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Motivation for volcanic halogen studies
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• 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 O3 destruction 

2) Bromine inhibits the O3 production in the troposphere 

3) RHS reactions interfere with the NOx reaction cycle. 

4) RHS reactions enhance the OH/HO2 ratio 

5) Hypohalous acids (HOBr, HOCl) 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)

7) Bromine can oxidize mercury, and therefore reduce its 

atmospheric lifetime 

….
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There is reactive halogen chemistry in the 
volcanic plume: MAX-DOAS BrO and SO2 from 

Soufriere Hills Volcano on Montserrat, May 2002

N. Bobrowski, G. Hönninger, 

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

Detection of bromine 

monoxide in a volcanic 

plume, Nature, 423, doi: 

10.1038/nature01625



Soufriere Hills1,5

Nevado del Ruiz13

Galeras

Tungurahua

Mt. Etna e.g.3,4,5,6

Stromboli5

Masaya5

San Cristobal18

Copahue

Villarica5

Nyamulagira

Nyiragongo15

Sakurajima2

Ambrym7,13

Popocatépetl18

Kasatochi8,13

Pacaya11

Klichuvskoi13

, Kizimen13

, Karymsky13

Mutnovsky

Gorely12,18

Eyjafjallajökull9,13

Mt Erebus10

Mt. 

Redoubt13,15

Dallafilla, Nabro13

Sarychev13

Puyehue-Cordón Caulle17

Platt and Bobrowski, 2015

>BrO detected on > 25 volcanoes
BrO/SO2 between 10-3 – 10-6

BrO is nothing exceptional in a volcanic plume
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BrO/SO2 time series

Lübcke et al., 2014

Etna, Italy

Nevado del Ruiz, Colombia
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BrO and SO2 at 
different 
distances down-
wind from the 
crater of Etna

Oppenheimer et al., 2006Bobrowski et al., 2007



BrO and SO2 at 
different 
distances down-
wind from the 
crater of Etna

Oppenheimer et al., 2006Bobrowski et al., 2007

 Evolution of a passive tracer (red) and a fictious reactive

component (blue) with time in the volcanic plume.

 By taking a ratio, atmospherheric dilution effects and

temporal variations of emitted amounts are elimitated



BrO/SO2 ratio dependence of the distance 
from the source 

General agreement with 

model data possible
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Louban et al., 2009

SO2 and BrO- spatial distribution in a volcanic plume



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



Bromine explosion

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

HOBr(gas)→ HOBr(aq) 

HBr(gas)→ Br-
(aq) + H+

(aq)

HOBr(aq)+ Br−
(aq)+ H+

(aq)→Br2(gas)+H2O 

Br2 + hν→2Br 

Br + O3→BrO + O2

BrO + BrO→2Br + O2

BrO + BrO→Br2 + O2

BrO + HO2→HOBr + O2

Bobrowski et al. 2007

Is this everything ?



Ozone depletion Etna 2012

Surl, et al., 2014

Models predict complete 
ozone depletion in plume[ ]

Smallest O3 mixing ratio 

measured 40 ppb

Von Glasow



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

Etna 
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Bobrowski et al., 2015



CCVG - Chile

Simultaneous Br/S and BrO/SO2 data:

Simultaneous measurements of Br/S

and BrO/SO2 ratios at 5 different

volcanoes

Recent Model studies of T. Roberts et

al., 2014

Measurements
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Further Gases: Etna 5th August 2004 –
OClO detection

Bobrowski et al., 2007



Chlorine chemistry

OClO formation in the plume of Mt Etna

Gliss et al., 2014 General et al., 2014

scanning

DOAS
Airplane measurements



Chlorine Chemistry
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d
OClO BrO ClO k OClO J 0

dt

OClO J S OClO J
ClO

S BrO kBrO k

                   



            

Formation of OClO:  BrO + ClO  OClO + Br, k = 610-12cm3 molecule-1 s-1

 other products

OClO Destruction:    OClO + h ClO + O

Assuming a photo-stationary state:

From ClO we can calculate also the 
amount of Cl atoms    -> 

Reduction of CH4 lifetime 2 orders of magnitude – however even assuming 
only 1 pbb O3 would lead to a CH4 lifetime of the order of half a day 
(CH4 mean lifetime in the atmosphere 10 years)

Sept. 11, 2012, 11:30 UTC

Gliss et al., 2014



Summary
• Reactive halogens (e.g. BrO, OClO) 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 iodine?

• … 



Merci !

Danke – Grazie - Gracias -

Aksanti – Thanks

Questions???





Mercury in volcanic 
plumes
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Adapted from Pacyna et al., 2006

Major emitted species GEM 

(Hg0) – chemical inert, low 

water solubility 



=> The ratio of two gases is less influenced
by radiative transfer than the absolute column
density 

An advantage of ratios:                               

radiative transfer can be a smaller issue

Lübcke, 2014



Preliminary results – Copahue, Argentina
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• Robust, simple instruments

• Measurements since Nov. 2009

Major wind direction
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Example 1: The NOVAC instruments at 

Nevado del Ruiz (Colombia)



Possible interpretation of the 

BrO/SO
2

ratio

Lübcke et al., 2014



Questions and Problems: 

07.07.2015 CCVG - Chile

• 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 ?

• …



Example 2: 

Nyiragongo –

Nyamulagira

(DR Kongo)

Sake
Rusayo

Kingi



M. Yalire, 2010
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Santiago Arellano
Mathiew Yalire



BrO/SO2 ratios
NOVAC Network - Nyiragongo

MaxDOAS

MobilDOAS



BrO/SO2 ratios - NOVAC Network 
Nyiragongo/Nyamulagira



The BrO retrieval

How to evaluate NOVAC data for BrO

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



• 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

Choosing the spectra



Improving signal to noise by averaging

• 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



Evaluation range: 330.6 – 352.8 nm

Other spectra in the evaluation:

SO2, O3, O4, NO2, CH2O, 

Ring spectrum

Evaluation range: 314.6 – 326.8 nm

Other spectra in the evaluation: O3, 

Ring spectrum

DOAS evaluation



SO2 fit for plume 
detection

DOAS Fit routine

Co-adding of plume 
and reference spectra

Single scan

DOAS Fit routine

Co-adding of plume 
and reference spectra

Multiple scans

Solar Atlas 
(Kurucz) SO2 Fit

Use for BrO fit

• Use gas free reference from different scan

Contaminated 
Reference?

Choose gas free 
Reference

Improved Evaluation



1310)313.0086.2(

 :errorfit  NOVACMean 



Temperature effects

Simon Wahrnach 2015

6 weeks

2 weeks
3 days

Changes over Time



Conclusions
• NOVAC can do more than SO2 fluxes

• Spectra from NOVAC do have a sufficient quality for BrO

evaluation

• And there is still more inside the spectra…… e.g.           

OClO + ClO, H2O

Outlook
• We work on improvements and automation of BrO/SO2

evaluation

• Long term time-series of the BrO/SO2 ratio for all

volcanoes in the NOVAC network

• Studies on other parameters possible e.g OClO, in 

particular useful to study atmospheric chemistry and

impacts

• Further instrumental developments e.g CO2 remote sensing



SO2 and BrO SCD time series from Nevado 

del Ruiz

Lübcke 
et al., 
2014


