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implications for volcanological and atmospherical studies 
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Presently, what do we know about volcanic SO2 flux emissions ? 

Ground-network of UV-DOAS  
scanning spectrometers (Etna) 

  IASI SO2 load  

   SO2 CA  (DU)     

Etna 

Every ~ 12 hours 



Boichu et al., ACP, 2013  
Boichu et al., GRL, 2014 

How to characterise volcanic gas emissions at high temporal resolution 
from satellite imagery? 



Needs a description of : 
-  Transport/mixing 
-  Diffusion 
-  Deposition 
-  Wet scavenging 
-  Chemistry… 

… from the volcano to the observation point ! 
 

Forward model:               d = G m 
Inverse problem:                  m* = G-g d 
A posteriori prediction:       d* = G m* 

d m 

d for data m for model 

G = 

Reconstructing volcanic emissions by inverse modelling   

/altitude 



G: CHIMERE regional chemistry-transport model 

 
–  Eulerian model 
–  Grid: dx = dy = 20 km horizontal resolution 
–  29 vertical layers up to 150 hPa (~ 14 km)  
–  Forced with WRF meteorological fields 

 
 
 

d: IASI (Infrared Atmospheric Sounding Interferometer) 

 
–  Abord the polar-orbiting MetOp-A 
–  Infrared (645 cm−1 to 2760 cm −1 )− 
⇒  2 overpasses per day at Equator (9h30; 21h30 LT) 
–  Spatial resolution : (12 km x 12 km) pixel at nadir 

Clerbaux et al., 09 

G 

Inverse modelling  
combining SO2 spaceborne imagery with chemistry-transport modelling   



Boichu et al.,  
ACP, 2013; 
GRL, 2014 

Eyjafjallajökull 2010 
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2 – Altitude of SO2 emissions 

Reconstruction of volcanic SO2 flux emissions at high temporal resolution 

Inverse  
modelling 

1 – Flux of SO2 emissions 



WRF/CHIMERE  
chemistry-transport model 

Forecast 
at + 12h 

2 – Altitude of SO2 emissions 

8 Mai PM 

Eyjafjallajökull 2010 

•  Iceland 

Boichu et al.,  
GRL, 2014 

Forecast of the SO2 cloud dispersal 

IASI  
observations 
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method 
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modelling 
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1 – Flux of SO2 emissions 



Ground-network of 9 UV-DOAS  
scanning spectrometers 

Calibration/Validation with ground UV observations 

Etna, April 2011 

2 – Altitude of SO2 emissions 

Volcano monitoring: precautions to take in the interpretation of ground-based UV-
observations for hazard assessment 

Atmosphere: Re-assessment of the global budget of volcanic emissions   
(SO2, CO2, H2S, HCl, HF, etc…) ? 

Boichu et al.,  
ACP 2015 

  IASI SO2 load  

   SO2 CA  (DU)     

10 April PM 

Etna 

1 – Flux of SO2 emissions 

Salerno et al., 2008 



Boichu et al., ACP, 2015 

Wind shear 
prerequisite  

Etna 2011 
Direct model 

Inversion 

Reconstructing the altitude of SO2 emissions under wind shear conditions 

1 – Flux of SO2 emissions 2 – Altitude of SO2 emissions 
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10 April PM 
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10 April, 12:30 
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High variability of far-range altitude of  SO2 

1 – Flux of SO2 emissions 2 – Altitude of SO2 emissions 

10 Apr 2011, 08:00 UT 

10 Apr 2011, 20:00 UT 

11 Apr 2011, 08:00 UT 

11 Apr 2011, 18:30 UT 

IASI SO2 altitude 

Boichu et al.,  
ACP, 2015 

Modelled SO2 altitude 

Etna 
 2011 



Next step:  
Assimilation of IASI SO2 altitude to reconstruct the altitude of SO2 emissions 
In any meteorological conditions (no more wind shear pre-requisite) 

Toward the assimilation of IASI SO2 altitude 

1 – Flux of SO2 emissions 2 – Altitude of SO2 emissions 

IASI SO2 altitude 
(km) 

Modelled SO2 altitude (km) 

Boichu et al.,  
ACP, 2015 



2- ALTITUDE of INJECTION: 
     Reconstruction of the altitude of SO2 emissions by inverse modelling  

 under wind shear conditions, but soon in any meteorological conditions!  
 (thanks to the assimilation of recently-developed IASI SO2 altitude products) 

 

Conclusions regarding SO2 emissions 
 
1- FLUX: 
     Tools at hand to describe the whole range of volcanic SO2 degassing behaviours 

 with a high temporal resolution  
 (ground/satellite synergy is possible using inverse modelling schemes) 



Perspective: formation and lifecycle of sulfate aerosols 

2- 

High temporal variability of volcanic SO2 emissions (flux and altitude):  
toward a better modelling of sulfate aerosol production and lifecycle 
 

 => impact of volcanism on climate and air quality 

2- 



Remote sensing of volcanic sulfate aerosols using spaceborne LIDAR observations 

CALIOP lidar 

Modelled SO2 
using WRF/CHIMERE  

chemistry-transport model 
initialised with 

reconstructed emissions 

Boichu et al.,  
ACP, 2015 

11 Apr 2011, 00:27 UT  

Etna 2011 



Coexistence of tropospheric SO2 and sulfate aerosols 

Boichu et al.,  
ACP, 2015 

Color ratio 

Depolarisation 
ratio 

Total attenuated 
backscatter signal 

CALIOP lidar 



Thank you for your attention 

Major eruption of Mt. Etna, December 2015 

IASI SO2 load 

Etna 
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Figure 3. Etna emissions during the 10 April 2011 eruption. (Top)
Temporal evolution of the SO2 flux (t h�1) measured from ground-
based UV-DOAS observations during daylight hours (from Bonac-
corso et al., 2011; green line) and retrieved using the inversion pro-
cedure which assimilated IASI SO2 column amount observations
(histograms). Yellow and pink areas indicate the proportion of the
flux emitted at 4 and 7 kma.s.l respectively. The dashed envelope
corresponds to the total flux. The grey zone indicates presence of
ash (Bonaccorso et al., 2011). (Bottom) Root mean square ampli-
tude of the seismic tremor (0.5–5Hz) recorded at the station closest
to the south-east Crater where the eruption took place (from Bonac-
corso et al., 2011).

a sharp decrease of the SO2 flux around 11:00. In the same
period of time, ash emissions start to be released (Bonaccorso
et al., 2011; grey area in Fig. 3), which reveals the increasing
degree of explosivity of the eruption and the occurrence of
magma fragmentation triggering ash discharge. The compar-
ison between ground and satellite-derived fluxes therefore in-
dicates a good agreement during ash-poor periods of the Etna
eruption. In contrast, the increasing plume opacity associated
with the abundance of ash likely leads to an underestimation
of SO2 emission rates derived from ground measurements,
reaching almost an order of magnitude (a factor 8 here), dur-
ing the ash-rich paroxysmal phase of the eruption.
The existence of significant wind shear is confirmed by

IASI acquisitions on 11 April at ⇠ 08:00 and 18:30, which
indicate a large elongation and dispersion of the SO2 cloud
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Figure 4.Maps of the cloud cover factor (CCF). The Etna IASI SO2
cloud is shown in grey in the background.

(Fig. 2c and d left). The SO2 cloud covers now more
than 1200 km, only 12 h after the previous observations that
indicated a much more spatially concentrated SO2 cloud
(Fig. 2b left). The model is able to reproduce the SO2 cloud
elongation as well as the gradients of SO2 load within the
plume (Fig. 2c and d right). Nevertheless, we find a discrep-
ancy between observations and model on these days. The
observed SO2 cloud appears extremely narrow which is in
disagreement with the model. Numerical diffusion may in-
duce more spreading of the modelled volcanic cloud than
observed. Also, in case of a lower SO2 load, the presence of
thick meteorological clouds close to the core of the plume on
11 April a.m. and p.m. maps, illustrated by the cloud cover
fraction from Eumetsat IASI Level 2 products, can hamper
the detection of SO2, leading to artifactual gaps in observa-
tions (Fig. 4c and d).

3.2 Altitude of emissions and near-source SO2 cloud

Modelling and IASI acquisitions show a relatively compact
SO2 cloud composed of two linked pieces on 10 April p.m.
(Fig. 2b). In contrast, subsequent maps indicate a torn apart,
elongated plume (Fig. 2c and d). This behaviour demon-
strates the existence of an intense wind shear in the meteo-
rological fields leading to very different trajectories followed
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