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[1] As part of the effort to understand volcanic plume com-
position and chemistry during the eruption of the Icelandic
volcano Eyjafjallajokull, the CARIBIC atmospheric observa-
tory was deployed for three special science flights aboard a
Lufthansa passenger aircraft. Measurements made during
these flights included the collection of whole air samples,
which were analyzed for non-methane hydrocarbons
(NMHCs). Hydrocarbon concentrations in plume samples
were found to be reduced to levels below background, with
relative depletions characteristic of reaction with chlorine
radicals (Cl). Recent observations of halogen oxides in vol-
canic plumes provide evidence for halogen radical chemistry,
but quantitative data for free halogen radical concentrations
in volcanic plumes were absent. Here we present the first
observation-based calculations of Cl radical concentrations
in volcanic plumes, estimated from observed NMHC deple-
tions. Inferred CI concentrations were between 1.3 x 10*
and 6.6 x 10* Cl cm . The relationship between NMHC var-
iability and local lifetimes was used to investigate the ratio
between OH and CI within the plume, with [OH]/[C]] esti-
mated to be ~37. Citation: Baker, A. K., A. Rauthe-Schdoch,
T. J. Schuck, C. A. M. Brenninkmeijer, P. F. J. van Velthoven,
A. Wisher, and D. E. Oram (2011), Investigation of chlorine radical
chemistry in the Eyjafjallajokull volcanic plume using observed
depletions in non-methane hydrocarbons, Geophys. Res. Lett., 38,
L13801, doi:10.1029/2011GL047571.

1. Introduction

[2] Under special conditions chlorine radicals (Cl) can
significantly influence tropospheric chemistry and compete
with hydroxyl radicals (OH) that normally dominate the
oxidative cycles of the atmosphere [Platt and Hénninger,
2003]. Recent observations of halogen oxides (BrO, ClO,
OCIO) in volcanic plumes provide evidence that volcanic
emissions are potential sources of reactive halogen species
[Bobrowski et al., 2003; Bobrowski et al., 2007; Lee et al.,
2005]. Rather than being directly emitted, reactive halogen
species are thought to form when hydrogen halides (i.e.,
HCI, HBr) emitted by the volcano mix with ambient air,
where they can participate in both heterogeneous and
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homogeneous reactions [Aiuppa et al., 2007; Bobrowski et al.,
2007; Gerlach, 2004; Roberts et al., 2009; von Glasow et al.,
2009]. Although the exact mechanisms are uncertain, it has
been suggested that HBr and HCl in volcanic emissions dis-
solve into the liquid layer of emitted particles, and that sub-
sequent mixing with ambient air and reaction with OH results
in the release of reactive halogen species through mechanisms
similar to those describing release of halogens from sea salt
and in polar regions [Aiuppa et al., 2007; Bobrowski et al.,
2007; Martin et al., 2006]. Detection of chlorine containing
salts on the surface of particles emitted by Eyjafjallajokull
indicates that the initial conditions for Cl release were present
[Gislason et al., 2011]. The presence of halogenated species
in volcanic plumes indicates a potential influence on tropo-
spheric chemistry through changes in oxidant budgets and
subsequent perturbations in the lifetimes of important com-
pounds, such as ozone and methane [Bobrowski et al., 2007,
von Glasow et al., 2009].

[3] The eruption of the Eyjafjallajokull volcano in Iceland
between 14 April and 24 May 2010 brought volcanic activity
to public attention as airspace closures wreaked havoc on
European aviation. The response from the scientific com-
munity was considerable and a number of measurement
activities to study the volcano were brought into action, with a
focus on the concentration and dispersion of volcanic ash
[Flentje et al., 2010; Gasteiger et al., 2011; Schumann et al.,
2011; Stohl et al., 2011]. Accordingly, Lufthansa Airlines
provided for three special research flights of the CARIBIC
observatory (Civil Aircraft for the Regular Investigation of
the atmosphere Based on an Instrument Container, www.
caribic-atmospheric.com) to examine the plume. These vol-
canic missions were conducted on flights operating without
passengers and in a scientific capacity, with flight routes
designed to encounter the Eyjafjallajokull plume. Flights
were conducted on 20 April, 16 May and 19 May 2010; the
plume was probed most extensively during the May flights,
and results from these are discussed here. The CARIBIC
observatory is unique from other platforms engaged in
Eyjafjallajokull observations as analysis included the col-
lection of air samples, allowing for the measurement of
non-methane hydrocarbons (NMHCs), which can be useful
diagnostics of halogen chemistry.

[4] Depletions of NMHCs in samples collected within the
volcanic plume show evidence of reaction with Cl, which is
presumed to be a product of volcanic emissions. Here we
used the relationship between NMHC depletions and Cl
reaction rate constants to identify Cl as the primary NMHC
loss mechanism in the volcanic plume and also to estimate
the average Cl concentrations encountered during transit.
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Table 1. Compounds Used for the Analysis and Rates of Reaction With OH (koy) and CI (k¢ at 243K*

1 1

Compound Chemical Formula kog * 10%cm® molec™! s~ kep x 10"2em® molec ™' s~

ethane C,Hg 0.11 55

propane C;Hg 0.68 140

i-butane i-C4H ;o 1.66 151°

n-butane n-C4H,o 1.71 205

i-pentane i-CsHy 5 2.08 220°
n-pentane n-CsHi, 2.85 280°
acetylene C,H, 0.49 85
perchloroethylene (PCE) C,Cly 0.07 32

benzene CeHg 1.05 0.00013°

2 Atkinson [1997], Atkinson et al. [2006], and Sokolov et al. [1998].

"Room temperature (296-298K).

We also examined the lifetime-variability relationship of
NMHC:s in the plume encountered on 19 May to estimate
the ratio between CI and OH.

2. Methods

[s] The CARIBIC container houses 16 instruments to
measure atmospheric species, which include real-time ob-
servations of ozone (O3), aerosols, sulfur dioxide (SO,) and
bromine oxide (BrO) [Brenninkmeijer et al., 2007]. Addi-
tionally, during each flight 28 air samples were collected
and analyzed for a suite of 20 NMHCs using gas chroma-
tography coupled with flame ionization detection (GC-FID)
[Baker et al., 2010; Schuck et al., 2009]. In plume samples 8 of
the 20 compounds were above their detection limits (1-3 ppt),
and these were considered in the analysis presented here
(Table 1).

[6] Flight paths and sampling locations for 16 and 19 May
are shown in Figure 1. Plume samples were identified by
coincident measurement of elevated SO, (16 May) [Heue
etal.,2011] and aerosols (16 and 19 May) (A. Rauthe-Schoch
et al., CARIBIC aircraft measurements of Eyjafjallajokull
volcanic plumes in April/May 2010, submitted to Atmo-
spheric Chemistry and Physics, 2011), and also backward

trajectory analysis and comparison with modeled ash dis-
persion [Stohl et al.,2011; van Velthoven,2010]. On 16 May,
7 samples captured sections of the volcanic plume over Great
Britain and Ireland between 3 and 5 km altitude (Figure 1a).
On 19 May, 9 samples were collected within the plume over
the Norwegian Sea between 4 and 6 km altitude (Figure 1b).
Samples collected at comparable altitudes having backward
trajectories originating in the same region which did not
encounter the ash plume were used to establish background
mixing ratios (n =3 on 16 May, n = 2 on 19 May).

3. Results and Discussion

[7] For those flight sections intersecting the volcanic
plume, NMHCs were depleted relative to background mixing
ratios, with the exception of benzene, which exhibited little or
no depletion (Figure 2). Normally, reaction with OH is the
primary removal process for atmospheric NMHCs, with rates
of reaction that typically increase with carbon number.
Reaction rates with Cl are not only much faster but also show
hydrocarbon specific deviations (Table 1). Unlike the alkanes
and acetylene, which react ~100 to 550 times faster with Cl
than with OH, the reaction of benzene with Cl is much slower
[Atkinson, 1997; Atkinson et al., 2006; Sokolov et al., 1998].

Table 2. Reduction in Total Measured NMHCs (ANMHC), Estimated Transport Times (At), Fit Parameters and Cl Estimates for Samples

Collected Within the Eyjafjallajokull Volcanic Plume

Sample ANMHC(%) At(h) % (kow) % (key) -Slope([CI]At) ([CI])(CI em™3)
16 May Flight
S1? -1 47.0 NC NC - -
S2 -70 33.9 0.37 0.82 43 % 10° 3.5 x 10*
S3 -19 50.1 0.43 0.52 1.1 x 10° 6.2 x 10*
S4 -1 52.6 0.71 0.79 1.3 x 10° 6.6 x 10*
S5 -6 45.7 0.80 0.82 22 % 10° 1.3 x 10*
S6 -15 41.5 0.84 0.88 2.0 x 10° 1.3 x 10*
S7 -25 36.7 0.77 0.98 3.2 x 10° 2.4 x 10*
mean(stdev) 20(£24) 44(£7) 2.3(£1.2) x 10° 3.6(x2.4) x 10*
19 May Flight

S1 -7 23.3 0.55 0.80 1.3 x 10° 1.5 x 10*
S2 -8 21.6 0.73 0.88 1.7 x 10° 2.2 x 10*
S3 -1 20.3 0.64 0.72 1.7 x 10° 2.3 x 10*
S4 —4 18.5 0.62 0.71 1.5 x 10° 2.3 x 10*
S5 -6 18.4 0.66 0.78 1.3 x 10° 2.0 x 10*
S6 -26 18.9 0.70 0.93 4.1 % 10° 6.0 x 10*
S7 -7 23.4 0.63 0.69 1.7 x 10° 2.0 x 10*
S8 -19 23.4 0.73 0.98 3.6 x 10° 43 x 10*
S9 -18 21.7 0.81 0.97 2.1 x 10° 2.7 x 10*
mean(stdev) 11(£8) 21(x2) 2.1(£1.0) x 10° 2.8(x1.4) x 10*

“Excluded from calculation of mean slope and ([Cl]) for the flight. NC indicates no correlation.
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Figure 1. Flight paths (red lines) and sampling locations (diamonds) within the Eyjafjallajokull plume on (a) 16 May and
(b) 19 May 2010, superimposed on a FLEXPART model prediction of dispersion of a passive volcanic tracer (total column

mass) [Stohl et al., 2011].

The absence of concomitant benzene depletions indicates a
non-OH loss process. Although bromine (Br) is also pre-
dicted to be present in volcanic plumes, the rates of reaction
between Br and the NMHCs considered here are much slower
than with either Cl or OH, making it difficult to identify Br
chemistry. An exception is acetylene for which reaction with
Br comparable to reaction with OH, however, depletions of
acetylene were in agreement with those of other NMHCs, and
as such provided no evidence of Br contributing to observed
NMHC losses.
[8] Depletions of NMHCs attributed to Cl can be related
to reaction kinetics by
10 ([HC e/ HClyga ) = —ker([CI) At (1)
where [HC]pyme and [HC]pygq are NMHC plume and back-
ground mixing ratios, k¢, is the rate constant for reaction

a
] S e
S 4000 b .
(]
=
g 500 Y
° o
SWE_ o -0 ______ g—————— = .-
o y "
g 100 \ / .
2 b4
= 0
= 0.
g1so R ._._‘ _____ 3
‘o 100
2 g ¢
£ 50 ¥
¢ o
= 40
g 30 .
—-— __‘“__7) ———————— 7"’__“_—_0"
2 20 e ¢
[}
2 10
.8 0lllll!lAllxlxllllllllktllx!xl
10:00 10:30 11:00 11:30 12:00 12:30
Time (UTC)

with Cl, and ([Cl]) is the average chlorine concentration
encountered over the transport time, At [Jobson et al.,
1994]. For all but one of the plume samples NMHC deple-
tions (logarithm of the ratios) are closely correlated with the
respective reaction rate constants (kcy), confirming loss
through reaction with Cl (Figure 3). In addition to NMHC
analysis, samples were also independently analyzed for a
number of halocarbons, which included perchloroethylene
(C,Cly, PCE). Halocarbons were analyzed using negative
ion chemical ionization GC-MS and calibrated on the
NOAA 2003 scale [Worton et al., 2008]. Like most of the
NMHCs, PCE reacts much faster with Cl than with OH
(Table 1), and in the volcanic plume it was indeed depleted
in line with Cl kinetics (Figure 3). These depletions cannot
be explained without invoking ClI kinetics; the alternative
assumption that reaction with OH was the dominant loss
process leads to less significant correlations with reaction
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Figure 2. Mixing ratios of selected NMHCs from plume samples (closed symbols) and background samples (open symbols)
collected during the flights on (a) 16 May and (b) 19 May. Dashed horizontal lines represent the average background

mixing ratio.
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Figure 3. Relationship between NMHC depletions
(In([HC]p1ume/[HC]bkga) and rate of reaction with (a) k¢ and
(b) koy for 4 samples (S6—S9) collected within the volcanic
plume on 19 May between 11:25 and 11:45 UTC. Open cir-
cles denote benzene, open squares denote PCE. Fit para-
meters are given in Table 2.

rate constants (koy) and does not explain the case of
benzene, whose depletion does not follow the behavior of
the other NMHCs. Moreover, to account for the observed
depletions with OH alone, OH concentrations a factor of
10 higher than typical would need to be assumed, which
would have caused benzene depletions of at least a factor
of 2. Altogether it can be concluded that reaction with CI
was the dominant loss process for NMHCs (and PCE) in
the volcanic plume.

[9] As the slopes of the linear fits in Figure 3 represent the
product of ([Cl]) and transport time, ([Cl]) can be inferred
using At. For May 16 (At ~34-53h) the range of slopes gives
([C1]) values of 1.3-6.6 x 10* Cl cm ™ (mean = 3.6(2.4) x
10* CI em?); for 19 May (At ~18-24h) inferred ([Cl]) is
1.5-6.0 x 10* Cl cm > (mean = 2.8(x1.4) x 10* CI cm >).
While useful for understanding chemical kinetic trends and
identifying the primary species contributing to NMHC losses,
this method does not provide a complete description of
NMHC behavior in the plume, in particular the influence of
mixing with background air. However, attributing the slopes
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to the product of ([Cl]) and At allows for comparison
between samples and a first-order estimate of ([Cl]).

[10] Of chief concern in understanding tropospheric Cl
is the influence on local ozone cycling. In the present
case of Eyjafjallajokull, there were no statistically signifi-
cant depletions or enhancements of ozone during flight
sections in the volcanic plume. This is not surprising since,
at the inferred Cl concentrations, ozone losses would only
be about 2% over a 24h period. In view of the observed high
spatial variability of ozone in this region and the potential for
in situ production of ozone in the plume from reactions of
NMHCs, such minor ozone depletion would not have been
detectable.

[11] Another aspect of volcanic plume chemistry of interest
is its influence on OH radical production and chemistry.
Model predictions vary with differing plume conditions;
Gerlach [2004] predicts levels of OH “many orders of mag-
nitude above ambient levels” formed in the high temperature
initial phase, and work by von Glasow [2010] predicts
extremely low levels of OH resulting primarily from reaction
with SO,. In situ measurements of volcanic plume OH are
rare, however elevated levels of OH and HO, were observed
~34h downwind of the Hekla volcano [Rose et al., 2006].
Qualitatively it is already possible using CARIBIC data to
rule out extremely high values of OH in the Eyjafjallajokull
plume. However, given that oxidation of alkanes by CI
would be a source of OH given sufficient NO,, it is possible
that OH was produced in the plume, although high levels of
SO, would have countered this production.

[12] To estimate the relationship between Cl and OH in
the plume we investigated the relationship between NMHC
variability and lifetime. This approach is similar to that of
Jobson et al. [1999] during polar ozone depletion events and
Pszenny et al. [2007] in the marine boundary layer. Mea-
surement and modeling studies [Ehhalt et al., 1998; Jobson
et al., 1998, 1999] have found that the behavior of a group
of relatively short-lived compounds (7 < 2 years) having
similar source-sink distributions can be described by

Spx = AT (2)

In (2), S;ux is the standard deviation of the natural loga-
rithms of the measured mixing ratios of a given compound,
7 is the compound’s lifetime, and A and b are fit parameters,
which can be qualitatively interpreted as being related to
transport time and distance from the source [Jobson et al.,
1999]. In the volcanic plume, NMHC lifetimes are pre-
sumed to be controlled by reaction with both Cl and OH and
can be calculated as

7 = [(kon[OH] + kai[CI])] (3)

Variation of [OH] relative to [CI] when calculating local
lifetime so as to minimize the residuals (maximize the cor-
relation) of the fit to (2) gives an estimate of [OH]/[Cl] in the
plume. Typically this approach has been applied to larger
data sets to describe the relationship of atmospheric vari-
ability with atmospheric lifetime. Here, however, we use the
relationship to describe plume variability and its relationship
to local lifetime, assuming that the majority of the variability
can be attributed to losses occurring within the volcanic
plume.
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Figure 4. Relationship of plume variability (S;,x) and local
lifetime (7oy + c1) for NMHCs measured in samples col-
lected in the volcanic plume during the flight on 19 May,
assuming [Cl1] of 2.8 x 10* Cl cm * and an optimized
[OH]/[CI] of 37 (see text). Open circles denote benzene, open
squares denote PCE.

[13] As plume samples collected on 19 May present the
largest set of samples from within a single plume from
Eyjafjallajokull, we chose to examine the lifetime-variability
relationships during this flight. We held [Cl] constant at the
mean estimated concentration and varied [OH] to obtain the
best fit for the data (Figure 4). We note that regardless of
concentrations used in the estimate, the same ratio between
Cl and OH will give the strongest correlation. Despite the
limited number of samples, variability within the plume is
found to follow (2) when considering a local lifetime con-
trolled by both Cl and OH, with an optimal ratio of ~37 for
[OHJ/[CI]. The relationship is less significant between vari-
ability and 7, alone, and the relationship breaks down
entirely when only considering Toy.

[14] At the mean [Cl] of 2.8(x1.4) x 10* Cl cm > pre-
dicted [OH] is 1.0(£0.5) x 10° OH cm >, which is in rea-
sonable agreement with predictions of ambient OH for the
region [Spivakovsky et al., 2000]. This method assumes that
all losses (and hence variability) can be accounted for by
processes occurring within the volcanic plume, however,
some fraction of the variability must have arisen from reac-
tion with OH prior to encountering volcanic emissions and
mixing with background air during transport. This is sup-
ported by the value obtained for the lifetime dependence
exponent b in (2) which can be qualitatively interpreted as
describing the influence of sink terms on variability and
ranges between 0 and 1, with 0 indicating no chemistry and
1 indicating only chemistry controlling variability [Ehhalt
et al., 1998; Jobson et al., 1999]. The value of 0.61 obtained
for the volcanic plume data indicates that plume variability
was influenced by both chemistry and mixing [Jobson et al.,
1998, 1999]. This approach is necessarily a rather general
one, but provides a further indication that there was no sig-
nificant enhancement of OH within the volcanic plume.

4. Conclusions

[15] During flights on 16 and 19 May, 2010 the CARIBIC
observatory conducted measurements of atmospheric com-

BAKER ET AL.: INVESTIGATION OF VOLCANIC C1 CHEMISTRY

L13801

position within the Eyjafjallajokull volcanic plume where
NMHCs were found to be depleted relative to background in
air parcels influenced by volcanic emissions. Behavior of
NMHC:s in the plume indicated losses dominated by reaction
with Cl, and the relative depletions of different NMHCs were
used to estimate Cl concentrations of 1.3-6.6 x 10* Cl cm .
Despite being encountered on two different days and having
very different transport/processing times results for both
flights are in good agreement, with similar Cl estimates.
Investigation of NMHC variability within the plume on
May 19 showed evidence for local lifetimes controlled by
Cl and OH, with [OH]/[CI] estimated to be ~37. The OH
concentration of 1.0(x0.5) x 10° OH ¢cm > inferred from this
ratio is a further indication that OH was not enhanced.

[16] In the case of the eruption of Eyjafjallajokull scientific
focus was primarily on the volcanic ash and its potential
impacts on civil aviation. Unexpectedly, the Eyjafjallajokull
eruption provided experimental evidence for chlorine chem-
istry in the free troposphere, and allowed for the first estimate
of chlorine radical concentrations within a volcanic plume.
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