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We report results from an observational and modeling study of reactive chemistry in the tropospheric plume
emitted by Redoubt Volcano, Alaska. Our measurements include the first observations of Br and I degassing
from an Alaskan volcano, the first study of O3 evolution in a volcanic plume, as well as the first detection
of BrO in the plume of a passively degassing Alaskan volcano. This study also represents the first detailed
spatially-resolved comparison of measured and modeled O depletion in a volcanic plume. The composition
of the plume was measured on June 20, 2010 using base-treated filter packs (for F, Cl, Br, I, and S) at the crater
rim and by an instrumented fixed-wing aircraft on June 21 and August 19, 2010. The aircraft was used to
track the chemical evolution of the plume up to ~30 km downwind (2 h plume travel time) from the volcano
and was equipped to make in situ observations of Os, water vapor, CO,, SO,, and H,S during both flights plus
remote spectroscopic observations of SO, and BrO on the August 19th flight. The airborne data from June 21
reveal rapid chemical Os destruction in the plume as well as the strong influence chemical heterogeneity in
background air had on plume composition. Spectroscopic retrievals from airborne traverses made under the
plume on August 19 show that BrO was present ~6 km downwind (20 min plume travel time) and in situ
measurements revealed several ppbv of O loss near the center of the plume at a similar location downwind.
Simulations with the PlumeChem model reproduce the timing and magnitude of the observed Os deficits and
suggest that autocatalytic release of reactive bromine and in-plume formation of BrO were primarily respon-
sible for the observed O5 destruction in the plume. The measurements are therefore in general agreement
with recent model studies of reactive halogen formation in volcanic plumes, but also show that field studies
must pay close attention to variations in the composition of ambient air entrained into volcanic plumes in
order to unambiguously attribute observed O3 anomalies to specific chemical or dynamic processes. Our re-
sults suggest that volcanic eruptions in Alaska are sources of reactive halogen species to the subarctic
troposphere.
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1. Introduction

Understanding the chemistry of tropospheric volcanic plumes is im-
portant for evaluating eruption hazards and to assess the atmospheric
and environmental impacts of volcanic emissions. Recent studies have
shown that tropospheric volcanic plumes are chemically active and
that relatively non-reactive hydrogen halide gases (e.g. hydrogen bro-
mide, HBr) emitted from volcanoes can be rapidly converted into
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reactive halogen species (e.g. bromine monoxide, BrO) by in-plume
heterogeneous chemical processes (Bobrowski et al., 2003; Gerlach,
2004; Oppenheimer et al, 2006; Bobrowski and Platt, 2007;
Bobrowski et al., 2007; Bani et al., 2009; Kern et al., 2009). The forma-
tion of BrO in volcanic plumes is notable because it is linked to families
of chemical reactions known to profoundly impact tropospheric chem-
istry (von Glasow et al., 2009; von Glasow, 2010). Reactive halogen spe-
cies (X, X0, X3, XY, 0XO, HOX, XONO,, XNO,, where X, Y=CI, Br, or I),
especially those that contain bromine, can rapidly destroy ozone (O3),
alter common atmospheric oxidation pathways, and increase the depo-
sition of toxic metals like mercury to the surface (e.g. Simpson et al.,
2007; von Glasow, 2010).
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The main chemical reaction sequence thought to be responsible
for activation of Br and formation of BrO in volcanic plumes is concep-
tually similar to the autocatalytic “bromine explosion” mechanism
that leads to polar tropospheric O3 depletion events (see Roberts et
al., 2009 and von Glasow et al., 2009 for more thorough descriptions
of reactive halogen chemistry in volcanic plumes and Simpson et al.,
2007 for a review of polar halogen chemistry), as summarized below:

HOBr g5 —HOBI ) (R1)
HBr(gos) 2B (3 + H (ag) (R2)
HOBr oq) + Br ™ (aq) + H' (ag = Bryga) + Hy0a) (R3)
Br, + hv—2Br (R4)
2(Br + 03—BrO + 0,) (R5)
BrO + BrO—2Br + O, (R6a)
BrO + BrO—Br, + O, (R6b)
BrO + HO,—HOBr + 0, (R7)

According to this mechanism, gaseous HOBr and HBr are taken up
onto acidic particles (pH<6; R1 and R2) and an acid-catalyzed
aqueous-phase reaction results in Brp that is released to the gas
phase (R3). Rapid photolysis of Br, (R4) and subsequent reaction
with O3 yields BrO (R5). Further O3 destruction can be sustained by
the BrO self-reaction (R6a, R6b), and reaction of BrO with HO, (R7)
allows the cycle to repeat. Each autocatalytic cycle doubles the BrO
concentration which can lead to rapid, non-linear increases of BrO
in volcanic plumes and significant Os destruction.

The idea that in-plume BrO formation and O3 destruction could be
important aspects of volcanic plume chemistry was first proposed by
Bobrowski et al. (2003), evaluated from a high-temperature thermo-
dynamic perspective by Gerlach (2004), and assessed from a kinetic
standpoint by Oppenheimer et al. (2006). The presence of BrO has
been detected by ultraviolet differential optical absorption spectros-
copy (UV-DOAS) in the plumes of at least 10 volcanoes worldwide
(see Boichu et al. (2011) and references therein for data compiled
from 9 volcanoes; more recently Heue et al. (2011) reported detec-
tion of BrO in the plume from Eyjafjallajokull volcano). In addition,
Theys et al. (2009) reported satellite identification of BrO in the
upper tropospheric/lower stratospheric eruptive plume from the
2009 eruption of Kasatochi volcano, Alaska. Numerical models have
also predicted extensive Os destruction in volcanic plumes due main-
ly to in-plume BrO formation (Bobrowski et al., 2007; Roberts et al.,
2009; von Glasow, 2010).

Despite these recent advances, observations of Oz in volcanic
plumes have been relatively sparse and empirical correlations of
BrO formation and Os destruction have been challenging to obtain.
A few older studies each reported Oz depletion in volcanic plumes
(Stith et al., 1978; Fruchter et al., 1980; Hobbs et al., 1982) but did
not offer much detail or discussion to accompany their observations,
which limited their utility. Several recent studies have reported ob-
servations of low O3 in tropospheric volcanic plumes (Oppenheimer
et al., 2010; Vance et al., 2010; Schumann et al., 2011) and have spec-
ulated that their observations were a consequence of in-plume bro-
mine chemistry, although supporting measurements of BrO or other
reactive halogens were not included. Boichu et al. (2011) presented
a study where BrO was identified in the young Mt. Erebus plume
(aged 3-7 min) in spectra collected on Dec. 3, 2005, and based on
this finding and model results, showed that bromine chemistry
could have been responsible for the low in-plume O3 Oppenheimer
et al. (2010) observed 26-39 km downwind (4-6 h plume travel

time) during their research flight a week later, on Dec. 10, 2005. How-
ever, in another study, Heue et al. (2011) identified BrO in a 1-2 day
old plume from Eyjafjallajokull but found no measureable O3 deple-
tion. Further complexity in establishing the links between O3 and bro-
mine chemistry in volcanic plumes was discussed by Carn et al.
(2011), who reported O3 deficits of 20-30% in volcanic plumes from
Ecuador and Colombia aged from ~22-48 h and ~2 h, respectively,
but concluded that insufficient knowledge of ambient O3 during the
plumes' evolution prevented them from unambiguously attributing
the observed anomalies to reactive halogen chemistry.

To further examine the fast halogen-mediated chemical reactions
occurring in volcanic plumes, we conducted an airborne and ground-
based investigation of the tropospheric plume of Redoubt Volcano, Alas-
ka. The data reported here relate to rapid chemical processes occurring
in the plume after volcanic volatiles were released to the atmosphere
and aged up to ~2 h during the daytime. We report new observations
of halogen-containing (F, Cl, Br, I) gases collected using filter packs
from the rim of the volcano on June 20, 2010 that constrain the compo-
sition of the young plume (<5 min old) as well as detailed airborne ob-
servations from flights on June 21st and August 19th, 2010 where the
chemical evolution of the plume was tracked with an instrumented
fixed-wing aircraft. We describe a method for mitigating SO, interfer-
ence in ultraviolet (UV) absorption-based O3 measurements and report
in situ observations of Os, water vapor, CO,, SO,, and H,S from both
flights plus airborne remote UV spectroscopic observations of SO, and
BrO from the August 19th flight.

Using airborne measurements we first characterize the composi-
tion of ambient air entrained into the plume and estimate the degree
to which entrainment of air from chemically distinct ambient air
layers influences the plume's O; composition. Next, we quantify
the extent and duration of chemical O3 loss in the plume. Finally
we compare our measurements with results from a state-of-the-art
chemical model of volcanic plume chemistry (PlumeChem, Roberts
et al.,, 2009) tuned to the environmental conditions at Redoubt on
June 21 and initialized using the filter pack data from June 20. Our re-
sults highlight important aspects of in-plume chemical and dynamic
processes and provide insights that will be useful for better under-
standing O3 anomalies and reactive halogen chemistry in volcanic
plumes.

2. Field setting: Redoubt Volcano

Redoubt Volcano (60.485° N, 152.744° W, 3108 m) is a glaciated con-
tinental arc stratovolcano located in the Cook Inlet of south-central Alas-
ka, approximately 170 km southwest of Anchorage (Fig. 1). It is one of
the most active volcanoes in the Cook Inlet. Historical activity includes
eruptions in 1902, 1966-68, 1989-90 (Miller et al., 1998), and most re-
cently in 2009. The eruption of 2009 included at least 19 explosion
events from March 22-April 4, 2009 followed by a 3-month period of
lava extrusion that lasted until July 2009 and resulted in growth of a
~72-10°m?> lava dome within the breached summit crater (Bull and
Buurman, 2013; Bull et al., 2013; Diefenbach et al., 2013). Anomalous
degassing associated with the 2009 eruption was first measured
5 months prior to eruption, in Oct. 2008, and has persisted at elevated
levels compared to typical non-eruptive background values (i.e.
<10 tonnes day~ ' SO,; Doukas and McGee, 2007) through at least
Aug. 2011 (unpub. data). The overall degassing record of the eruption
is well constrained by airborne and satellite observations and is dis-
cussed in detail elsewhere (Werner et al., 2012, 2013; Pfeffer et al.,
2013; Lopez et al,, 2013).

The data reported here were collected late in the eruption sequence
and over 440 days after the last explosion. The emissions originated
from the passively-degassing lava dome (60.490° N, 152.762° W,
~2400 m) and were transported downwind in the free troposphere at
altitudes of ~2500 to 3000 m (Fig. 2). While the data reported here
do not directly relate to the main explosive or effusive phases of the
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Fig. 1. Location map showing Redoubt Volcano and other volcanoes of Cook Inlet, Alaska. Inset map shows the location of the Cook Inlet in Alaska.

eruption, they do allow investigation of in-plume chemical processes
that may be too hazardous to observe during periods of more vigorous
volcanic activity. In addition, the data show that passive volcanic
degassing can continue to impact the atmosphere long after explosive
activity has ceased.

3. Methods and instruments
3.1. Ground-based filter pack sampling

On June 20th, 2010 we sampled acid gases in the plume using “filter
packs” from a sampling site high on the west rim (60.489° N, 152.779°
W, 2750 m) of Redoubt. The site was located approximately 300 m
above and 700 m west of the lava dome edge (Fig. 2). The purpose of
the filter pack sampling was to characterize the composition of the
young volcanic plume with respect to halogen (F, Cl, Br, I) and sulfur-
containing acid gases and was accomplished according to the method
and procedures described by Aiuppa et al. (2005). The filter packs con-
sisted of four filters assembled in series and attached to an air pump
that drew plume air through the assembly at 4 liters per minute (Ipm).
The first filter blocked aerosol particles and the next three were treated
with 1 M NaHCOs to trap acid gases. Based on visual observations of the
plume and the sampling location's close proximity to the lava dome, we
estimate the gases we sampled at the crater rim to be <5 min old.

Two sets of filter pack samples were collected. One set was exposed
for 60 min and the other for 64 min. In the laboratory, each filter was elut-
ed in 20 ml bi-distillate H,0. One 10 ml aliquot of each extract was spiked

with H,0, to oxidize any reduced S present, and then analyzed for Cl™
and SOZ ~ by ion chromatography. The remaining 10 ml were preserved
by addition of concentrated NH3 until analysis (for dissolved Br and I)
by ICP-MS (Agilent 7500ce). The leachates were also analyzed for F~ by
ion selective electrode (Aiuppa et al., 2005), which resulted in successful
detection in only 2 of the 4 samples. All measurements were carried out
at the Istituto Nazionale di Geofisica e Vulcanologia (INGV), Sezione di
Palermo, Italy. Typical laboratory uncertainties are approximately + 10%
for S, F, Cl, Br, and +25% for [, respectively.

3.2. Airborne plume sampling strategy

Our flight paths were designed to intercept the volcanic plume
multiple times using two different sampling strategies: “ladder tra-
verses” and “downwind traverses.” Ladder traverses were made at
approximately the same horizontal distance from the volcano and
normal to the wind direction at evenly spaced altitude intervals
from the top to the base of the plume in order to sample an in situ
vertical plume cross section (e.g. Gerlach et al., 1997; McGee et al.,
2001). During downwind traverses, constant-altitude plume tran-
sects were made perpendicular to the wind direction at different dis-
tances from the volcano with the goal of observing changes in the
chemical composition of the plume. Wind speed and direction were
determined using the wind circle method (Doukas, 2002) before
and after plume sampling. Plume ages were estimated using the
downwind distance of each traverse from the lava dome and the ob-
served average wind speed.
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Fig. 2. Photographs showing Redoubt Volcano on June 21 and August 19, 2010.

3.3. Airborne in situ observations

Airborne measurements were made from an unpressurized PA-31
Navajo aircraft. The aircraft was equipped to measure in situ concen-
trations of O3, CO,, SO,, H,S, as well as ambient static temperature,
static pressure, and the temperature and relative humidity (RH) of
air in the sample manifold. Analytical uncertainties for the in situ
measurements are summarized in Table 1. A commercial dual-beam
UV absorption instrument (2B Technologies, Inc., Model 205) was
used to measure Os. Cross-sensitivities of the Oz analyzer to SO,
were mitigated according to the method described briefly in the
next section and in more detail in the electronic supplement to this
article (Appendix B). CO, was measured using a commercial non-
dispersive infrared analyzer (LI-COR, Inc., model LI-7000) modified
with pressure and flow controllers and temperature stabilization.
Miniature electrochemical sensors were used to measure in situ SO,
(Interscan, Inc., model 4240-1999b) and H,S (Interscan, Inc., model

4170-1999b) gases. Ambient temperature measurements were
made with a type-T thermocouple that extended into the free air
stream outside the aircraft and was shielded from wind and sun. Pres-
sure measurements were made within the cabin of the unpressurized
aircraft and were assumed to be equal to ambient static pressure. The
temperature and relative humidity of air in the sample manifold was
measured using a Vaisala, Inc. model HMP-50 T/RH probe mounted
directly into the sample manifold. Position and altitude were
recorded with a GPS receiver. All in situ data were recorded at 1 Hz
except for O; which had a maximum sampling rate of 0.5 Hz. All
data were displayed in real time and logged to a laptop running cus-
tom LabVIEW software. The ambient RH, H,O mixing ratio, and po-
tential temperature were calculated during data post-processing.

Air was conveyed to the in situ instruments with a forward-facing
ram air inlet located near the front of the aircraft and connected to a
stainless steel manifold by 3.5 m of 0.953 cm inner diameter (I.D.) C-
FLEX® tubing. The instruments sampled air from the manifold with

Table 1

Summary of airborne in situ chemical measurements and estimated uncertainties.
Measurement Sample rate (Hz) Measurement principle Random uncertainty (20) Systematic bias calibration accuracy Units
Temperature 1 Thermocouple +0.1 - +0.8 °C
Pressure 1 Transducer +0.2 - +3 hPa
Relative humidity 1 Capacitance probe +0.1 - +5% %
H,0 1 Calculated +0.1 - +5% gkg!
CO, 1 Infrared absorption +0.3 - +1% ppmv
SO, 1 Electrochemical +0.004 <-—10% +5% ppmv
H,S 1 Electrochemical +0.002 <-—30% +5% ppmv
05 0.5 UV absorption +5 - +2% ppbv

Note: H,0 g kg~ ' = (H,0 mmol mol ~ ') «0.622; ppmv = pmol mol . STP for H,0, SO,, and H,S mixing ratio calculations = 25 °C and 1013.25 hPa.
? Values given for measurements in clean air. See Section 3.4 for more information.
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short (<30 cm) individual lengths of 0.635 cm outer diameter (0.D.)
polyethylene (Bev-a-line® IV) tubing to minimize instrumental re-
sponse times. While underway, the flow rate of ram air through the
manifold was ~25 Ipm, approximately 5 times greater than instru-
mental demand. Excess ram air was exhausted to the outside via a
port located near the rear of the aircraft. The manifold was connected
to the outlet port by a 1 meter length of 0.953 cm L.D. Tygon® tubing.
Assuming plug flow, the residence time of sample air in the aircraft
was <100 ms. More detailed descriptions of the airborne instrumen-
tation as well as the accuracy and precision of the measurements
are given in the electronic supplement to this article (Appendix A).

3.4. Mitigating SO, interference in UV-absorption based ozone
measurements

Use of an interference-free technique to measure Os, such as
chemiluminescence, would be preferable for making observations in
volcanic plumes but unfortunately is not always practical. We ac-
knowledge that the method we describe below has significant uncer-
tainty but it has the advantage of using more common, inexpensive,
and portable O3 and SO, sensors to obtain information about O3 in
SO,-rich volcanic plumes.

The O3 molecule's strong 254 nm absorption band allows atmo-
spheric O3 concentrations to be measured through UV absorption
spectroscopy. Under normal atmospheric conditions there are few in-
terfering gases in this wavelength region. However, even in dilute
volcanic plumes, concentrations of H,O and CO, can be elevated and
concentrations of SO, and H,S can be several orders of magnitude
greater than in typical ambient air. Of these major constituents of vol-
canic gases, only SO, strongly absorbs UV radiation of this wavelength
such that it can cause significant interference in O3 measurements.
Aside from SO,, other potential interferences include mercury gas
and liquid water, both of which strongly absorb UV light. Observa-
tions of gaseous elemental mercury in the plume on August 19,
2010 suggest that it was not present at high enough concentrations
to interfere with the O; measurements (Kelly et al., in prep.), and
sample air was dried to prevent water condensation in the optical
cells.

UV-absorption O3 monitors operate by comparing the intensity of
light that passes through ozone-scrubbed (I,) and unscrubbed air (I)
and a Beer-Lambert calculation. Some instruments feature a single
optical cell (e.g. 2BTech Model 202) where ozone-scrubbed and
unscrubbed air is alternately drawn into the cell every few seconds
to derive the O3 concentration. Other instruments feature dual optical
cells (e.g. the 2BTech Model 205 used in this study) where I, and I are
determined simultaneously by porting ozone-scrubbed air into one
cell and unscrubbed air into the other. Both single and dual-beam in-
struments are susceptible to interference from SO, because the chem-
ical scrubber used to remove O3 also removes SO, from the reference
air used to determine I,. Therefore the scrubbed air will be free of O3
and SO, and the unscrubbed air will contain both species. As a result,
the presence of SO, will introduce interference into UV-based O3
measurements regardless of whether a single or dual-cell UV absorp-
tion O3 instrument is used.

03 absorbs 254 nm light about two orders of magnitude more
strongly than SO, but in volcanic plumes SO, can be several orders
of magnitude more abundant than Os. Thus, depending on the levels
of SO, encountered, this interference may need to be mitigated in
order to retrieve accurate O3 measurements. According to laboratory
measurements of O; (Sander et al., 2006) and SO, (Vandaele et al.,
2009; Bogumil et al., 2003; Rufus et al., 2003; Wu et al., 2000) absorp-
tion cross-sections for temperatures between 293 and 298 K, 1 ppmv
of SO, should result in interference of about 11.5-13.6 ppbv O3 in UV-
absorption measurements made at 253.7 nm. We performed labora-
tory tests to verify our O3 sensor's response to SO, and found it to
be positive and linear such that every 1 ppmv SO, resulted in positive
interference of 11.5+1 ppbv 03, which is within the theoretical
range. Based on our findings, we corrected the O5 data for SO, inter-
ference using simultaneous and independent SO, measurements (de-
scribed in Section 3.3), the empirically-derived correction factor, and
the following relationship:

[03(ppbv,corrected)] = [03(ppbv,raw)] -115 {502(ppmv)} . (])

We note that the empirically-determined response of a UV-
absorption O3 sensor to SO, will vary between instruments due to un-
certainty in their respective standards and the efficiency of the scrubber
and should be established on an individual basis. The most important
point is that the O5 instrument's response to SO, should be established
with the same standard used to calibrate the SO, instrument to ensure
that the measurements are internally consistent.

This approach to mitigating SO, interference is relatively straight-
forward in principle but has several potential weaknesses that must
be considered in practice. First, the method relies on both instru-
ments being well calibrated, stable, and that the response of both sen-
sors to SO, is internally consistent. Frequent in-flight calibration is
one way to ensure this requirement is met. Second, the instrumental
response times must be similar. In-flight and laboratory testing shows
that the time constant for the SO, sensor response was about 2 s and
for the O instrument was about 1 s, respectively. Since the SO, re-
sponse was slightly slower, large and rapid changes in SO, could
cause mismatches between the sensors and lead to inaccuracy in
the corrected O3 values. For the data presented herein, the rate and
magnitude of SO, variations lead to insignificant mismatches be-
tween the sensors and can be neglected (further details are provided
in the electronic supplement to this article, Appendix B), but this as-
sumption may not always be true and must be evaluated carefully.
Third, SO, is a sticky gas so manifold flow rates must be high and
sample line lengths must be as short as possible (as described in
Section 3.3) to minimize effects from adsorption and desorption
that could lead to mismatches between the instruments.

Correcting the Os; measurements for SO, interference increases
the uncertainty of the corrected O; mixing ratios due to additional
uncertainties in the correction factor (11.54 1, or about + 10% rela-
tive) and in the SO, measurement (4 10%). Thus we estimate the
total uncertainty of the SO, correction term in Eq. (1) is +20%, or,
for example, an additional + 2 ppbv of uncertainty in the corrected
03 mixing ratio per 1 ppmv of collocated SO,.

Table 2
Mean gas-phase concentrations of halogens and sulfur in Redoubt Volcano's plume measured using filter packs on June 20, 2010.
F Cl Br I S
Concentration (ug m~3) 15 (3) 131 (22) 1.90 (0.08) 0.10 (0.01) 187 (30)
Mixing ratio (ppbv) 25 (5) 115 (19) 0.75 (0.03) 0.025 (0.002) 182 (30)
Molar ratio (X/S) 0.14 (0.04) 0.63 (0.15) 0.0041 (0.0007) 0.00014 (0.00003) -
)

Filter pack measurements shown with one standard error of the mean (n=4
conditions (T=0 °C and P=730 hPa). X=F, Cl, Br, L.

in parenthesis, except for F (n=2) shown with mean and range. Mixing ratios calculated at crater rim
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3.5. Airborne remote spectroscopic observations of SO, and BrO

Remote measurements of SO, column density were made using a
correlation spectrometer (COSPEC V; Stoiber et al., 1983) on both
flights, and a FLYSPEC-type miniature passive UV spectrometer
(Ocean optics USB2000; Horton et al.,, 2006) was also utilized on
August 19. The COSPEC was mounted onboard the aircraft with a
zenith-looking periscope and data were logged to the laptop at 1 Hz
sampling rate. On August 19th the FLYSPEC instrument was mounted
onboard the aircraft with an additional dedicated zenith-looking peri-
scope and data were logged to a dedicated laptop computer. Re-
trievals for SO, and BrO column densities were obtained using the
differential optical absorption spectroscopy (DOAS) methodology
(see e.g. Platt and Stutz, 2008). Detailed information describing the
SO, and BrO retrieval procedures is included in an electronic supple-
ment to this article (Appendix C).

4. Results
4.1. June 20, 2010, filter packs

The base-treated filter packs yielded small but quantifiable
amounts of F, Cl, Br, I, and S (Table 2). The results show that Cl was
the most abundant halogen we measured, and that F, Br, and I were
about 1, 2, and 3 orders of magnitude less abundant, respectively. Av-
erage concentrations were low but all the species were elevated by at
least 1 order of magnitude above average ambient tropospheric levels
(e.g. F=1.8ppbv, Cl=3.6 ppbv, Br=0.016 ppbv, 1=0.002 ppbv;
Warneck, 2000). We note that our derived average Cl concentrations
were only a factor ~2 larger than the technique detection limit

21 June 2010
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(~60 ug m3), and that I concentrations were only a factor ~2-10
higher than is found in normal background atmosphere if organic
species are considered (see online supplement to Simpson et al.,
2007, and references therein). Therefore, it is possible that the [ mea-
surements may contain significant non-volcanic contributions and for
this reason should be viewed only as a first-order (semi-quantitative)
estimate of volcanic emissions. Even so, based on the positive varia-
tion between S and Cl (r>=0.89; n=4), we are confident that volca-
nic gases were captured by our measurements.

The mean molar F/S (1.4-10~1), CI/S (6.3-10~ "), and Br/S ratios
(4.1-10~3) from the filters all fall within the range expected for Arc vol-
canoes (Gerlach, 2004; Pyle and Mather, 2009). The I/S ratio (1.4-10~%)
is higher than those reported elsewhere (molar [/S=4.0-10"° to
5.5-107%; Aiuppa et al., 2005; Witt et al., 2008; Sawyer et al., 2011) but
the significance of this result is unclear due to the large uncertainty of
this measurement and because very little data on I degassing from volca-
noes have been reported. The CI/S and Br/S ratios were higher than the
molar “Arc Mean” HCl/SO, (5.3-10~ ') and HBr/SO, (1.2 - 10~ 3) ratios
and about an order of magnitude less than the “Arc Max” HCl/SO, (4.8)
and HBr/SO, (3.3-1072) calculated by Gerlach (2004) for high-
temperature samples. The mean molar Br/Cl ratio (6.5-1073) is higher
by about a factor of three than the Arc Mean Br/Cl ratio (2.2 - 10~3) and
is near the top of the range for high-temperature condensate samples
from arc volcanoes (4.7 - 10~4=7.1 - 10~3; Gerlach, 2004).

One drawback of the filter pack method is that it is non-selective
and for this reason we cannot evaluate the speciation of the gases
trapped on the filters. Plume chemistry models propose that the spe-
ciation of halogen gases can undergo large and rapid changes after
emission (Bobrowski et al., 2007; Roberts et al., 2009; von Glasow,
2010). Therefore, even though the gases we sampled were young
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June 21, 2010 - Ladder and COSPEC traverses
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(). See sections 5.1 and 5.2 for details.

(<5 min) they may not adequately represent the true initial composi-
tion of the plume. Nevertheless, the halogen to sulfur ratios we
obtained are reasonable when compared to high-temperature sam-
ples and represent the best available estimate of the initial composi-
tion of the plume with respect to halogen-containing acid gases.

4.2. June 21, 2010 airborne results

The objective of the June 21 flight was to obtain detailed in situ
observations of plume compositions, especially O;. We utilized both
ladder and downwind traverses to sample the plume composition.
Weather during the flight was mostly clear with scattered cumulus
and much higher and intermittent cirrostratus clouds. The cumulus
clouds prevented us from flying completely beneath the plume for
COSPEC observations but otherwise were not problematic. The aver-
age and range of the wind speed measurements was 44+0.9 ms™!
(n=5). The wind was from the northeast (50°) and shifted east
slightly (70°) by the end of sampling.

Vertical profiles of ambient air composition (Fig. 3a-f) show that
the lower troposphere was stratified and heterogeneous, especially
between the altitudes from which volcanic gases were emitted
(~2400 m; marked by the star) and sampled downwind (2500-
3000 m; shaded region). A small inversion at ~2600 m and a mixing
zone between ~2600 and 2700 m separated two layers with signifi-
cantly different H,O, CO,, and O3 compositions. Layer 1 (~2400-
2600 m altitude) had an average H,O mixing ratio of about
2.7gkg™ !, CO, of 397 ppmv, and an O; mixing ratio of 33 ppbv. In
contrast, the overlying Layer 2 at ~2700-3000 m altitude had lower
average H,0 (1.2 g kg™ ') and CO, mixing ratios (394 ppmv), and a
much higher O3 mixing ratio (57 ppbv).

We made 11 traverses between 15:04 and 16:05 AKDT from 3000
to 2500 m altitude in order to sample an in situ vertical cross section
of the plume (ladder traverses 1-6), perform remote COSPEC

measurements (traverses 6-9), and resample the plume core (tra-
verses 10 and 11) located at ~2700 m altitude. The measurement re-
sults are shown as time series plots in Fig. 4 and pertinent data are
summarized in Table 3. Traverses were made at 5.5 to 10.1 km dis-
tance from the lava dome and have corresponding plume age esti-
mates ranging from 21 to 38 min.

The presence of SO, and H,S can be used as indicators of volcanic
gas due to their comparatively low levels in ambient air (e.g. McGee
et al.,, 2001). SO, comprised about 96% (molar) of total gaseous sulfur
(Stotai=SO2 + H,S) and is assumed herein to be a zero-background
conservative plume tracer. While SO, is not strictly conserved, this as-
sumption is justified given the short experimental timescale of the
present study (<2 h). The highest concentrations were encountered
during traverse 4 at 2700 m altitude, with maximum mixing ratios
of 1.024-0.10 ppmv and 0.04 4-0.01 ppmv for SO, and H,S, respec-
tively. CO, was up to 4.040.3 ppmv above background, and a large
03 depletion was also observed during this traverse. The minimum
03 mixing ratio observed in the plume was 5+ 6 ppbv (traverse 10),
or approximately 90% below the background value. In general, the
largest O3 deficits were observed near the plume core and were
well correlated with volcanic gases. COSPEC observations indicated
an average SO, emission rate of ~370 tonnes day ™! (t/d; Werner et
al., 2013) although this must be considered a minimum estimate be-
cause the clouds prevented flying completely beneath the plume and
volcanic gas was observed by the in situ instrumentation during each
COSPEC traverse. Unfortunately we did not have a FLYSPEC onboard
during this flight for BrO retrievals.

Following the ladder traverses we made 5 in situ downwind tra-
verses (12-16, numbered in order of increasing downwind distance)
to characterize the chemical evolution of the plume (Fig. 5, Table 3).
The traverses were made between 16:08 and 16:27 AKDT and from
2.4 to 27.8 km downwind (9 to 105 min plume travel time) approxi-
mately at the altitude of the vertical plume core (~2700 m). The SO,



Table 3
Summary of average O3 and SO, mixing ratios, calculated O3 components, and supporting information from plume transects on June 21 and August 19, 2010. “n”
tainties are given in parenthesis and represent one standard error of the mean.

is the number of observations made per traverse and is equal to 1 s. Uncer-

Traverse # Traverse type Time Altitude Distance downwind Plume age n Plume width Temperature Pressure Relative humidity SO, Crosswind integrated SO,

Traverses are numbered chronologically
except for downwind traverses, which
are numbered based on distance from

the volcano

(AKDT) (meters) (km) (minutes) (km) (°C) hPa (%) (ppmv) (ppmv m)
June 21, 2010
1 In situ/ladder 15:04 2980 6.6 25 24 22 —-0.7 704 24 0.05 110
2 In situ/ladder 15:09 2890 5.5 21 25 23 —-03 713 23 0.06 140
3 In situ/ladder 15:16 2800 73 28 41 3.7 —0.1 721 24 0.14 510
4 In situ/ladder 15:21 2700 8.7 33 91 8.2 0.1 728 27 0.21 1760
5 In situ/ladder 15:29 2590 9.0 34 39 3.5 —0.2 739 41 0.16 550
6 Remote/COSPEC 15:34 2490 7.2 27 42 3.6 0.2 748 45 0.06 220
7 Remote/COSPEC 15:44 2540 7.7 29 29 2.6 —0.1 744 42 0.10 260
8 Remote/COSPEC 15:49 2540 8.6 33 59 5.0 0.1 745 40 0.16 790
9 Remote/COSPEC 15:55 2530 9.5 36 90 3.2 0.4 748 37 0.32 1020
10 In situ/T4 repeat 16:00 2650 10.1 38 90 6.8 —03 736 31 0.19 1300
11 In situ/T4 repeat 16:04 2670 10.0 38 70 6.2 —04 733 32 0.22 1360
13 In situ/downwind 16:08 2680 5.1 19 58 4.7 —-03 732 36 0.41 1900
12 In situ/downwind 16:11 2590 24 9 38 35 —05 740 54 0.63 2210
14 In situ/downwind 16:15 2730 13.1 50 103 8.9 —06 728 31 0.20 1760
15 In situ/downwind 16:22 2750 20.6 78 123 10.8 —0.8 725 29 0.09 950
16 In situ/downwind 16:27 2750 27.8 105 253 189 —1.1 724 34 0.04 790
August 19, 2010
2 In situ/downwind 12:13 2600 53 19 51 4.6 —04 737 61 0.71 3270
1 In situ/downwind 12:17 2610 5.1 18 67 5.7 —04 736 60 0.46 2620
13 In situ/downwind 13:27 2800 10.2 36 16 13 —0.1 718 51 0.12 150
12 In situ/downwind 13:33 2830 7.8 28 25 2.2 0.0 715 47 0.27 590
15 In situ/downwind 13:40 2740 183 65 99 9.0 —03 722 55 0.05 410

14 In situ/downwind 13:46 2530 17.9 63 79 6.7 —0.6 741 60 0.09 600

e
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O3(bg) 03(raw) o}(correct) O}(mix) AO}(total) AO}(mix) A03(chem)

Average Os in Average indicated Average in-plume Expected in-plume O3 Total plume anomaly Plume anomaly attributed Plume anomaly attributed
background in-plume Os not 05 corrected for due to entrainment and vs. background to entrainment and mixing to in-plume chemistry
ambient air corrected for SO, SO, interference mixing of heterogeneous of heterogeneous ambient air

interference ambient air into plume into the plume
(ppbv) (ppbv) (ppbv) (ppbv) (ppbv) p-value (ppbv) p-value (ppbv) p-value
57.8 (1.0) 57.6 (1.0) 57.0 (1.1) 58.2 (1.0) —0.8(2.1) 0.70 0.4 (2.0) 0.83 —1.2(2.1) 0.55
58.2 (1.0) 56.0 (1.0) 553 (1.1) 56.6 (1.0) —29(2.1) 0.17 —1.6 (2.0) 0.42 —13(2.1) 0.54
56.1 (1.0) 48.6 (1.0) 47.0 (1.3) 55.0 (1.0) —9.1(2.3) <0.01 —1.1(2.0) 0.60 —8.0(2.3) <0.01
51.3 (1.0) 442 (1.5) 41.8 (2.0) 48.8 (1.0) —9.5 (3.0 <0.01 —25(2.0) 0.21 —7.0(3.0) 0.02
44.5 (1.0) 354 (1.0) 33.6(1.4) 34.5(1.0) —10.9 (24) <0.01 —10.0 (2.0) <0.01 —09 (24) 0.70
32.7 (1.0) 35.7 (1.0) 35.0 (1.1) 36.0 (1.0) 24(2.0) 0.25 34(2.0) 0.09 —1.0(2.1) 0.62
424 (1.0) 35.1(1.3) 339(1.5) 38.6 (1.0) —8.5(2.5) <0.01 —3.8(2.0) 0.06 —4.7 (2.5) 0.06
45.6 (1.0) 342 (1.3) 324 (1.7) 40.6 (1.0) —13.2(2.7) <0.01 —5.0(2.0) 0.01 —82(2.7) <0.01
444 (1.0) 30.0 (1.0) 26.3 (1.7) 426 (1.0) —18.1 (2.7) <0.01 —1.7 (2.0) 0.39 —16.3 (2.7) <0.01
51.1 (1.0) 393 (1.5) 37.1(1.9) 45.1 (1.0) —14.0 (2.9) <0.01 —5.9(2.0) <0.01 —8.0(2.9) 0.01
54.2 (1.0) 405 (1.1) 38.0 (1.6) 46.4 (1.0) —16.2 (2.6) <0.01 —7.8(2.0) <0.01 —84(2.6) <0.01
52.9 (1.0) 343 (1.7) 29.7 (2.6) 41.8 (1.0) —23.2(3.6) <0.01 —11.1 (2.0) <0.01 —12.1 (3.6) <0.01
394 (1.0) 35.6 (1.3) 284 (2.8) 325 (1.0) —11.0 (3.8) <0.01 —6.9(2.0) <0.01 —4.1(38) 0.29
52.8 (1.0) 39.5(1.0) 37.2 (1.5) 47.7 (1.0) —15.6 (2.5) <0.01 —5.1(2.0) 0.01 —10.5 (2.5) <0.01
54.6 (1.0) 45.1 (1.0) 440 (1.2) 49.1 (1.0) —10.6 (2.2) <0.01 —5.5(2.0) 0.01 —5.1(2.2) 0.02
544 (1.0) 46.3 (1.0) 45.8 (1.1) 46.8 (1.0) —8.6(2.1) <0.01 —7.6(2.0) <0.01 —1.0(2.1) 0.65
30.0 (1.0) 324 (1.0) 24.2 (2.6) 30.1 (1.0) —5.8(3.6) 0.11 0.1 (2.0) 0.94 —5.9(3.6) 0.10
31.0 (1.0) 32.8 (1.0) 27.5(2.1) 309 (1.0) —3.5(3.1) 0.26 0.0 (2.0) 1.00 —34(3.1) 0.27
36.7 (1.0) 36.0 (1.0) 347 (1.3) 36.2 (1.0) —2.0(23) 0.38 —0.5(2.0) 0.82 —1.5(2.3) 0.50
40.5 (1.0) 36.8 (1.0) 33.8(1.6) 37.6 (1.0) —6.7 (2.6) 0.01 —2.8(2.0) 0.16 —3.8(2.6) 0.14
35.0 (1.0) 33.7 (1.0) 33.1(1.1) 33.8 (1.0) —19(2.1) 0.37 —1.2(2.0) 0.54 —0.7 (2.1) 0.75
29.7 (1.0) 29.8 (1.0) 28.8(1.2) 30.0 (1.0) —09(22) 0.68 0.3 (2.0) 0.90 —12(22) 0.60
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June 21,2010 - Downwind traverses
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Fig. 5. June 21, 2010 in situ time series data showing mixing ratios and GPS altitudes
from downwind traverses. The traverses are numbered in order of increasing distance
from the volcano and are shown with the corresponding distance downwind and cal-
culated plume travel time. Plume transects are shaded light gray. The transition from
ambient air Layer 1 to Layer 2 at 2600-2700 m altitude is shown in (a) and marked
with a dashed line. Model O3(mix) and CO5(mix) Mixing ratios are shown in (c) and (f).
See sections 5.1 and 5.2 for details.

concentrations progressively decreased with distance from the lava
dome and clearly show the horizontal broadening of the plume
with distance downwind. Intense O3 depletions in traverses 12 and
13 broaden into a wide depletion in traverse 14 and become less ob-
vious and more poorly correlated with SO, in traverses 15 and 16. In
the ideal case, the in situ downwind measurements would sample
emissions with the same crosswind integrated concentration (area
under the in situ plume peaks) at each traverse. The crosswind inte-
grated SO, concentrations (Table 3) for traverses 12-14 are compara-
ble but for traverses 15 and 16 are lower by a factor of ~2 to 3,
indicating that either (1) the plume was displaced to another altitude,
(2) emissions varied by a factor of 2 to 3 during the sampling period,
or (3) that SO, was not conserved. We favor option 1 but cannot dis-
tinguish between these possibilities with the data at hand. Sampling
at multiple altitudes downwind would help resolve this question in
future studies.

4.3. August 19, 2010 airborne results

4.3.1. Airborne in situ sampling

The goal of the August 19 flight was to obtain observations of the
plume's chemical evolution with time using a combination of in situ
and remote FLYSPEC measurements (discussed in the next section).
We did not make ladder traverses but rather focused on making in
situ and remote downwind traverses. We made a total of 14 down-
wind traverses, of which 6 were made for in situ measurements and
8 were made for remote UV observations. Weather conditions on Au-
gust 19 were similar to those on June 21: mostly clear with scattered
cumulus clouds at ~2600 m and much higher and intermittent cirro-
stratus clouds. Unfortunately the cumulus clouds did interfere

somewhat with the measurements, as we explain below. The average
wind speed was 4.7 ms~ ! (n=5) with a range of 40-5.8 ms ™~ !. The
wind direction was consistent and from the northwest (320°) during
the flight.

Vertical profiles (Fig. 3g-1) show a similar temperature structure
to June 21. A small inversion at ~2600 m separated relatively moist
air from drier air above. Overall conditions were slightly cooler,
lower in CO,, and lower in O3 than on June 21. The atmosphere
was less stratified and ambient mixing ratios showed progressive
variations from 2500 to 3000 m rather than an abrupt change.
Above ~2600 m altitude, H,O mixing ratios generally decreased,
while ambient CO, and O3 mixing ratios generally increased, with
altitude.

The 6 in situ traverses were made between 12:13 to 12:18 (tra-
verses 1 and 2) and 13:27 to 13:50 AKDT (traverses 12-15). The re-
sults are shown in Fig. 6 and summarized in Table 3. Observations
beneath the plume using the remote instruments were made in the
time period between the in situ observations. The in situ measure-
ments were made from 5.1 to 18.3 km downwind from the lava
dome (~18 to 65 min plume travel time). SO, comprised about 97%
(molar) of S¢otar. The highest concentrations were encountered during
traverse 2 at 2600 m altitude. The maximum observed mixing ratios
were 2.1540.22 ppmv and 0.06 £+ 0.02 ppmv for SO, and H,S, re-
spectively. CO, was up to 9.4+ 0.3 ppmv above background. The
only large O3 depletion was observed during traverse 2, with a mini-
mum Os of 949 ppbv (approximately 70% below ambient levels) al-
though a broader deficit was present during traverse 1 and a small
deficit was apparent during traverse 12. Unfortunately cumulus
clouds present at 2500-2800 m altitude downwind prevented us
from making the downwind traverses at a constant altitude. For this
reason the downwind traverses do not follow the expected
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progressive widening of the plume with time since different parts of
the plume were sampled during each traverse. Traverses 12 and 13
were likely sampled near the top edge of the plume whereas traverse
14 likely sampled near the plume bottom. This is clearly shown by the
crosswind integrated SO, concentrations, which vary from 150 to
3270 ppmv m (Table 3).

4.3.2. Airborne spectroscopic retrievals of SO, and BrO

The spectra available for BrO evaluation were recorded on August 19
between 12:20 to 13:25 and 13:50 to 14:05 AKDT at distances of be-
tween 5.9 and 18.2 km from the lava dome (21 to 65 min plume travel
time). Due to the prevailing conditions, remote spectroscopic measure-
ments were made beneath the 100-200 m thick cumulus cloud layer
and there is evidence to suggest multiple scattering (e.g. Kern et al,
2010) in this layer (and possibly other radiative effects) significantly
impacted the measurements. On August 19, SO, observations from
both FLYSPEC and COSPEC yielded maximum column densities of
around 500-600 ppmm, a significantly higher value than the
80-100 ppm m obtained in similar locations under cloud-free condi-
tions the very next day (August 20th; Werner et al., 2013). There is no
independent indication of a 6-fold increase in SO, degassing on August
19 when compared to values obtained on August 20 or those found in
June, and the high column densities are almost certainly attributed to
multiple scattering in the volcanic plume and the partially sup-
erimposed cumulous cloud. While the enhancement of optical path
length in the plume inhibits an accurate determination of vertical SO,
column or emission rate, the retrieval of the molecular ratio of BrO/
SO, is not significantly impacted. In fact, the enhanced light path in-
creased the instrumental sensitivity to absorbing species in the plume,
thereby making the detection of BrO possible.

Keeping in mind that the retrieved column densities do not corre-
spond to vertical columns, the BrO column density we derived for
each spectrum is shown as a function of the obtained SO, column
density in Fig. 7. While limited in its extent, the dataset does indeed
contain several spectra in which BrO could be positively and unam-
biguously identified.

Significant positive detection of BrO could only be achieved for
spectra recorded during traverses at 6 km from the lava dome (blue
diamonds in Fig. 7), where an SO, column density of up to
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Fig. 7. August 19, 2010 airborne UV-DOAS data showing retrieved BrO column density
as a function of SO, column density. Blue diamonds indicate spectra collected at 6 km
(~20 min), orange triangles represent measurements at about 11 km (~40 min), and
purple circles show results obtained at approximately 18 km (~1h) from the lava
dome. Green crosses show the results of spectra collected away from the volcanic
plume but with a calibration cell containing SO, in the light path. These points illus-
trate the instrument accuracy and precision and were included to demonstrate that
the dataset, while limited in its extent, does indeed contain several spectra in which
BrO could be positively and unambiguously identified. The dashed lines show that
the data collected 6 km downwind are consistent with BrO/SO,=1-10"%

1-10'"® molecules/cm? (about 520 ppm m; path length concentra-
tions calculated at plume P=730 hPa and T=0 °C) was obtained.
The molecular BrO/SO, ratio at this distance is compatible with
1-10~4 but the limited nature of the acquired dataset leads to a
large uncertainty in this value. Further downwind, the plume was
too dilute to allow an unambiguous detection of BrO. For the traverses
conducted at around 11 km distance, the maximum SO, column den-
sity obtained in a 15 second interval was 3.6-10'” molecules/cm?
(~190 ppm m). Retrieved BrO column densities were below
4-10" molecules/cm?, and were fairly evenly scattered around
null, so a positive detection could not be achieved. The data recorded
at 18 km distance indicates a further dilution of the plume by an ad-
ditional factor of 3, and BrO was again below the detection limit.

The average mixing ratio of BrO in the plume can only be roughly
estimated if an assumption about the effective optical path length in
the plume is made. Assuming an emission rate and plume geometry
similar to that observed the next day under cloud free conditions,
the effective light path appears to have been enhanced by a factor
of 6 compared to the vertical plume extent (~1800-3000 m as op-
posed to 300 to 500 m) during the August 19 measurements. These
values imply a positive detection of approximately 20-30 pptv of
BrO in the plume at 6 km from the vent and an upper limit for the
BrO mixing ratio of about 10-20 pptv at 11 km distance. While
these numbers should only be regarded as very rough estimates,
they give some indication as to the average BrO concentration present
in the plume, and show that this concentration appears to have de-
creased between 6 and 11 km (between ~20 and 40 min after
emission).

5. Discussion
5.1. The causes of in-plume O3 anomalies

Interpreting the in-plume O3 data is not straightforward because
both dynamic (i.e. entrainment, mixing, transport) and chemical pro-
cesses may have played significant roles in determining the observed
plume O3 compositions. Taking note of ambient Os levels is especially
important because on both June 21 and August 19 buoyant volcanic
gases initially entrained relatively low-03; ambient air before vertical
transport lofted the plume into air with a different, higher, O3 compo-
sition (Fig. 3). An example of an anomaly due to the contrasting am-
bient compositions is seen on June 21 between traverses 10 and 11
(Fig. 4), where Layer 1 air with higher H,0 (+1.5 gkg™ 1), higher
CO, (+2.5ppmv), and much lower O3 (—20 ppbv) mixing ratios
stands out from the Layer 2 background. In this way, the plume may
have inherited a compositional anomaly from the stratified atmo-
sphere that gives the impression of low Os, elevated H,0, and elevat-
ed CO, mixing ratios in the plume. Since these are all features we
might expect to find in a chemically active volcanic plume, we must
carefully evaluate the data to identify what caused the anomalies
we observed.

In the following discussion we define the total in-plume O3 anom-
aly (AOs(iorar)) as the difference between the in-plume O; mixing
ratio (corrected for SO, interference; Os(correct)) and the background
03 mixing ratio in ambient air (O3(pg)):

Aoé)(total) = O3(correct)_o3(bg)' (2)

O3(bg) is determined by linearly interpolating between mixing ra-
tios observed in ambient air just outside of the plume (Fig. 8) during
each traverse, with the plume edges defined by the detection limit of
the SO, instrument (0.020 ppmv). We calculated mean values and
standard errors for each plume traverse due to the large random un-
certainty of individual O; measurements (as described in Section 3.4
and Appendix A). These mean values and their uncertainties are sum-
marized in Table 3. The uncertainty of AO5 i) Was calculated by
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Fig. 8. An example of a plume transect (June 21, 2010, traverse 10) showing the mea-
sured O3 corrected for SO, interference (O3(correct)) and SO, mixing ratios, as well as the
derived O due to entrainment and mixing of ambient air (O3(mix)) and the inferred O3
background (O3(pg)). 10 uncertainty for Os(correct), O3(mix), and 10% relative uncertainty
shown with light dashed lines. Also indicated are the total in-plume O3 anomaly versus
background (AOs(cotany), the anomaly due to entrainment and mixing of ambient air
(AO3(mix)), and the anomaly due to in-plume chemical reactions (AOs3(chem))-

linearly propagating the uncertainties associated with O3(correct) and
O3(bg)-

The average AOs(toray Values show that in-plume O; anomalies
could be identified with greater than 95% confidence (p<0.05) in 13
of 16 traverses on June 21. In contrast, on August 19 only 1 out of 6
traverses has an AOs(ray With greater than 95% confidence (T12,
AO3(totaty = — 6.7 £ 2.6 ppbv, p=0.01), although the AO5 oty value
for T2 (—5.84+3.6 ppbv) is significant at about 90% confidence
(p=0.11). Yet, what caused the low in-plume O3? Were these anom-
alies inherited from the atmosphere, created by chemical reactions, or
both? In the next sections we describe an approach to distinguish be-
tween the dynamic and chemical processes responsible for the “miss-
ing” in-plume Os. We primarily discuss data from the larger June 21
dataset, but the same methodology is applied to the August 19 data.

5.1.1. Identifying entrainment of ambient air

One approach to decipher the impact entrainment of heteroge-
neous ambient air had on the plume composition is to identify a
chemical tracer that recorded the entrainment and mixing process.
We chose H,0 for two reasons: first, H,O was strongly correlated
with O3 and CO, in ambient air (Fig. 9) which makes it a useful
proxy for these species. Second, several lines of evidence argue that
the component of volcanic H,0 in the plume was small compared to
H,0 from the atmosphere. Here we define volcanic H,0 as primary
magmatic H,O (i.e. H,O that was degassed directly from magma)
plus H,0 volatilized from other hydrothermal, meteoric, or surface
sources. In the simplest sense, given that SO, was present at concen-
trations of only ~1 ppmv or less (i.e. diluted by factors of ~10~* to
107> assuming an Arc Mean initial SO, mole fraction of 0.0144;
Gerlach, 2004), it should follow that volcanic H,O was also very di-
lute. We can make a rough estimate of the amount of magmatic
H,0 expected to be in the plume if we assume that the initial volcanic
gas had an Arc Mean molar H,0/SO, ratio (~64; Gerlach, 2004) and
that both species were conserved. In this case, the most concentrated

volcanic gases we measured (1.34 4 0.13 ppmv SO,, traverse 12) would
have had a maximum of ~0.1 mmol mol ™~ ! magmatic H,O (equivalent
t0 0.06 g kg~ 1), or only ~2% of the observed peak H,O during traverse
12 (3.0 gkg™!; Fig. 6). However, since volcanic H,O emissions are
typically mixtures of primary magmatic HO plus H,O from other
sources (e.g. Symonds et al., 1990) this estimate likely significantly
underestimates the total amount of volcanic H,0 in the plume, possibly
by an order of magnitude. Even so, the observations are not consistent
with a large volcanic HO component in the plume. SO, and H,0 varia-
tions within the plume were poorly correlated in most cases and on
June 21 higher H,O mixing ratios were found in ambient air in Layer 1
than in the plume itself. Indeed, significant positive in-plume H,O
anomalies were only found above 2600 m altitude where the back-
ground air was drier (e.g. traverses 4, 10, 11; Fig. 4). While we cannot
exclude that volcanic H,O made up some component of the variations
we observed, the data at hand strongly suggest that atmospheric H,O
was much more abundant in the plume.

Accepting that the H,O we observed in the plume was primarily
atmospheric in origin, we may calculate the expected O3 mixing ra-
tios in the plume based on the observed ambient O3:H,0 relationship
shown in Fig. 9:

O3y = —12.9H,0] +67.5 3)

where [H,0] is the mixing ratio (g kg~ ') and Oz (mix) is the calculated
plume O3 composition (ppbv) expected only from entrainment and
mixing of ambient air into the plume (i.e. no plume chemistry). The
results are shown in the time series plots (Figs. 4, 5, and 6) and are
summarized in Table 3. Based on the regression residuals (Fig. 9),
we estimate the random uncertainty on individual model values to
be +3.8 ppbv (10) for O3(mix). Using H,0 as a proxy for mixing be-
tween the ambient air layers can account for both negative O3 anom-
alies (e.g. between traverses 10 and 11) and positive O3 anomalies
(e.g. between traverses 7 and 8) we observed (Fig. 4). The measure-
ments reveal the highly variable small-scale advection and mixing
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Fig. 9. The observed relationships between H,0 and O3, and H,0 and CO, in ambient air
between 2500 and 3000 m altitude (n=4126) on June 21, 2010. O3 and CO, are shown
with 20 uncertainty and H,O with 5% relative uncertainty.
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processes that were occurring between the stratified atmosphere and
the volcanic plume.

Using the calculated O3(mix) values we can calculate the anomaly
due to mixing and entrainment of ambient air into the plume,
AO3(mix) by difference according to:

AO3(mix) = O3(mix)_03(bg) (4)

Inspection of the AO3(mix) results (Table 3) reveals that entrain-
ment of low-0s air (i.e. Layer 1, Fig. 3) had a significant (p<0.05) im-
pact on 9 out of 16 traverses on June 21. In some cases, such as
traverse 5, a large negative O; anomaly (AOstotay=—10.9+2.4
ppbv, p=<0.01) can be wholly attributed to entrainment of low-03
air into the plume (T5 AO3(mixy= —10.0+2.0, p=<0.01). Another
important finding is that the large negative Os; anomaly observed
during the most distal traverse (T16: 27.8 km/105 min downwind,
AO3(total) = — 8.6 £ 2.1 ppbv) can be explained by entrainment of am-
bient air (AO3(mix)= — 7.6 £ 2.0) and thus did not require significant
chemical Os loss.

Failing to recognize the contribution of atmospheric heterogeneity
to AO3(tora1y Would complicate interpretation of the data and result in
potentially very large overestimates of O3 depletion due to in-plume
chemical processes. For example, about half of the largest O3 deple-
tion we observed (T13, AO3(toray= —23.2 4 3.6 ppbv) can be attrib-
uted to entrainment of low-O5 air into the plume (T13, AO3(mix)=
—11.14£2.0). On the other hand, ambient heterogeneity did not
have significant impact (at p<0.05) on any traverses on August 19
and can largely be neglected.

5.1.2. Identifying chemical O3 loss

After accounting for entrainment of heterogeneous ambient air into
the plume, we may evaluate the change in plume O3 due to chemical
reactions. We define the plume Os anomaly that can be attributed to
in-plume chemistry (AOs(chem)) as the difference between the in-
plume O3 mixing ratio (corrected for SO, interference; Os(correct)) and
the calculated plume O3 composition expected from entrainment and
mixing of ambient air into the plume (O3(mix)):

A03(chem) = O3(correct)_03(mix). (5)

Table 3 shows that chemical Os loss was identified with greater than
95% confidence in 9 out of 16 traverses on June 21. The ladder traverses
(traverses 1-5) show chemical O3 loss was greater near the vertical cen-
ter of the plume (traverses 3, 4, 10, and 11) than near the top and bot-
tom edges (traverses 1, 2, and 5). The COSPEC traverses (T6-9) yielded
highly variable results. Each traverse encountered different levels of in
situ SO, and the calculated mean AO3(chem) ranged from insignifi-
cant (T6, AO3(chem)= —1.0+£2.1 ppbv, p=0.62) to the largest
detected (T9, AO3(chem)= —16.3 +2.7 ppbv, p=<0.01). The clos-
est traverse (T12, 2.4 km/9 min) showed some chemical O3 loss
but the high levels of SO, encountered resulted in considerable un-
certainty (AO3(chem)= —4.1+3.8, p=0.29). The downwind tra-
verses show that the largest AOs(chem) deficits occurred after
about 20-50 min (~7-13 km) of processing. Gridded models show-
ing the downwind horizontal dispersion of SO, and AO3(chem) defi-
cits in the plume are shown in Fig. 10.

In contrast, chemical O3 loss could only be identified with up to
90% confidence in 1 out of 6 traverses on August 19 (T2, AO3(chem) =
—5.943.6, p=0.10) and with greater than 80% confidence in another
(T12, AO3(chem)= —3.8 +2.6, p=0.14). The high SO, levels encoun-
tered during traverses 1 and 2 resulted in large uncertainty in these
measurements, and the poor conditions prevented us from sampling
closer to the plume center during traverses 12-15, as shown by their
low crosswind integrated SO, values (Table 3).
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Fig. 10. June 21, 2010 GPS ground track of the downwind traverses (T12-T16) showing
gridded SO, and AOs(chem) Values generated from the time series data shown in Fig. 5.
The data were interpolated using a triangulation with linear interpolation function in
the Surfer software package (Golden Software, CO) and are intended to show general
characteristics of plume dispersion and Oz destruction downwind. The plots show
the horizontal dispersion of the plume at ~2700 m altitude and the “ozone hole” that
can be attributed to volcanic emissions (AO3(chem)). The contours on the top panel
(a) correspond to SO, mixing ratios of 0.02 (the instrumental detection limit), 0.10,
and 0.50 ppmv SO,. The dashed contours on the bottom panel (b) indicate the extent
of the plume based on the SO, measurements, and the solid contours represent O3 def-
icits of —7, —10, —20, and — 30 ppbv. Note that the largest O; depletions are found
from ~5 to 13 km downwind (19 to 50 min plume travel time) and near the horizontal
center of the plume.

5.2. Identifying atmospheric vs. volcanic CO,

As a corollary to the Os discussion, we note that ambient heteroge-
neity can also complicate the interpretation of measurements of vol-
canic gases, such as CO,. The ratio of CO, to other volcanic gases (e.g.
C0,/S0,) is commonly used in volcano monitoring to infer informa-
tion about subvolcanic processes and impending hazards (e.g. see
Werner et al., 2013), so accurate determination of volcanic CO, in
plumes is critical.

On June 21 the plume initially entrained air with high CO, and
H,0 but was then vertically transported into air with lower CO, and
H,0 values (Fig. 3). Therefore the measured plume anomalies may re-
flect contributions from both atmospheric and volcanic CO,. The gen-
eral method outlined in Section 5.1 can also be used to estimate the
atmospheric CO, contribution to the plume, based on the relationship
of H,0 and CO, in ambient air (Fig. 9):

€O (mixy = 1.5[H,0] +392.8. (6)
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Fig. 11. Results from measurements (all data from Table 3) and models of downwind
traverses (T12-T16) on June 21, 2010. Panel (a) shows the average SO, for each of
the 5 downwind traverses and a power function fit to data from T12-T13. Panel (b)
shows the derived plume dilution rate with time. Panel (c) shows the projected evolu-
tion of the plume's mean O3 composition due to entrainment and mixing of ambient air
along with observed values from Table 3. The model mixing trajectories were calculat-
ed using Eqs. (7) and (9) (Section 5.3.1) to determine the change in the plume compo-
sition at 1 second intervals with the background ambient Oz set to 53 ppbv. The
model O3y is indicated by the dashed gray line and constrained by the observed O3 g
mixing ratios (purple triangles). The blue squares are the calculated Os(mix) values,
which represent the in-plume O; composition due to entrainment and mixing of ambient
air derived in Section 5.1.1. The thick blue dashed line represents evolution of the plume
by mixing with background air, with the O3(nix) value from T12 as the starting plume O
composition. The orange circles represent the observed O values corrected for SO, inter-
ference (O3correct)) for traverses 12-16 and the light dashed lines show the calculated evo-
lution of these values by mixing. The components that constitute the observed Os deficits
may be derived from the plot. For example, the total observed deficit (AO3otan)) is the
distance between the purple triangle and the orange circle. The deficit due to entrainment
and mixing of ambient air (AO3(mix)) is the distance from the purple triangle to the blue
square. The O3 deficit that can be attributed to in-plume chemical reactions (AO3(chem))
is the distance between the blue square and the orange circle. See section 5.3.1 for more
information.

CO2(mix) is the CO, component (in ppmv) that can be attributed to
entrainment and mixing of heterogeneous ambient air into the
plume, and [H,0] is the H,O mixing ratio (in g kg~ !). The regression
residuals indicate that random uncertainty on individual CO5(mix)
values is relatively large (4 0.4 ppmv, 10). The COy(mix) results are
shown in Figs. 4-6. The calculated COymix) values provide guidance

for identifying volcanic CO, anomalies in the June 21 data, which is
difficult given the stratified atmosphere and low in-plume CO,
mixing ratios. This approach helps explain the negative in-plume
CO, anomalies we observed (e.g. traverses 6 and 7) and shows that
volcanic CO, can only be identified with confidence in traverses
with the highest volcanic gas levels (e.g. traverses 4, 12, and 13). In
contrast, on August 19 the plume was more concentrated and the at-
mosphere less stratified, which makes picking volcanic CO, from the
background more straightforward (Fig. 6). Thus, even though ambi-
ent heterogeneity may not always be significant, recognizing and de-
termining its influence should be kept in mind when interpreting
volcanic plume CO, data.

5.3. Chemical evolution of the plume

5.3.1. Chemical changes due to entrainment of ambient air

In order to further investigate the interplay of chemical and dy-
namic processes with time, we can use the downwind data from
June 21 to calculate a first-order estimate of the chemical evolution
of the plume due to dilution over its first ~2 h after release to the at-
mosphere. Two-component mixing between a plume and ambient air
can be represented by a mixing law:

dC
d_tpl mix— (Cbg_cpl>D(t) (7)

where Cy is the average homogeneous background concentration, Cp
is the average plume concentration, and D(t) is the dilution rate,
which is unknown. This simple expression assumes Gaussian disper-
sion of the plume and has been utilized by von Glasow et al. (2003)
and Chosson et al. (2008) to model the dilution of ship exhaust
plumes. In reality, plumes are highly spatially heterogeneous and dis-
persion is often influenced by turbulent mixing, atmospheric instabil-
ities, or other factors not captured with this simple representation.
For these reasons we stress that our results are limited in scope and
are intended only as a general impression of how the composition
of the plume changed with time due to entrainment of ambient air
as it dispersed and aged.

To derive the dilution rate from our downwind data, first we fit a
power law expression to the average SO, values from traverses 12-14
(Table 3) and find the following to describe the average SO, mixing
ratio with time:

—0.691

[SO,]p = 50.851t (8)
Plume age (minutes)
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Fig. 12. Results from PlumeChem (Roberts et al., 2009) showing horizontally-resolved
model Os loss in the plume tuned to conditions from June 21, 2010. The model output
shows plume dispersion and O3 destruction downwind for comparison to measured
values shown in Fig. 10b.
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Fig. 13. Model results from PlumeChem (Roberts et al., 2009) simulations of reactive halogen chemistry and O3 depletion in the plume tuned to conditions from June 21, 2010. The
model results were averaged over the plume cross-section where SO,>0.020 ppmv in order to compare directly to the measured average values. Panel (a) shows the observed
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Panel (b) shows modeled BrO/SO; ratios in the plume. Panel (c) shows the predicted speciation of gas-phase bromine compounds in the plume. Panel (d) shows the modeled
mixing ratios for BrO and HOBr, the two most abundant reactive halogen species in the plume. Note that the abundances of all other species in (c) would also decrease as the

plume dispersed. See Section 5.3.2 for more information.

where [SO,]p is the average plume SO, mixing ratio in ppmv and t is
the plume age in seconds (Fig. 11a). We exclude data from traverses
15 and 16 from the regression because the crosswind integrated SO,
concentrations were much lower than those from 12 to 14
(<1000 ppmv m; Table 3). As discussed previously, this is likely be-
cause we sampled the vertical edge of the plume rather than the cen-
ter during traverses 15 and 16. Next, if we assume SO, is a zero-
background and conservative tracer (this assumption is valid over
the short timescale we consider) we can solve for the dilution rate
D(t) by differentiating Eq. (8) to obtain d[SO;],/dt and substituting
both it and Eq. (8) into Eq. (7) ([SO,]pg=0) to solve for D(t):

0691

D() =

9

where t is in seconds (shown in Fig. 11b). Now, using Eqs. (7) and (9),
we can model the evolution of any conserved species in the plume
with respect to entrainment and mixing of background air. The re-
sults for Os, calculated at 1-second intervals and beginning at 9 min
downwind (i.e. traverse 12), are shown in Fig. 11c.

Several aspects of the model results are notable. First, it shows
that the dilution rate rapidly decreased as a non-linear function of
time as the plume aged and expanded. Also, the model's trajectory
for ambient Os in the plume is in good agreement with 4 out 5 of
the average O3(mix) values for traverses 12-16 which suggests the de-
rived D(t) is reasonable, especially given that the O3mix) values were
calculated using an entirely different methodology. Second, the re-
sults suggest that early entrainment of low-O3 air had a significant
and lasting impact on the overall O; composition of the plume, but

that the plume composition changed very little due to entrainment
after about 80 min, as D(t) flattens out.

The mixing model allows us to draw some inferences about the
dynamics of in-plume Os-destroying chemical reactions. The largest
03 depletions occurred about 20-50 min downwind even though
the dilution rate was relatively high, which indicates Os-destroying
species were produced very rapidly and destroyed O3 very efficiently.
In contrast, the projected values from traverses 13 and 14 (19 and
50 min downwind) are consistent with the observed O; values for
traverses 15 and 16 (78 and 105 min downwind) which suggests fur-
ther significant Os destruction did not occur beyond ~50 min down-
wind. If vigorous chemical O3 destruction were ongoing 50 min or
more downwind, we would expect greater in-plume O3 anomalies
as the dilution rate slowed and reduced the supply of ambient Os
into the plume, but this does not appear to be true in this case. How-
ever, even without chemical O3 destruction, Oz anomalies as much as
10 ppbv below background could easily exist for several hours or
more because of the low dilution rate, which would limit ambient
air mixing into the plume.

In order to build on the simple parameterization presented here, in
the next section we report results from the PlumeChem model
(Roberts et al., 2009), which is a numerical model that simulates reac-
tive halogen formation and O3 depletion in volcanic plumes as they dis-
perse into the atmosphere. The model includes the autocatalytic
chemical mechanism for BrO formation via heterogeneous chemistry
as previously outlined (R1-R7) and coupling between BrO and NOy
chemistry via BrONO,. Initialization of the model includes consideration
of the high-temperature products (HOy, Cly, Bry) that form when mag-
matic gases mix with air at high temperatures and are believed to
kick-start BrO chemistry (see Roberts et al., 2009 for discussion).
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5.3.2. Comparisons with PlumeChem model simulations

Results from simulations using the PlumeChem model (Roberts et
al., 2009) in multi-box mode at 200 m resolution (200 boxes in hori-
zontal) are shown in Figs. 12 and 13. For these simulations the model
parameters were tuned to the observed volcanic and meteorological
conditions of the Redoubt Volcano plume on June 21 including
wind-speed (4.4 m/s), SO, emission rate (370 t/d), and plume disper-
sion set to match the observed plume width. The volcanic aerosol
loading was initialized at 10~ " pm?/(molec SO,), 10% of the value
used by Roberts et al. (2009). High-temperature chemistry in the
near-vent plume was approximated by initializing PlumeChem using
ArcMean HSC equilibrium model output for a 90:10 magmatic:atmo-
spheric gas mixture at 1000 °C (see Table 1 in Roberts et al., 2009),
with total Br/S and total CI/S adjusted to match the observed ratios
from the filter packs collected on June 20. Given substantial uncer-
tainty in volcanic sources of NOy, e.g. as recently discussed by
Boichu et al. (2011), the volcanic NO, emission was set to zero. The
horizontally-resolved model Oz loss in the plume is shown in
Fig. 12. The model output was also averaged over the plume cross-
section where SO,>0.020 ppmv in order to compare directly to the
measured average values (Fig. 13).

The model shows strong agreement in the downwind trend and
magnitude of observed Oz depletion, with the maximum deficit
(—30 ppbv) occurring in the plume center (Fig. 12) and average O3
deficit reaching —12 ppbv at 20-40 min (Fig. 13a). Beyond 60 min
the simulations appear to overpredict O3 depletion compared to ob-
servations, however this is likely due to the above-mentioned sam-
pling of plume edges rather than the center in traverses 15 and 16.
BrO is produced amongst other forms of reactive bromine (HOBr,
BrONO,, Br», BrCl and Br) reaching a BrO/SO, ratio of 6- 10~ 4 (aver-
age) at 20-40 min downwind (equivalent to14% of total Br), beyond
which BrO/SO, decreases (Fig. 13b).

The model demonstrates that approximately 30% of total bromine
is converted to reactive forms (Fig. 13c). This contrasts with simula-
tions of more concentrated volcanic plumes that showed rapid and
near-complete conversion of HBr to reactive bromine (Bobrowski et
al., 2007; Roberts et al., 2009; von Glasow, 2010), and supports our
earlier analysis of plume chemistry dynamics: the early, more con-
centrated plume undergoes rapid reactive halogen formation and
also efficient cycling between BrO and Br leading to rapid Os loss
within the first 30 min. The average concentrations of all species de-
crease as the plume disperses further downwind and as a result, the
rate of chemical cycling between Br and BrO decreases, leading to
slower O3 destruction. Nevertheless, the continued presence of reac-
tive bromine shown by the model indicates that reactive halogens
persist at elevated levels relative to ambient air beyond the 2 hour
simulation (Fig. 13d). These initial PlumeChem model results demon-
strate a strong capability to reproduce the main features of the obser-
vations and further model simulations and analysis will be included
in a forthcoming publication (Roberts et al., in prep.).

5.4. Summary of measurement and model results

Together the measurement and model results from June 21 suggest
that a combination of entrainment of low-O3 air into the plume and
auto-catalytic bromine chemistry can explain the timing and magni-
tude of the observed Os deficits. The observations from August 19 are
consistent with a catalytic O3 destruction mechanism like that
implemented in the model because the observed Os(chem) deficit during
traverse 2 is relatively large (AOs(chem)=—5.9+3.6 ppbv, p=0.10)
compared to the abundance of BrO (on the order of 10s of pptv)
detected at a similar location downwind. However, because BrO is
only one of several reactive bromine species including Br radicals, Bry,
BrCl, BrNO,, BrONO,, and HOBr thought to be present in volcanic
plumes during the bromine explosion process, the total concentration
of gaseous bromine species in the plume at any given time may easily

be an order of magnitude higher than the measured BrO concentration
and much greater than that of background ambient air.

Unlike polar O5 depletion events that occur near the surface, passive
volcanic degassing can release gases and particles directly into the free
troposphere where they can be transported long distances. In particu-
lar, our results suggest that non-explosive volcanic degassing in Alaska
can result in the release of reactive halogen species to the subarctic tro-
posphere. Further work is needed to better understand the production
of reactive halogen species under different volcanic and environmental
conditions as well as to explore related aspects of volcanic plume chem-
istry, such as the impacts of reactive halogen chemistry on Hg speciation
in volcanic plumes.

6. Conclusions

We traced the rapid halogen-mediated chemical evolution of volca-
nic emissions from Redoubt Volcano during the first ~2 h after volcanic
volatiles were released to the atmosphere. We used ground-based, air-
borne in situ, and airborne remote sensing techniques. Our measure-
ments include the first observations of Br and I degassing from an
Alaskan volcano, the first study of Oz evolution in a volcanic plume,
and the first detection of BrO in the tropospheric plume of a passively
degassing Alaskan volcano. The O3 measurements were facilitated
using a method we devised that employed ordinary, readily available
equipment. The measurements show that O3 mixing ratios in volcanic
plumes are highly variable and reflect the mixing and entrainment of
ambient air into the plume in addition to in-plume chemical processes.
We also presented the first detailed spatially-resolved comparison of
measured and modeled O3 depletion in a volcanic plume. Simulations
with the PlumeChem model (Roberts et al., 2009), which includes the
autocatalytic chemical mechanism for in-plume BrO formation, kick-
started by high-temperature products, were able to reproduce both
the timing and magnitude of in-plume O5 deficits. Thus, our results
are in general accord with models of reactive bromine chemistry and
03 destruction in volcanic plumes (Bobrowski et al., 2007; Roberts et
al., 2009; von Glasow, 2010) that propose BrO and other reactive halo-
gen species are formed by heterogenous and photochemical processes.
While our results are not necessarily unexpected, they show that field
studies must pay careful attention to variations in the composition of
ambient air entrained into volcanic plumes in order to unambiguously
attribute observed O3 anomalies to specific chemical or dynamic pro-
cesses. Our data suggest that non-explosive volcanic degassing in Alas-
ka can result in the release of reactive halogen species to the subarctic
troposphere, with the potential for long-distance transport.
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