Rose and Durant, 2009; Mather et al., 2003).
layer that has occurred since 2002 after a period with littleLarge particles sediment quickly while very fine ash particles
volcanic influence. This increase in the stratospheric aerosal<15 um) have been found to have a residence time of days
load has also been observed in other data sets, however, ate weeks in the UT/LMS (Rose and Durant, 2009; Niemeier
thropogenic influence cannot be ruled out (Hofmann et al.et al., 2009). During the first 24 h after an eruption a rapid
2009; Solomon et al., 2011). decrease of the fine ash-25pum) content of the volcanic

In the absence of volcanic eruptions, stratospheric aerosatloud have been observed, likely caused by aggregation into
is mainly found at altitudes of 20-30 km (Junge et al., 1961).larger particles with higher settling velocities (Rose et al.,
This aerosol layer, referred to as the Junge layer, mainly con2001). After this initial phase, ash concentrations decrease
sists of sulphate aerosol that is chiefly formed by sulphurmore slowly together with concentrations of $@sh and
dioxide (SQ) produced from photo-dissociation of carbonyl SO, clouds can either be travelling collocated or separated in
sulphide (OCS) transported from the troposphere (Crutzenthe atmosphere. Vertical separation occurs due to the erup-
1976). However studies indicate that OCS is not enough tdion style or by different sedimentation velocity of ash and
explain the observed aerosol load (Chin and Davis, 1995)S0;,, and horizontal separation due to wind shear (Thomas
and direct transport of SOor sulphate aerosol have been and Prata, 2011). Although research has shown that fine ash
suggested as important contributions to stratospheric aeros@articles are spread and deposited over large areas (Rose and
(Pitari et al., 2002; Myhre et al., 2004). Volcanic injections Durant, 2009), we know little about the atmospheric fate
however makes it difficult to determine the background state(change in composition, lifetime) of volcanic particles in the
of the stratospheric aerosol layer (Solomon et al., 2011), ananicrometer size range.
thereby the importance of different sources for its produc- Mostresearch into atmospheric influence of volcanic erup-
tion. A carbonaceous component of the UT/LMS aerosoltions is based on remote sensing from the surface or from
was identified by Murphy et al. (1998), which was subse- satellite to follow the dispersal of volcanic $@louds or
quently found to be a large fraction of the aerosol (Nguyento investigate the influence of eruptions on the stratospheric
et al., 2008; Murphy et al., 2007). Martinsson et al. (2009) aerosol load. The actual composition of volcanic aerosol
found that volcanic aerosol contains a large carbonaceoubas been investigated by aircraft-based measurements by
component. Additional sources contributing to the aerosolMartinsson et al. (2009) and Schmale et al. (2010) following
load in the UT/LMS, include air traffic (Ferry et al., 1999; the Kasatochi eruption in 2008 and recently by Schumann et
Kjellstrom et al., 1999), meteorites (Cziczo et al., 2001) al. (2011) in the volcanic cloud from Eyjafjalidjull. How-
and boundary layer aerosol and precursor gases transporteyer these studies only consider aerosol composition from
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single eruptive events and do not address evolution of thaime of approximately 0.25#STP (Standard Temperature
composition of volcanic aerosol in the atmosphere. In the(273K) and Pressure (1013 hPa)). Sampling is suspended
study by Martinsson et al. (2009) a subset of the data prewhen the outside pressure is above 350 hPa. However, dur-
sented in this study was used to investigate the developmernhg the special flights through the Eyjafjaliéqull volcanic

of the sulphurous and carbonaceous components of the vokloud, collection of aerosol at lower altitudes was allowed
canically influenced aerosol. and the sampling time was reduced to 50 min.

Here we present and discuss the multi elemental com- Aerosol samples were analyzed by accelerator-based tech-
position of aerosol from three eruptions with VEI 4. The niques at the Lund ion beam analysis facility using two
volcanic aerosol was collected between one and over 10@nethods to obtain elemental concentrations: PIXE (Particle-
days after the eruptions, which provides a unique opportudinduced X-ray Emission) and PESA (Particle Elastic Scat-
nity to investigate the evolution of the aerosol. Aerosol sam-tering Analysis). In both methods the samples were mounted
pling and measurements of trace gases were performed by a high vacuum chamber and irradiated with a beam of
the CARIBIC (Civil Aircraft for Regular Investigation of the 2.55MeV protons. Concentrations of elements with atomic
atmosphere Based on an Instrument Container) platform opaumbers of 16.§) or more were obtained by PIXE (Johans-
erating on a passenger aircraft (Brenninkmeijer et al., 2007son and Campbell, 1988), and concentrations of hydrogen,
www.caribic-atmospheric.com carbon, nitrogen and oxygen by PESA (Nguyen and Mar-

tinsson, 2007). PESA was implemented for analysis of sam-

ples collected after 2005. Detection limits reached from sev-
2 Experimental methods eral down to 0.1 ng m3 STP, depending on element. The ac-

curacy for elemental determination by both methods is esti-
Samples of volcanic aerosol particles were obtained frommated to be 10 % (Nguyen and Martinsson, 2007). The PIXE
the CARIBIC platform during regular long-distance passen-technique can also detect silicon (Si) when the concentrations
ger flights in the UT/LMS following large eruptions of the are high, such as in aerosol samples which are dominated by
Kasatochi (2008) and Sarychev (2009) volcanoes, as well aaerosol particles from volcanic eruptions. In samples with
during special flights at 4-12 km altitudes on 16 May and 19low concentrations of Si problems arise due to interference
May 2010, which were conducted to investigate the compo-with sulphur, which is often dominant. In samples with a S/Si
sition of the volcanic clouds produced by the Eyjafjailajll ratio below a critical value, these effects have been corrected
eruption (Rauthe-Sdicth et al., 2012). The CARIBIC mea- for, but for larger S/Si ratios corrections were not possible
surement container is mounted in the forward cargo bay ofand the measured Si concentrations were excluded from the
a Lufthansa Airbus 340-600 during four sequential flightsresults. Elements that usually are below the detection limit
(Brenninkmeijer et al., 2007) on a monthly basis. From (Sr, Zr) were detectable in samples collected in the Eyjaf-
Frankfurt (Germany) destinations in North and South Amer-jallajokull volcanic clouds, using longer than usual analysis
ica, South Africa and South and East Asia are reached, thusmes.
covering a large geographical area mainly in the Northern We further use data from ozone measurements performed
Hemisphere. Instruments in the container automatically meaby two instruments on the CARIBIC platform. A UV-
sure concentrations of many trace gases, aerosol numbghotometer is used for accurate determination of the ozone
concentrations and the aerosol size distribution. In additionconcentration by absorption of UV light and also serves as
sampling of air and aerosol particles for laboratory analy-a standard for a fast chemiluminescence detector which en-
sis takes place. This study concentrates on volcanically influables ozone detection with high temporal resolution. The ac-
enced aerosol samples collected between 2008 and 2010, batiracy is estimated to be 0.3-1 % at typical mixing ratios at
also uses measurements of the background aerosol collectedmeasurement frequency of 10 Hz (Zahn et al., 2012).
from 1999 to 2002 (Martinsson et al., 2005) and somewhat Also measurements of SCconcentrations and particle
volcanically influenced samples from 2005 to 2008. size distributions during the flights in the volcanic cloud

Aerosol particles of 0.08-2um aerodynamic diameterfrom Eyjafjallajokull were used in this study. Concentrations
were collected in a multi-channel aerosol sampler on 0.2 unof SO, are obtained from the CARIBIC DOAS (Differen-
thick polyimide foils (Nguyen et al., 2006) by impaction. The tial Optical Absorption Spectroscopy) instrument (Dix et al.,
upper size limit is determined by a cyclone separator place®009), detecting N@ HCHO, HONO, BrO, OCIO, @, SO
between the aerosol inlet and the sampler, and the lower limiand Q, simultaneously by measuring scattered or reflected
by the cutoff diameter of the aerosol sampler. The samplesunlight, collected with three telescopes pointing82° ,
has 16 sampling channels with 14 for sequential collection—10° and+1C° relative to the horizon, with a temporal res-
and 2 for integral samples used to monitor contamination byolution of 8 s. During the volcanic flights the instrument was
comparing the integral samples to the sum of the sequentiabnly functioning properly on May 16, measuring in th82°
samples. The sampling time for each sequential sample iand—10° directions (Heue et al., 2011). Particle size distri-
typically 100 min, corresponding to a flight distance of ap- butions are measured with an integrated OPC (Optical Parti-
proximately 1500 km at cruising speed, and a sampling vol-cle Counter), which measures particles with a diameter in the
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Fig. 1. Ratio of particulate sulphur to ozone concentration in aerosol samples collected in the tropopause region (grey circles) and the
lowermost stratosphere (black triangles). The dotted line indicates the geometrical mean of samples collected before the eruption of Kasatoch
in August 2008. The occasions of major eruptions are marked by vertical lines.

range of approximately 0.1-1um. OPC measurements fron3 Results

the volcanic flight on 19 May were used in this study (Heue

etal., 2011; Rauthe-Sobh etal., 2012). Atime resolution of 3 1 |dentification of volcanic aerosol
3 min was used to calculate the OPC size distributions during

this flight. A first indication of volcanic influence on CARIBIC

Potential vorticity (PV) at the location of the aircraft was . .
. . UT/LMS aerosol samples is high concentrations of sulphur.
used to determine whether collected particles were of tro-

. T : These concentrations correspond to sulphate aerosol pro-
pospheric or stratospheric origin, the tropopause region Wa3uced from S@ emitted during eruptions. Such influence

defined as the region between 1.5-3PVU (Potential Vor'is mainly seen in stratospheric samples, where the residence
ticity Unit; 1PVU=10°%Km?kg1s1). PV was derived y ratosp pies,
. ) time of aerosol particles is long compared to the troposphere.
from archived ECMWF (European Centre for Medium-range . . . -
; . In Fig. 1 the ratio of S/@ is used as an indicator of vol-
Weather Forecast) analyses with a resolution of 11 de- Y ; )
. ) S . o canic influence on stratospheric aerosol. Concentrations of S
gree in the horizontal direction and 91 vertical hybrid sigma- o o
. . ... and @ show a correlation in absence of volcanic influence,
pressure model levels. To obtain PV at the aircraft position_. .
since both sulphate and ozone are produced in the strato-

the PV values was interpolated linearly in latitude, Iongltude,Sphere with the aid of shortwave radiation. Consequently,

log pressure af.‘d ime for each s.ample_. . high concentrations of sulphur are usually observed in as-
The recent history of probed air was investigated by means

. . . sociation with downward transport in the stratosphere, to-
Of. 5'0""?3’5 backward ar mass trajegtorles, cqlculated ever)éether with elevated ©levels (Martinsson et al., 2009).
third minute along the flight route using the Frajectory mode] Explosive volcanic eruptions disturb this ratio by, injecting
TRAJ.KS _(Scheele _et al,, 1996) and the horizontal and Vem'large amounts of additional sulphur. In Fig. 1, volcanic in-
Cal(:ﬁﬁ%lliﬁifarg/vtlg??aﬁa};i Cr:yMaVrY;S/sis i darmeasurementéluence is indicated by elevated S$/@atios following ma-
from the CALIPSO (Cloud-Aerosol Lidar and Infrared Jor eruptions (VEI 4) of the Kasatochi (5218, 175.5F W,

, : . . -August, 2008), Redoubt (60.481, 152.74 W, March/April,
Pathfinder Satellite Observations) satellite were used. The I|2009) and Sarychev (48.08, 153.20 E, June, 2009) vol-

daris equipped with a Nd:YAG laser producing highly polar- canoes. The sulphurous and carbonaceous components of

ized co-aligned beams with wavelengths of 532 and 1064 "Mhe aerosol related to the Kasatochi eruption were discussed

Clouds and different types of aerosol particles can be |dent|—in detail in the study by Martinsson et al. (2009). Fig. 1

fied since the shape and size of particles and droplets causg s that elevated SiQatios prevailed for at least four

gltffaelreg(t)gg;:lttermg properties at these wavelengths (kae?nonths after the Kasatochi eruption and were just reach-

ing background levels when elevated concentrations of sul-
phur again were observed after the Redoubt and Sarychev
eruptions in 2008. The small effects of the Eyjafjalajll
(63.63 N, 19.62 W) eruption in April/May 2010 can be ex-
plained by the fact that the emissions were poor i 86d

that only a small fraction of the plume reached the strato-
sphere (BGVN, 2010; Thomas and Prata, 2011). However,
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Fig. 2. Air-mass back-trajectories (thin black lines) calculated for one sample collected during the first CARIBIC flight from Frankfurt to
Caracas at 23 June 2009 (orange dotted line) following the eruption of Sarychev, combined with volcanic aerosol (VA) layers at 10-13 km
altitude (colored lines) obtained from CALIPSO lidar measurements at 21 June 2009. Green circles indicate where trajectories and aerosol
layers intersect horizontally and vertically.

very high concentrations of crustal elements were found intherefore it cannot be excluded that the crustal component
three aerosol samples collected during the special flights oof the aerosol has been transported from the boundary layer
16 May and 19 May 2010, strongly indicating volcanic influ- rather than been injected by the eruption. Due to the uncer-
ence. These samples were collected in the troposphere andinty of the source of the aerosol following the Redoubt
are thus not included in Fig. 1, which only shows sampleseruption, these samples are excluded from further considera-
collected in the stratosphere or the tropopause region. tion.

Further connection to the eruptions was established by Trajectory analysis performed for each of the three sam-
using 5-days, and in one case 8-days, backward trajectorples with large crustal components from the Eyjafjélajll
analysis for samples following the Kasatochi (Martinsson etvolcanic clouds showed that the sampled air had passed over
al., 2009), Sarychev and Eyjafjaltaqull eruptions. The first  the volcano. The transport time from the volcano to the air-
samples following the eruption of Redoubt were collectedcraft position, and thus the age of the aerosol, was estimated
more than a month after the first explosion; hence trajectoryto have been about 40 and 45h for the samples collected
analysis could not be used to verify volcanic origin. In ad- May 16 and about 25h for the sample collected May 19.
dition, these samples show less elevation in their33®  The time for sampling within the volcanic cloud, and thereby
tio than the samples following Sarychev and Kasatochi. Thethe most likely transport path, was determined from peaks in
eruptions of Sarychev and Kasatochi emitted approximateljthe SGQ and particle mass concentrations obtained from the
1.2 Tg (Haywood et al., 2010) and 2 Tg (Yang et al., 2010) CARIBIC DOAS and OPC instruments (Heue et al., 2011;
of SO, respectively, into the atmosphere which can be com-Rauthe-Scéch et al., 2012).
pared to only 0.08 Tg by the eruption of Redoubt (Lopez et Trajectory analysis conducted for samples following the
al., 2009). It is thus unlikely that the sulphate aerosol pro-Sarychev eruption was combined with lidar measurements
duced by the Redoubt eruption had large enough influencérom CALIPSO (Fig. 2). The large amount of sulphate
for a clear identification in sampled aerosol. It is possible thatproduced during this eruption made it possible to follow
the elevated concentrations in the samples instead are due tbe volcanic aerosol in the lidar measurements up to more
downward transport of an upper branch of the aerosol prothan a month after the eruption. Aerosol layers detected by
duced in the preceding eruption of Kasatochi. The volcani-CALIPSO at an altitude between 10 and 13 km were identi-
cally influenced aerosol also contains a crustal componentfied, and this information was put together with the path of
which will be further discussed in Sect. 3.2. Stratosphericcalculated air mass trajectories. By this method aerosol pro-
concentrations of crustal elements such as potassium (K) anduced in the eruption earlier than the 5 days backward time
iron (Fe) show a seasonal dependence with high concentraspan of the trajectories could be linked to the eruption, by
tions in spring (March to June) that seem to be connectednvestigating if the trajectories intersected these aerosol lay-
with transport across the tropopause from the tropospherers. Three samples collected during the first flight after the
(Martinsson et al., 2005). The samples collected following Sarychev eruption, taking place 12 days after the start of the
the Redoubt eruption were collected at this time of the yeargeruption, had trajectories that clearly traversed aerosol layers.
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UAAALL BNLALRALLL BNLELLLLLL IR RLRALLL N centrations in deposits from a volcanic plume compared to
@, ’ the magma (Moune et al., 2005), indicating that also this el-
ement could have been abundant in the gas phase and con-
densed onto the ash particles.

The oxygen content (corrected for the amount of oxygen
assumed bound to sulphurous aerosol in the form of sul-
phate) is also high compared to that of the fallout sample.
0.1 ,d The amount of oxygen in the fallout sample was not mea-
sured (indicated by grey symbols in Fig. 3), but are expressed
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s as generalized oxygen proportions to the corresponding ele-
0014 R, Mn = ments. It should however represent the approximate oxygen
ozl content, indicating that there is more oxygen in the aerosol
L samples. A likely explanation for the extra oxygen is that
0.01 0.1 1 10 part of it is bound to the carbonaceous fraction of the aerosol
Fallout Elemental Ratio to Iron (see Sect. 3.3).

The ash component of the Eyjafjalidqull aerosol is also

Fig. 3. Elemental ratio to iron in three aerosol samples (shown bysimilar to Earth’s crustal composition (Rudnic and Fountain,
different symbols) collected by the CARIBIC platform vs. fall out 1995). Although analysis of rare elements such as the chal-
sample (SRG 5a, Sigmundsson et al., 2010). The dashed line incophile metals (Bi, Cd, Cu, In, Pb and TI), found in vol-
dicates equal ratio. The oxygen content in the fallout sample iscanic plumes from degassing of silicate melts (Hinkley et al.,
not measuted and therefore indicated by grey symbols (see text f01994), would be necessary to distinguish volcanic ash from
futher details). this type of source, the high concentrations of crustal ele-

ments together with elevated sulphur concentrations in the

Also samples collected during the next flight, 6 weeks afterderosol samples are strong evidence of volcanic origin. On

the eruption, could be connected to the aerosol produced i final note, all of the elements, except manganese (Mn), in
the eruption by this method, because the volcanic cloud couldhese three samples have the highest concentrations noted in

still be identified in the CALIPSO measurements. the entire CARIBIC data set taken over a 10 years period.
Therefore the composition of crustal elements in the Eyjaf-
3.2 Ash composition jallajokull aerosol samples (Fig. 3) is used here to define the

ash component of volcanic aerosol.
The high concentrations of crustal elements in three of the The ash component of the sampled aerosol caused by the
samples collected during the Eyjafjatiull eruption are im-  Kasatochi and Sarychev eruptions was identified by compar-
portant indications of volcanic origin. To further investigate ing it to the ash composition of the Eyjafjakidull samples,
this component of the aerosol it was compared to the compoas no fallout samples were available from these eruptions.
sition of a fall-out sample of volcanic ash from the eruption Since this composition cannot be clearly distinguished from
site (Sigmundsson et al., 2010). The composition of eruptedtarth’s crustal composition, it was used as an indicator of
material can change over time and also with distance fronvolcanic ash in those samples with elevatedS&vels, and
the source due to fractionation and sedimentation (Carey antbr early collected samples, where trajectory analysis indi-
Sigurdsson, 1982). Thus it is not obvious that the fall outcate volcanic origin. In addition the identified samples from
sample should be representative of the ash composition in ththe Kasatochi and Sarychev eruptions were collected in the
aerosol sample. Interestingly the composition for the threesummer to winter period when little influence of crustal par-
CARIBIC samples shows good agreement with the falloutticles in the LMS is seen (Martinsson et al., 2005). Only the
sample for crustal elements (Fig. 3). Only the concentrationghree first samples following the Sarychev eruption were col-
of potassium (K) and Zirconium (Zr) show some larger de- lected in spring when concentrations are usually elevated.
viations. One explanation to the higher aerosol potassiuntor these samples however there is strong evidence of vol-
(K) content in the CARIBIC samples could be fractioning in canic influence from the trajectory analysis and aerosol com-
concentration between different sizes of ash patrticles in theosition. Also meteoritic material can contribute to elements
samples analyzed, due to a larger surface area to mass ratiodicative of crustal material. Samples which are mainly in-
of small particles. Small ash particles remain in the plumefluenced by meteorites can be identified by their Fe/Ni ra-
longer than larger particles, and cool faster, which favorstio (Kopp, 1997), which was used to exclude them from this
condensation of volatiles onto the smaller particles (Withamstudy.
etal., 2005). Among the elements presented in Fig. 3, Khap- In Fig. 4 we include all samples having a crustal compo-
pens to be the most volatile species found enriched in volnhent classified to be of volcanic origin. These samples have a
canic gases, due to degassing from the magma (Hinkley ejeometric residual sum of squares (RSS) in their elemental to
al., 1994; Rubin, 1997). Also Zr was found in enhanced con-iron ratios of less than two compared to the geometric mean
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since it is likely that the composition of ash from different
eruptions is not exactly the same. The ash composition de-
pends on the magma type as well as on the absorption of
volatiles onto the ash particles which is controlled by a num-
ber of factors such as eruption type, concentration of gases
and particles and particle size (Witham et al., 2005). As can
be seen from Fig. 4, Si is only represented in a few sam-
ples which is due to problems with interference with S as
described in Sect. 2. Also Mn is represented only in a few
samples since its concentrations in ash is low hence falling
below the detection limit in samples of low ash content.

The composition of samples collected 8 days after the
Kasatochi eruption and 12 days after the Sarychev erup-
tion (indicated by dark circles in Fig. 4) show good agree-
ment with the composition of the Eyjafjaltdfull sample,
except for lower concentrations of K in the sample from
the Kasatochi eruption. Also samples collected one month
or more after the eruptions are similar in their composition
but ratios show more scatter. The larger deviations in com-
position in these samples indicate that the aerosols are more
mixed and influenced by other sources. In addition changed
emissions during the eruptions can cause variations in the
composition of ash. The identified samples, classified as vol-
canic aerosol both by elevated $/€atios and composition
of the crustal (ash) component, range in age between 8 to
128 days and 12 to 77 days from the start of the explosive
phase of the Kasatochi and Sarychev eruptions, respectively.
The length of these eruptions adds an uncertainty to these
age estimates (1 and 5 days of explosive eruptions in the
case of Kasatochi and Sarychev, respectively, BGVN, 2009;
Waythomas et al., 2010).

3.3 Carbonaceous aerosol in volcanic clouds

The aerosol in volcanic clouds studied here contains a large
fraction of carbonaceous aerosol. This has earlier been ob-

Fig. 4. Elemental ratio to iron in aerosol samples collected follow- garyed following the eruption of Kasatochi (Martinsson et
ing eruptions of Sarychev and Kasatochi vs. geometric mean of vol3|  2009: Schmale et al. 2010) and in fresh volcanic clouds

canic aerosol collected in the volcanic cloud from Eyjafjélkajll.

The dashed line indicates equal ratio. Samples with a Residual Su
of Squares (RSS) of less than two are included in the figures. Sam-
ples collected less than two weeks after the start of the eruptions arg

marked by dark circles.

Carn et al., 2011). A carbonaceous aerosol component has
een observed in volcanic clouds from several volcanoes de-
pite the fact that only for few volcanos lava can interact with
carbonates in the crust prior to eruption. The volcanoes con-
sidered here do not belong to this category. This is corrobo-
rated by the measurements because the stoichiometric rela-
tions between carbon, oxygen, sulphur and ash elements in

of the Eyjafjallapkull aerosol samples (shown in Fig. 3). A the sampled aerosol do not permit such an oxygen-rich form
minimum limit of at least three detected elements was ap-of carbon. Therefore explanations other than direct volcanic
plied to be able to examine the composition. Also the detec-emissions need to be considered. One common source of car-
tion limit of undetected elements in relation to the iron con- bonaceous material is combustion. Pyro-convection during
tent was taken into account. Samples were excluded if mordorest fires can inject particles into the UT/LMS. However
than one of the elements K, Ca, Ti or Mn were missing evensuch events are not frequent and none one of the events iden-
though they were expected to have had a concentration abowudied in Guan et al. (2010) coincides with the eruptions stud-
the detection limit in relation to the content of Fe in the sam-ied here. Also no clearly elevated concentrations of K in ex-
ples. One missing element was accepted to account for theess of the ash concentration are seen in the samples, which
risk of contamination due to mixing in the atmosphere andwould be expected from fires (Andreae et al., 1998). One
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alternative explanation is the carbon content of the air that
is entrained into the volcanic jet and lifted with the volcanic
effluents. Mixing with air creates the buoyancy needed for
the formation of a volcanic plume that can reach the strato-
sphere (Suzuki and Koyaguchi, 2010).

To obtain an estimate on the organic aerosol concentra-
tion in the region of the volcanoes studied, we consider
the conditions in the boundary layer, where large numbers
of observations are available. Boundary layer air contains
high concentrations of carbonaceous aerosol from anthro-
pogenic and from natural sources. Jimenez et al. (2009)
report average urban organic aerosol concentrations up to
30000ngnT3 (Beijing, China) and, even at remote sites
like Hyytiala, Finland the organic concentration exceeds one
thousand ngmd. In a study focusing on the USA, urban
regions average concentrations of several thousand 8gm
were found and in rural areas the organic concentration
was of the order 1000 ngm (Hand et al., 2012). Interest-
ingly, the Alaskan rural average organic aerosol concentra-
tion peaks in August, the month of the Kasatochi eruption, at
approximately 3000 ng . Organic aerosol sources extend
also to the oceans. Regional and seasonal variation in oceanic

S. M. Andersson et al.: Composition and evolution of volcanic aerosol
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biological activity can be derived from SeaWiFS sensor on

the OrbView2 satellite. The activity shows strong geographi-Fig. 5. Major components of aerosol samples collected following

cal and seasonal variations (Stramska, 2009). Measuremenéguptions in Eyjafjallajkull, Sarychev and Kasatochi. Aerosol col-

in Maze Head (Ireland) show organic aerosol concentratiorlected 1.5, 6 and 11 weeks after the eruption in Sarychev are shown

of several hundred ng]’ﬁ connected with biologic activ- as averages of 3, 6 and 2 samples respectivley. The composition of

ity in the ocean during spring to autumn (O’'Dowd et al., @erosol collected 18 weeks after the Kasatochi eruption are an av-

2004; Yoon et al., 2007). All three volcanoes studied here€rage of 3 samples. The remaining aerosol compositions are each

erupted in the biologically active part of the year. Modelling represented by only one sample. The carbonaceous fraction is av-

of the global distribution of yearly average organic aerosoleraged over all samples of the aerosol from Sarychev, see text for
. . 2o - further details.

with the ocean source included indicate high, to a large de-

gree ocean-derived, organic aerosol concentration over the

ocean surrounding island volcanoes Sarychev, Kasatochi angpicano, such as burning vegetation and sedimentary layers,
Eyjafjallajokull. F03r Sarychev a concentration of approxi- also could contribute to carbonaceous aerosol, we hypothe-
mately 1000ngm® was obtained, the same or somewhat sjze that organic material in entrained air constitutes a signif-

lower for Kasatochi and a few hundred ngfnfor Eyjaf-  jcant fraction of the particulate carbon observed in volcanic
jallajokull (Spracklen et al., 2008). Additional organic ma- ¢jouds.

terial can be derived from gaseous precursors. Influence of

volcanic halogen emissions on organic chemistry is impor-3.4 Major components

tant in the often OH poor volcanic clouds (von Glasow et

al., 2009). In the volcanic cloud of Eyjafjatlkull chlorine  The main components of the samples classified as volcanic
radicals rapidly depleted organic trace gases to levels welberosol are carbon, sulphate and ash (Fig. 5). Samples influ-
below background concentrations (Baker et al., 2011). Suclenced by Kasatochi and Sarychev are grouped with respect
processes can further add particulate carbon to the volcanito age, where the compositions of aerosol collected at ap-
cloud. The LMS particulate carbon concentration measuregroximately the same time from the eruptions (i.e. from the
by CARIBIC outside directly injected volcanic clouds is ap- same CARIBIC flight sequence) are presented as mean val-
proximately 100 ng m3 at STP. In volcanic clouds the con- ues. The carbonaceous component is presented as the mass
centration typically is a few hundred ngt STP, reaching  of the measured carbon concentrations, since the stoichiom-
more than one thousand ngfhSTP in three observations of etry of the carbon aerosol is unknown. The mass of sulphate
the volcanic cloud from Sarychev. The regional average par{SQy) was calculated by adding the amount of oxygen corre-
ticulate carbon concentrations in the boundary layer aroundgponding to the measured mass of sulphur, assuming that all
the volcanoes studied here are thus comparable to the olsulphur is in the form of S@ In a similar manner the mass of
servations at high altitude (free troposphere, UT and LMS)the ash components in the Eyjafjati&jll samples were ob-

in this study. Although sources in direct connection to thetained by adding the mass of oxygen according to the fallout
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sample presented in the table by Sigmundsson et al. (20108.5 Effects of sedimentation and coagulation on the
Elements found in ash that could not be detected, primarily composition evolution
sodium (Na), magnesium (Mg), aluminum (Al) and phospho-
rus (P), were calculated according to the composition of theFigure 5 shows that there is a change in the relations of the
fallout sample using the relation to the iron content. The en-components of the Kasatochi and Sarychev volcanic aerosol
tire ash components of samples influenced by the Sarychewith its age. The relative increase of $@ likely caused
and Kasatochi eruptions were estimated based on their Fby the transformation of S£nto SO particles. Also higher
content since many of the elements were below their detecrates of removal of ash (and C) might contribute to the ob-
tion limits. In these samples the mass of Fe, S and C waserved pattern. Since all samples older than two weeks were
corrected for stratospheric background concentrations calcutaken in the stratosphere or the tropopause region, where lit-
lated as averages of samples with concentrations below thée wet scavenging occurs, the solubility of the particles had
95 percentile collected during the period from 1999 to theno or only a small influence on the rate of deposition. The
eruption of Kasatochi in August 2008. For S and C this cor-impact of different sedimentation rates of ash and, par-
rection was done with respect to the @ixing ratios mea- ticles was investigated by estimating their settling velocity.
sured during the sampling time since they show a correlain the computations the particle diameters that carry most of
tion with Oz. For Fe, the background correction was donethe mass according to the particle mass distributions were
with respect to season, divided into December—Februaryapplied. For the sulphate particles, spherical droplets of sul-
June—August and September—November (no samples wenghuric acid solution with a diameter of 0.6 um (Martinsson et
obtained in the period March—May). Since the samples fromal., 2005) (corresponding to 0.76 um aerodynamic diameter)
the Eyjafjallapkull eruption originate in lower altitudes than and a density of 1600 kgn? (Yue et al., 1994) were used
the CARIBIC platform usually measures, no such correctionin the calculations. The diameter of the sulphate aerosol esti-
was made for them. Therefore C and S components shouldhated by Martinsson et al. (2005) was obtained from the ef-
be considered to represent maximum estimates. However thiective radius of stratospheric aerosol from lidar observations
concentrations were very high so the background influencgdBauman et al., 2003) during a period with low volcanic ac-
most likely was small. tivity. Thus the radius is underestimated for volcanic aerosol
Figure 5 reveals that the samples collected following Ey-which usually exhibit larger diameters (Bauman et al., 2003;
jafjallajokull’s eruption show little variation in their compo- Deshler et al., 2003). Ash particles usually have substantially
sitions, they mainly consist of ash and sulphate in about equdirger diameters (Schumann et al., 2011). The 2 um aerody-
amounts. In contrast samples influenced by the eruptions ofiamic diameter upper size limit of the aerosol sampler was
Kasatochi and Sarychev to a large extent consist of sulphatéhus used to estimate the upper limit in settling velocity of
and carbon, while the ash component is well below 10 %.the ash. The thickness of the volcanic aerosol layers from the
Even though the carbon and sulphate components comprisgarychev and Kasatochi eruptions, through which the vol-
a smaller part of the mass in the Eyjafjafilajll samples canic aerosol has to settle, was estimated by locating the alti-
compared to them influenced by the other two volcanoes, théude of volcanic aerosol during the first week after the erup-
respective concentrations are of similar magnitude as in thé¢ions using CALIPSO lidar measurements. After some time
Kasatochi and Sarychev samples, while the ash componerthe identified volcanic aerosol layers are assumed to have
is approximately a factor of 10 higher in the Eyjafjadikill been horizontally mixed and contributed to a more or less
samples. homogeneous aerosol layer. Therefore a cumulative altitude
The aerosol from Sarychev shows a strong dependence distribution of the volcanically influenced air from 10 km al-
the carbon-to-sulphur ratio on latitude, with increasing C/Stitude and upwards was calculated, by summing all events
ratio with increasing latitude, while the iron-to-sulphur ra- when volcanic aerosol was observed at a certain altitude, see
tio shows no such dependence (not shown). Possibly chand=ig. 6. According to the above method about 85% of the
ing properties of the eruptions that persisted for several day#&entified aerosol following the Sarychev eruption was in-
and/or differences in carbonaceous aerosol precursor gasgscted to a height between 10 and 15 km. Therefore a 5km
combined with transport patterns from the source could ex-thick layer was assumed to have been produced. The aerosol
plain this latitudinal dependence. The time evolution of C layer formed by the Kasatochi eruption was less homoge-
can thus not be given. Instead the average C/S over the vohous with 75 % of the aerosol located between 10-13 km and
canically influenced samples taken from June to Octobethe remaining aerosol extending upt®0 km. During the
2009 was used to obtain the C component for Sarychev ir2 months we followed these volcanic clouds, the 2 um ash
Fig. 5. A decreasing fraction of ash with time is observed particles fall a distance of about 10 % of the thickness of
from Sarychev. The aerosol from the Kasatochi eruption haghe volcanic aerosol layer produced by Sarychev and about
a simpler C-to-S relation. The sulphurous fraction shows anl7 % of the lowest 3 km of the volcanic aerosol produced by
increase with time, whereas the ash and carbonaceous fra&asatochi. Since the aerosol samples were collected in the
tions decline. lower part of these layers, at 10-11.3 km, there should thus
still be large amounts of 2 um ash patrticles, originating in the
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Fig. 6. Cumulative altitude distributions of volcanic injections Fig. 7. Mass ratio of iron to sulphur in aerosol samples influenced
above 10km the first week after the Sarychev and Kasatochi erupby three volcanoes (marked by different symbols) vs. time since
tions. The distributions was deduced from the number of observathe start of the eruptions. The line shows a fit to the Fe/S ratio for
tions of volcanic aerosol layers in CALIPSO lidar measurements aghe samples influenced by the Sarychev and Kasatochi eruptions.
a function of altitude, see the text for further details. Samples shown with open symbols have been excluded from the fit.

upper part of the volcanic aerosol layers. Bearing in mind@sh qnd sulphate components as a functipn of timg after the
that the sulphate sedimentation was underestimated and th§fuPtions. As the difference in sedimentation velocity of ash
of ash was overestimated, this simple estimation suggest@nd sulphate particles in the 0.08—2 um size range were es-
that the difference in deposition velocity between ash andimated to be of small importance, the decreaseing trend of
sulphate particles only has minor importance for the relationt€/S is likely explained by the conversion rate of S@to
between the measured ash and sulphate concentrations on thdlPhate aerosol. The residence time ob$@n thus be esti-
timescale considered here. mated from the decrease in the Fe/S ratios. From the reaction
In addition, coagulation of particles needs to be considered®’ SCz with OH, which mainly controls the conversion into.
as it can enhance the sedimentation velocity and can growulphate aerosol (Weisenstein et al., 1997), an exponential
particles to diameters outside the collection range of the samdecay rate of the number concentrations o, $@n be de-
pler. However the paticle concentrations in samples collectedved (Seinfeld and Pandis, 2006);
more than one week after the Kasatochi and Sarychev erupsy (1) = C_ (0 )
tions are low,~22 ngn13 ash and~156 ngnT3 SQyin the SOV T ~S0 ’
first s_ample collected following the Kasatqchi eruption. C‘f"l'wherek is the loss rate constant. Since the depletion rate
culations based on thermal coagulation (Hinds, 1999), pomt%goz([)/dt of SO, molecules equals the production rate of

to that the effects of particle coagulation is very small in the SO, the mass concentration ratio of Fe and S can be ex-
concentrations encountered in these volcanic clouds. In Ordeﬁres’sed as:

to simplify the estimates of coagulation, the case of monodis-

persed ash and sulphate particles of the same properties asCg, Cte A

described for the sedimentation calculations were used. The Xomin T 1_e Kk’ @

' ; ! SO4(t) Cg() 1-e

resulting change in the number concentration both from co-

agulation of ash and of sulphate particles is less than 1 % duwhereC” andC™ denotes number respective mass concen-

ing the 2 months considered. Coagulation thus is estimatedrations. The constand is the mass concentration ratio of

to be of minor importance because the aerosol concentrationSe from ash and total S from $Qhat is eventually con-

in the observed clouds are too low for that process to be effiverted to sulphate. Since the composition of volcanic aerosol

cient. depends on the eruption characteristics (magma composi-
tion, explosivity, temperature, gas release etc., Mather et al.,

3.6 Sulphur dioxide conversion rate in volcanic clouds 2003) aerosol from different eruptive events cannot be ex-
pected to have similar Fe/S ratios. Still most samples col-

To further evaluate the evolution of the volcanic aerosol thelected following the Sarychev and Kasatochi eruptions show

sulphate and ash components were studied more in detailarge similarities in their Fe/S ratio with respect to age. Thus

In Fig. 7 the ratio of Fe/S shows the relation between theEq. (2) was fitted to the Fe/S ratio in Sarychev and Kasatochi
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samples, assuming similar emission ratio of Fe/S in the erupthe Sarychev eruption has been estimated to 11 days (Hay-
tions. The logarithm of the Fe/S ratios was used in the fit-wood et al., 2010). Thus there is a large spread in estimated
ting to avoid over representing the large ratios appearing theesidence times. Estimations of the conversion rate of SO
first two weeks after the eruptions. Changed emissions durfollowing the Pinatubo eruption are less dispersed; 35 days
ing the eruptions as well as atmospheric conditions that af{Bluth and Doiron, 1992), 33 days (Read et al., 1993) and
fect mixing and transport also influence the composition of25+5 as well as 23 5 days (Guo et al., 2004). Except in
the aerosol. As stated earlier, the ash component was rathéine work by Guo et al. (2004), uncertainty of the estimated
simple to recognize within two weeks after the eruption, andresidence time has not been given. Thus it is difficult to com-
thereafter it was more influenced by other sources. Such inpare the validity of our estimate to others. While earlier esti-
fluences could explain some of the deviations from the de-mates obtained for the Pinatubo eruption (satellite based) and
creasing trend in Fig. 7. Also deviations from the averageby aircraft observations for Kasatochi (Jurkat et al., 2010) lie
background concentrations used in the corrections have taithin our uncertainty limits, the results based on satellite ob-
be considered. Samples taken more than 100 days after theervations of the Kasatochi and Sarychev volcanic clouds are
eruptions show large deviations from the general tendencyconsiderably lower. The spread in estimated residence time,
probably as the result of dilution of the volcanic cloud and both between similar and dissimilar methods, underscore that
mixing, and are excluded from the fit. One younger Sarycheuit is valuable to perform calculations of S@sidence time in
sample shows large deviation compared to other samples cotifferent volcanic clouds and by different methods, and not
lected at approximately the same time, and has therefore alsonly rely on the more consistent results from the Pinatubo

been excluded. eruption.

Samples from the Eyjafjallakull volcanic cloud was not For the Kasatochi and Sarychev eruptions, it seems like the
included in this fit. As was seen in Fig. 5, the relative concen-aircraft observations of volcanic clouds (Jurkat et al., 2010;
tration of sulphate is low in samples from the Eyjafjablajll this study) result in longer residence times than the satel-

eruption compared to the samples following Sarychev andite based measurements (see above). Haywood et al. (2010)
Kasatochi, likely due to the large emissions of fine grainedargue that the detection limit of the 1ASI satellite measure-
ash in the Eyjafjallakull eruption (BGVN, 2010). In addi- ments could lead to somewhat underestimated residence time
tion these samples were collected close to the eruption whiclfup to 50 %). Measurements following the Kasatochi erup-
implicates short time for conversion of $0nto sulphate tion based on particle detection by OSIRIS on board the
aerosol. However the residence time of Si@ the tropo-  satellite Odin corresponded to a S€sidence time of ap-
sphere where these samples were collected are consideralghyoximately 30 days (Bourassa et al., 2010). This points to
shorter than in the stratosphere, only hours to few days (Mcthat the difference between the Kasatochi measurements is
Gonigle et al., 2004; Carn et al., 2011), leading to rapid con-connected to whether the measurements are based on de-
version into sulphate aerosol. These samples should thergection of SQ or particles rather than satellite or in situ.
fore not follow the same decay as those collected at higheHeard et al. (2012) modelled $S@nd aerosol optical depth
altitudes. Also no background correction was made for the(AOD). Their results were compared with satellite observa-
Eyjafjallajokull samples as mentioned earlier. An additional tions from IASI and OSIRIS for the eruption of Sarychev.
important aspect is initial processes in the volcanic cloud thain their model S@ remained longer and the particle con-
lead to growth by aggregation and rapid sedimentation of finecentration rose faster than in the observations. The detection
ash particles (Rose et al., 2001). Such processes could be 6iit of the satellite SQ@ retrieval was suggested as a possible
importance during sampling in the Eyjafjalid&ull volcanic  cause for the faster decrease of;3@observed data, while
clouds because they were only 1-2 days old. for the AOD the inadequately modelling of nucleation were
The residence time of SO(1/k) in the tropopause re- proposed as the main reason for the earlier peak of the AOD
gion and LMS after the eruptions of Kasatochi and Sarychevin the model as particle reached the optically active accumu-
was from the fitted curve estimated to be 422 days lation mode to fast.
(meant: standard error). The value df, representing the ra- Aircraft measurements suffer from the difficulties to fol-
tio of total Fe and S was estimated to 0.0036 correspondindow a volcanic cloud as it ages, and the sampling of volcani-
to a final ash/S@mass ratio of approximately 0.016 for par- cally influenced air at one position cannot be guaranteed to
ticles in the 0.08-2 um size range considered here. be representative for the whole volcanic cloud. The method-
ology used in this study demands that the ratio of ash and
SO, injected into the UT/LMS by the volcanoes were con-

4 Discussion stant and that influence from coagulation has declined be-
fore the first measurement used in the estimate of the res-
Previous estimates of residence time of,SOr the vol-  idence time. These assumptions are likely simplifications,

canic cloud of Kasatochi span from 9 days (Krotkov et al., where the former causes scatter in the data whereas coag-
2010), to 18 days (Karagulian et al., 2010) and up to 62 dayailation would tend to cause a shorter estimate of residence
(Jurkat et al., 2010). The residence time of,;S@llowing time than the actual one. One important difference between
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the aircraft and satellite observations is that while the in-situof volcanic aerosol during more than twice the residence time
measurements are constrained to a well-defined altitude, thef SO, in a volcanic cloud. The first samples collected 1 and
remote sensing SQOinstruments observes the whole atmo- 1.5 weeks after the eruption of Kasatochi and Sarychev con-
spheric column. The altitude of the Kasatochi plume is es-sisted of 14 % and 5% ash relative to the mass of sulphate,
timated to 12.5 4 km by Karagulian et al. (2010) and 10— respectively. After 10 and 11 weeks the ash component was
12 km by Krotkov et al. (2010). Mixing with tropospheric air, still identifiable, but had decreased to about 2 % relative to
where residence times are shorter, cannot be excluded artie sulphate mass for both eruptions. The ash/sulphate ratio
would have affected the satellite based estimates. Krotkov ebf aerosol collected following the Kasatochi and Sarychev
al. (2010) suggest the rather low altitude of the Kasatochieruptions showed a decreasing trend. From this decay the
plume and the dynamic UT/LMS in the extra tropics as anresidence time of SPin the tropopause region and lower-
explanation for why they derive a shorter S@sidence time  most stratosphere was estimated to be-482 days. Previ-
(9 days) compared to the one observed after the Pinatubous estimates of SPesidence time following the Kasatochi
eruption, that injected material well into the stratosphere. and Sarychev eruptions by different methods based on SO
Finally differences in the actual residence times follow- or sulphate detection as well as in situ or remote sensing from
ing the eruptions of Sarychev and Kasatochi compared tcsatellites, are of the same magnitude although distributed
that following Pinatubo may well be caused by differencesover a rather wide range from 9 to 62 days. In contrast more
in the abundance of OH. The latitudinal dependence couldonsistent residence times was observed from satellite mea-
thereby be of significance as Pinatubo is located in the tropicsurements following the large eruption of Pinatubo in 1991.
(15.13 N, 120.35 E) where OH concentrations are higher This emphasizes that it is more difficult to measure the con-
than at the mid-latitudes (Gross and Khalil, 2000), whereversion rates of S@after intermediate eruptions. The diffi-
the Kasatochi and Sarychev volcanoes are located, leadingulties could be connected with variability in composition,
to longer residence times. Since the eruptions occurred irmdetection problem and/or the altitude distribution of,S®
June (Pinatubo and Sarychev) and August (Kasatochi), therter the eruptions.
should be negligible differences in the OH concentration due
to seasonal variation in the UV flux. An important factor is
likely to be the altitude for which these estimates were made Acknowledgementsive thank all members of the CARIBIC
since OH concentrations increase strongly ab&20 km team, especially C. Koeppel, D. S. Scharffe and S. Weber. The
(Gross and Khalil, 2000). The results obtined in this studycollaboration with Lufthansa and Lufthansa Technik is gratefully
and by Jurkat et al. (2010) are based on aircraft measureacknowledged. Aerosol measurements from CALIPSO were
ments at altitudes of 7—12 km, which is just below the centerProduced by NASA Langley Research Center. Financial support
of the volcaric o as abserved by satlte. The volcan ™% e Sy Reserch Sl 2 e Sveds, Bt
cloud that was observed by satellite following the Pinatubo t = ooy 621.2007.4639 and 214.2000.613 & gratefully
eruption was injected well into the stratosphere to altitudes oﬂ cknowledged
~25km (Guo et al., 2004). Thus the longer residence times '
meassured by aircraft might be typical for the altitude andggjteq py: w. Birmili
latitude considered.
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