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Halogens in volcanic plumes

 HF, HBr and HCl are the main 
halogen compounds emitted by 
volcanoes

 The original composition of 
volcanic emissions is changed by 
high temperature processes when
volcanic gases first encounter
atmospheric air

 Volcanic halogen emissions
efficiently produce BrO and 
deplete ozone via the so-called
‘bromine explosion’ process
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Bromine explosion reactions

Bromine explosion requires

• Aerosols for heterogeneous
reactions
 sulfates formed from

volcanic SO2 and/or ash
particles

• Oxidant species O3 and HO2

 atmospheric air 
(background composition)
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What are the challenges for volcanic halogen
chemistry modelling depending on the scale ?

 At all scales 
 (1) quantification of the source term: magmatic emissions of SO2, HCl, HBr
 (2) Change in composition from high temperature chemistry at vent when 

emissions first mix with atmospheric air

 At the regional and global scale
 (3) Subgrid-scale processes within volcanic plumes since they have a 

typical size much smaller than regional model resolutions  high 
concentration chemistry
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With the final objective to study the fate of volcano-emitted halogens and 
their impact in a regional/global chemistry model, we use a simplified
framework (1D-column model) to study the importance of (2) and (3)



1D-column version of MOCAGE CTM

 MOCAGE is the 3D global/regional chemistry transport model
 developed by CNRM for research and operational forecasts
 includes both tropospheric (RACM scheme) and stratospheric chemistry 

(REPROBUS scheme), and aerosols

 1D-MOCAGE version

 Vertical column version with 47 grid-boxes (from the 47 MOCAGE 
levels) 

 No wet/dry deposition
 No transport processes except idealised plume injection 
 Gaseous and heterogeneous chemistry including bromine explosion 

reactions
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Case study and MOCAGE-1D configuration (1)
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Mt Etna eruption on the 10th of May 2008 from 14.15 to 18.15 UTC
 Nighttime comes just 15 minutes after the end of the eruption

MOCAGE configuration:
• 1D column selected at the latitude/longitude of Mt Etna
• Initialisation from a previous 3D MOCAGE simulation:

• at 14UTC for ‘night’ simulations with emissions starting at 14.15 
UTC corresponding to the actual eruption

• at 04UTC for ‘day’ simulations with emissions starting at 4.15 UTC 
corresponding to test of the impact of daytime on bromine 
explosion

• Resolution: 0.5°latitude x 0.5°longitude
• Estimated emissions of SO2 : 8000 tons over the 4 hours of the eruption
• Emissions for other species derived from SO2 emissions (see next 

slide)
• Emissions from 3300 m to 8000m altitude with an idealised plume injection 

following an umbrella profile (=more emissions in the top third part to 
represent the effect of plume convection)



Case study and MOCAGE-1D configuration (2)
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Molar ratios with respect to SO2 are used to 
estimate the mass of other volcanic species

(from measurements on 14/05/2008):
Thay are called ‘raw emissions’ (= volcanic 
gases before mixing with atmospheric air)

Species Molar ratio (mol %) 

H2O 90

CO2 8

SO2 0.7
HCl 0.21
HF 0.09
HBr 2.3×10-4

HI 5.4×10-6

H2S 4.45×10-3

H2 0.162
CO 2.18×10-3

Emissions estimated after high 
temperature processes compared to 

‘raw emissions’
SO2  unchanged
H2S  unchanged
CO  unchanged
HCl unchanged

HBr 75 % HBr + 25 % Br
Primary sulfate  3% of SO2

Emissions used in MOCAGE-1D

STEP 1 STEP 2


Feuil1

		Species		Molar ratio (mol %)

		H2O		90

		CO2		8

		SO2		0.7

		HCl		0.21

		HF		0.09

		HBr		2.3´10-4

		HI		5.4´10-6

		H2S		4.45´10-3

		H2		0.162

		CO		2.18´10-3







Subgrid-scale parameterizarion

To represent the chemistry occuring at the scale of the plume, we define:
a ‘plume box’ (~2.5km x ~2.5km) within the regional model box (~50km x ~50km) 

All the volcanic emissions take place within the plume box

Plume box is initialised with the model box background mixing ratios 

Chemistry is calculated at each time step (15 min) separately in the model box and the 
plume box and the exchanges between the model box and the plume box can be done
three different ways (see next 2 slides)
• Plume 1 : exchange of molecules between model and plume box at each timestep = full 

dillution of the plume box molecules into the model box at each time step
• Plume 2: no echange of molecules between the model box and the plume box until the end 

of the emission = no dillution of the plume into the model box until the end of the eruption
• Plume 1.X is intermediate between Plume 1 and Plume 2 with 0<X<1. X controls the 

exchanges between the plume box and the model box  when X increases, the dillution of 
the plume into the model box decreases: 

• If X= 0  identical to Plume1
• If X=1  identical to Plume2
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if X= 0  PLUME1 if X=1  PLUME2 when X increases  less exchange of molecules 
between the plume box and the model box. Later we show results for 1.5 and 1.9 



Tests on the sub-grid scale parameterization

5 simulations have been run:

NO.PLUME does not use the subgrid scale parameterization 

PLUME1 uses PLUME1 configuration (= maximum exchanges between the plume 
box and the model box)

PLUME1.5 uses PLUME1.X configuration with X=0.5 (= 50% of the content of the 
plume box is dilluted into the model box at each timestep)

PLUME1.9 uses PLUME1.X configuration with X=0.9 (= 10% of the content of the 
plume box is dilluted into the model box at each timestep)

PLUME2 uses PLUME2 configuration (= minimum exchanges between the plume 
box and the model box)
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Results: subgrid-scale parameterization for 
emissions just before night 

Partition of bromine species for the case with no 
subgrid-scale parameterization (NO.PLUME): bromine 
explosion stopped quickly because of nighttime 

Partial column over the model level where the 
emissions are set
Eruption time in green, nighttime in grey

Bromine explosion is stopped by night but starts again the day after when daylight returns
HBr increases during emission even if BrO is formed and depleted after the end of emission during daytime
The use of a sub-grid scale parameterization delays and slightly weakens the bromine explosion
When the mixing of the plume box content with background air decreases, there is a weaker and delayed 
BrO formation/ozone depletion



Results: subgrid-scale parameterization but for 
emissions during daytime
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Partition of bromine species for the case 
with no subgrid-scale parameterization 
(NO.PLUME)

Partial column over the model level where the 
emissions are set
Eruption time in green, nighttime in grey

Bromine explosion makes BrO increasing with time using part of the HBr  emitted and depleting ozone
The use of a subgriscale parameterization delays the bromine explosion  
When the mixing of the plume box content with background air decreases, there is a delayed BrO 
formation/ozone depletion



Tests on the emissions

 There is a high uncertainty on the evolution of the volcano emissions
when they first mix with atmospheric air at high temperatures

 In our simulations we have assumed that primary aerosols are formed
at high temperature and that HBr is partitioned between HBr and Br
 How does this impact on the bromine explosion ?
 New series of tests on the emissions
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Sensitivity tests SO2 SULFATE HBr Br

NO.PLUME 8000 tons 0.03xSO2‘raw’* 0.75xHBr ‘raw’ 0.25xHBr ‘raw’

RAW.EMIS 8000 tons No HBr ‘raw’ No

RAW.EMIS.SULF 8000 tons 0.03xSO2‘raw’ HBr ‘raw’ No

RAW.EMIS.BR 8000 tons No 0.75xHBr ‘raw’ 0.25xHBr ‘raw’

!! All above sensitivity tests are run without the subgrid-scale 
parameterization and for daytime configuration !!

*‘raw’ = magmatic 
air emissions



Results: tests on the emissions after high temperature 
processes at vent (daytime runs)
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NO.PLUME
RAW.EMIS

RAW.EMIS.BR
RAW.EMIS.SULF
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If using the emissions directly from the volcano (RAW.EMIS), hardly any formation of BrO from HBr
Including a partition of HBr between HBr and Br triggers BrO formation during the emission (until 8.15 UTC)
Including primary sulfate is important for BrO formation once BrO has already reached a sufficient quantity



Use of a 1D framework of MOCAGE Chemistry transport model to test 
various assumptions

What do we learn about the effect of subgrid-scale processes within
volcanic plumes?

 The use of a subgrid-scale parameterization of the volcanic plume 
chemistry shows that less mixing of the plume with background air 
delays up to a few hours the bromine explosion but only slightly
affects its intensity

What do we learn about the effect of the changes of emissions at high 
temperature when they fist mix with atmospheric air?

 Both primary sulfate aerosols and Br from HBr emissions largely
contribute to the bromine explosion

 The choice of the emission partition after high temperature
processes is very important for bromine explosions 
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Representation of volcanic halogen chemistry for 
regional modelling: conclusion



What still needs to be done
• Include H2O emissions should lead to a more efficient production of 

sulfate aerosol and thus a more rapid bromine explosion
• Include OH emissions which can be formed by high temperature processes

when volcanic emissions first mix with atmospheric air
• Test other Br/HBr ratios in MOCAGE 1D emissions
• Test other primary sulfate/SO2  in MOCAGE 1D emissions
• Improve MOCAGE chemistry scheme for tropospheric halogens

In fine

• Use these results to improve MOCAGE 3D model and simulations of 
volcanic plume composition (See Narivelo el al. EGU presentation)

• Find the best (high temperature) emission ratios to get a more rapid bromine
explosion with a the 0.5°x0.5°MOCAGE resolution as expected from
observation studies
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Representation of volcanic halogen chemistry for 
regional modelling: perspectives
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