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Motivation for volcanic halogen studies

 Volcanic Activity Changes

* Plume Chemistry, Atmospheric
Chemistry, Radiation Budget,..

« Environmental and Health Impact
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Tropospheric chemistry could be influenced by

volcanic halogen emission in various ways
(Platt and Bobrowski 2015):

1) Bromine catalyses O, destruction

2) Bromine inhibits the O, production in the troposphere
3) RHS reactions interfere with the NO, reaction cycle.
4) RHS reactions enhance the OH/HO, ratio

5) Hypohalous acids (HOBr, HOCI) contribute to the formation
of sulphate in aqueous particles

6) RHS can induce secondary organic aerosol formation
(shown in lab studies by Cai et al. 2008 for Cl atoms and
Ofner et al. 2013 for Cl and Br)

/) Bromine can oxidize mercury, and therefore reduce its
atmospheric lifetime



There is reactive halogen chemistry in the

volcanic plume: MAX-DOAS BrO and SO, from
Soufriere Hills Volcano on Montserrat, May 2002

N. Bobrowski, G. Honninger,

B. Galle, and U. Platt, (2003),

Detection of bromine
monoxide in a volcan

iC

plume, Nature, 423, doi:

10.1038/nature01625
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BrO is nothing exceptional in a volcanic plume
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Global volcanic gas studies:
NOVAC — the great opportunity
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NOVAC — the great opportunity
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Global volcanic gas studies:
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SO2 and BrO- spatial distribution in a volcanic plume

130 130 .
4 4 ®
120 120] o ¢ o "
110 110 x 2
- 1e . »
. I £
100 100 PR S
. IR 2
90 90+ A | g
80 80 .'& S
J 1 % o "
70 70+ o
3* ] ’ o 80 %0 100 110 120 130
2 50 60 - “
2™ %
50 50 ")
40 ] 40 H
20.] 30 ; B
20 ] 20 . ¢ 3 32
10 _- L 10 -1 [ ] { g
- SRR £
0 T T T T T T T T . — N
0,0 1,0x10* 2,0x10”* 3,0x10* 4,010 08 09 10 x
d SCD, ,/d SCDg,, R
column #
Instantaneous
field of view Binning
0,087° examples
—— st
. fo e
grating #1 I % :___1'
’” ] . :_____: 0,10°
: — T el
] > o
: .
shutter r____:
it - pet it
gg% o quartz lens ‘! $ L,..h,'
b { : #254 .
hard disk o x v (255 | Lol
- scanning mirror = ,-“" 3
4\ o) -———— scanning mirror displacement

e

e y seps 0,026 Louban et al., 2009



What do we know about BrO in volcanic plumes?

BrO is a secondary gas a bit of attention is needed when using it as
volcanic activity tracer

1l2 L] 1 L ] ¥ T T T %
f © Nyiragongo 2007 1.1°10* | T ' T T
10- ) Masaya 2003 1.1°10" | ‘_}I Sn&gggg
' = San Cristobal 2006 5.0*10° 17 Etzizum ]
.E 08 Gorely 2011 s.a-m*z Nyira2004/2007
8- Villarica 2004 6.9*10° :
--%-- Popo2008 . o 0
% Stromboli 11°10° | € o e |
2 064 Etna 2004 13*10° ~ a
Té v Etna 2003 23*10% | 3 A s
> 04 o Soufriere Hills 2002 73*10° @ PO y |
‘o 04- 1 Q -
o ' 2 /
@ 0.2- e e g ko i Measurements ]
2 00 =9 w = should be done in a
' | R certain distance .
"0.2. T T T T
02 00 02 04 06 08 10 12 14 16 0 3 oo 13 2
18 2 distance from crater in km
SCD SO, [10 molecules/cm’]
130 4 = = 120 &
120 1 e e 120« e
. = — 30 -
110 - [ b 1104 o ® o
100 - mll:n ™ 100 - -:f.;: _§ 25 L 4 C ]
90 o o 90 - *% 2
wef 1 % S 20} ) J
80 o 80+ "4 E } o
el ; o o 5l BRSO = 3.0°10 7 B 12
T0 < - TO [=]
% o o3+ Measurements | _ ] ef < : A"‘;’ld morning | 1=
] W = r te e
® s « " "+ s4 should be done | so- Sa z P and evenmng 2
- i o _.. & e .‘-‘ - -
40+ <™ %4 in the center of | *°- : R measurements |
30 4 - e 30 4 §; E 0k ﬂ'_w.:.:'- e -g
204 - P 20 * E FILi Nightlime measurements: |2
10 . - 10 - . < o 22:00-4:00 local time 0
0 2 e 0] . B ool e
™ " T T T T T 0 1 2 3 4 5 3] 7 ]
0,0 1,0x10 2,0x10 3,0x10 4,0x10 08 09 19 SO, Column Density (10" moleciem?]
dscp,  /dscog, R




Bromine explosion

Bromine explosion: Plume contains O,
BrO + O, +(Br-)s+(H*)s 22 BrO + prod. and still large amounts of
particles
Ct hf /03 4 BrO o
Plume Axis

Initi_al Plume: -

main

components | T A\ e >

H,O, CO,, SO,|. g

no O,, rapid \

cooling r /O Mixing with ambient

air> Q,

~600°C
0, = 8%

“effective source region”

02 =21%

C)

e.g. Bobrowski et al. 2007 Glasow et al. 2009

Is this everything ?
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Nyiragongo and Etna
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Variation in initial plume composition lead to significant difference in
BrO formation in an ageing plume, shown in measurements and model



BrO fraction [%]

Simultaneous Br/S and BrO/SO, data:
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Further Gases: Etna 5" August 2004 -
OClO detection
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Chlorine chemistry

OCIO formation in the plume of Mt Etnha
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Chlorine Chemistry

Formation of OCIO: BrO + CIO = OCIO + Br, k = 6:1012cm3 molecule? s
—> other products

OCIO Destruction: OCIO+hv > CIO+0
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IS t il 20i2 11 '30 U_I_'C 1, Assuming a photo-stationary state:
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Reduction of CH, lifetime 2 orders of magnitude — however even assuming
only 1 pbb O; would lead to a CH, lifetime of the order of half a day
(CH, mean lifetime in the atmosphere 10 years)




Summary

Reactive halogens (e.g. BrO, OCIO) abundant in volcanic
plumes

Measured mixing ratios can be roughly explained by known
chemistry, however in detail model and measurements are in
disagreement

Influence on tropospheric chemistry poorly studied
How much of emitted bromine is transformed into BrO

Is the transformation factor constant ? (how to measure total
bromine?)

Sensitivity to environmental and volcanic factors ?

What about 1odine?
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Mercury in volcanic
plumes

Major emitted species GEM
(Hg®) — chemical inert, low
water solubility

Bagnato, et al., 2011

At lower temperatures (25°C) the higher O, fugacities and
consequently more effective Hg oxidation, all favour
production of condensed Hg!' forms (HgClLy(s), HgBr,(s) and
HgSO,(s))-

HBr, HCI1

[Scavenging] Hg(p)

Onc

into the plume .

e magmatic gases are emitted from
the vents, they mix with air (500°C),
and higher HgO ® concentrations are
produced due to oxygen entrainment

~1100- 1200°C

Mercury is degassed from the magma as

Hg? (g), with minor halogen- mediated
Hg transport.

Natural Emission Estimates

Tonnes emitted globally in 2000

ion 600- Coal and oil combustion 1422

Volcanic processes Pyrometalluric 452
o1l emissions 5 Caustic soda production 65
Vegetation emissions 1650-4300 | Waste incineration 66
Cement production 140

Other 45

Total natural 3450-8800 Total anthropogenic 2190

Adapted from Pacyna et al., 2006




NOVAC

An advantage of ratios:

radiative transfer can be a smaller issue
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e
i ! ’
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. 1
/ 1
Il ’ |
7
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geometry

volcanic
plume

detector

AS0;): 31539nm | SO, BrO  BrO/50, Deviation
MBr(): 340,00 nm |I'.|..:'-_I."['_.'-:'I'_'|:j- Ratio l.|
AOD: 1275 /12 x 10 ¥ 10" =104
[ 90° (.96 .98 1.017 1.7
157 (.90 0.93 1.032 3.2
I a0° .32 1.36 1.030 3.0
157 .11 1.20 1.080 8.0
[1 00" (.78 0.83 1.067 6.7
111 an* (.98 0.99 1.006 0.6
157 .02 1.04 1.006 1.5
[V a90° 1.23 1.26 0.999 2.0
157 .16 1.22 1.024 5.8

=> The ratio of two gases is less influenced

by radiative transfer than the absolute column

density

Libcke, 2014




Preliminary results — Copahue, Argentina

Spectrum

ring (-1.81e+025)

A

502 (8.37e+018)

Residual (2.57e-004)

o4 (9.17e+042)

st

Polynomial

2t

BrO 10" molecules/cm

Offzet

bro (3.52e+013)

#

"

noz (-2.80e+015)

03 (1.39e+018)

5,0

3,0

2,0 1

RN
o
1

0,0

R’=

0.54

BrO/SO, - 1.6x10°

0,0

2,0

T T
4,0

' I ' I I
6,0 8,0

SO, 10" molecules/cm®

10,0




Global volcanic gas studies:
NOVAC - the great opportunity
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 Example 1: The NOVAC instruments at

" Nevado del Ruiz (Colo 1a) /
WUFRADD

STATION

BRUMA
STATIDN -“'

‘\z’_;ffffj' jqiiE?REﬁi;:/;
m‘ LFDMERALES 2\\\
scanDOAS _' ' {5
ONLD) x . C;_d I
LR% X A
O 3¢ = | —  Robust, simple instruments

- | Measurements since Nov. 2009

Viewing Angle




7o\ Possible interpretation of the
= Bro/SO, ratlo

A: Before September 2010 ! D : February 2012 - June 2012
B Okm = sulphur ,/ B 0 km
" _ T
\_ II'\
L 5km = bromine N 5 km
L .";f < i
1L)
0% 100% 0% 100%
%] exsolved [%] exsolved
B + C : September 2010 - Januar 2012 [7e] exsolv E : August 2012 - June 2013

- 0 km

Okm =

0% 100%
[%6] exsolved

0% 100%
[%] exsolved

Libcke et al., 2014



Questions and Problems:

® How much of bromine is transformed into
BrO (atmospheric interest)

® Is the transformation factor constant ?
(how to measure total bromine?)

® Sensitivity to environmental and volcanic
factors ?

07.07.2015 CCVG - Chile
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Example 2:

[Figure from Google Maps|
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NOVAC

‘a ' Recent and earlier SO, flux studies
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Awkane

(a0} BrO/SO, ratios
= NOVAC Network - Nyiragongo
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7a )  BroO/SO, ratios - NOVAC Network
" Nyiragongo/Nyamulagira
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The BrO retrieval

(&)
= How to evaluate NOVAC data for BrO

J
Preparation of spectra Collective plume and Results
reference spectra

™
ourd

Load Scans

Multiple scans DOAS Fit routine

Co-adding of plume and

Filter spectra
reference spectra

First BrO and 50, fit
Uncorrected cross sections

Prepare fit
DOAS Fit routine

Second BrO and SO, fit

I corrected cross sections

S0, fit for plume
detection

Single scan
Results

Co-adding of plume and
reference spectra

Co-addig necessary due to the
DOAS Fit routine lower optical density of BrO in
volcanic plumes




(A Choosing the spectra

NOVAC

® DOAS evaluation needs
a plume-free reference
spectrum

® First step: zenith
spectrum used as
reference

® Second step: Ten
consecutive spectra at
different viewing angles
were defined as
reference and plume
region to improve the
signal to noise ratio
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‘a | Improving signal to noise by averaging &

x10"

2r —— 2.135e13/sqrt(N)

— X D2J2200

= X D2J2201

2 15}

o .

D

O

£

L

E

o

& 0.5}
O [ [ [ [ [
1 2 3 4 5 6

Number of Scans added

® Adding spectra from several consecutive plume scans greatly improves the S/N ratio

® Fit error probably photon shot noise dominated

® Trade off between S/N and absolute signal & time resolution



(a) DOAS evaluation
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L o | O i
(@)}
O
3-0.05 -
‘®
EJ -0.1 1
£ SCD =1.14e+18 + 1.64e+16

316 318 320 322 324 326

Wavelength [nm]
x 107 Residual

[}
O
oy
‘w
c
Q
=

316 318 320 322 324 326
Wavelength [nm]

Evaluation range: 314.6 — 326.8 nm
Other spectra in the evaluation: O,
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Evaluation range: 330.6 — 352.8 nm
Other spectra in the evaluation:
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Ring spectrum




g

a) Improved Evaluation

NOVAC

* Use gas free reference from different scan Single scan

Co-adding of plume
and reference spectra

= = =| se for BrO fit |= = =2

Choose gas free

Reference v
Multiple scans

Co-adding of plume

and reference spectra

Contaminated S Solar Atlas
Reference? (Kurucz) SO2 Fit




& ?':, . 3’
‘A ' Temperature effects
NOVAC
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-
75 Conclusions 7 )

- ® NOVAC can do more than SO, fluxes

® Spectra from NOVAC do have a sufficient quality for BrO

evaluation
® And there is still more inside the spectra...... e.g.
OCIO + CIO, H,O
Outlook
® We work on improvements and automation of BrO/SO,

evaluation

® Long term time-series of the BrO/SO, ratio for all
volcanoes in the NOVAC network

® Studies on other parameters possible e.g OCIO, in
particular useful to study atmospheric chemistry and
Impacts

® Further instrumental developments e.g CO, remote sensing



7a \ S0, and BrO SCD time series from Nevado
- del Ruiz
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