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Abstract 

Syneruptive gas flux time series can, in principle, be retrieved from satellite 

maps of SO2 collected during and immediately after volcanic eruptions, and 

used to gain insights into the volcanic processes which drive the volcanic 

activity. Determination of the age and height of volcanic plumes are key 

prerequisites for such calculations. However, these parameters are challenging 

to constrain using satellite-based techniques. Here, we use imagery from OMI 

and GOME-2 satellite sensors and a novel numerical procedure based on back-

trajectory analysis to calculate plume height as a function of position at the 

satellite measurement time together with plume injection height and time at a 

volcanic vent location.  We applied this new procedure to three Etna eruptions 

(12 August 2011, 18 March 2012 and 12 April 2013) and compared our results 

with independent satellite and ground-based estimations. We also compare our 

injection height time-series with measurements of volcanic tremor, which 

reflects the eruption intensity, showing a good match between these two 

datasets. Our results are a milestone in progressing towards reliable 

determination of gas flux data from satellite-derived SO2 maps during volcanic 

eruptions, which would be of great value for operational management of 

explosive eruptions. 
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1 Introduction 

Sulphur dioxide (SO2) is normally the most abundant gas released into the 

atmosphere by volcanic eruptions after water vapour (H2O) and carbon dioxide 

(CO2) (Sigurdsson et al., 2015). While H2O and CO2 are abundant in Earth’s 

atmosphere, SO2 is not, making volcanic SO2 easier to detect from satellite- and 

ground-based instruments.  

Part of the interest in SO2 detection derives from the potential for reconstructing 

SO2 fluxes and plume height time-series, which could, in principle, produce 

deeper insights into the volcanic processes which drive eruptions. For example, 

Young et al., (1988) and Williams-Jones et al., (2008) show that SO2 fluxes 

measured at active volcanoes are a good proxy for magma supply rate. 

Moreover, SO2 injected at stratospheric heights from large eruptions can play a 

role in climate due to SO2 conversion into a sulphate aerosol. Such particles can 

remain in the upper atmosphere for weeks or even months offering a screen to 

solar radiation and causing global cooling (Bluth et al., 1992; Bekki, 1995; Carn 

et al., 2007; McCormick et al., 1995; Robock, 2000). Finally, SO2 plumes are 

often used as a proxy for ash clouds (Sears et al., 2013; Carn et al., 2009; 

Thomas and Prata, 2011), motivating their detection for the purposes of aircraft 

hazard mitigation. Thus, an accurate quantification of SO2 flux time series from 

satellite imagery during volcanic eruptions would be of great value, but is not 

currently routinely performed, due to a lack of reliable and robust analysis 

procedures.  

Remote measurements of SO2 amount released by volcanic activity can be 

achieved both by ground- and satellite-based sensors. In the first case, SO2 

emission rates are typically measured using systems such as ultraviolet 

spectrometers (Galle et al., 2003; Salerno et al., 2009) or high resolution 

cameras (Mori and Burton 2006; Nadeau et al., 2011, Burton et al., 2015) 

located around active volcanoes. However, the vast majority of volcanoes on 
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Earth are not intensely monitored from the ground, and even for those that are, 

strongly explosive eruptions pose a challenge for proximal ground-based SO2 

fluxes networks. Satellite-based SO2 detection offers a solution to fill this gap, if 

reconstruction of SO2 emission rate time series can be produced robustly 

(Merucci et al., 2011). 

Volcanic SO2 can be detected by Ultraviolet (UV) and Infrared (IR) satellite 

sensors. Example instruments include ASTER (Advanced Spaceborne Thermal 

Emission and Reflection Radiometer) (Tan, 2004), AIRS (Atmospheric Infrared 

Sounder) (Chahine et al., 2006) and MODIS (Moderate Resolution Imaging 

Spectroradiometer) (Salomonson et al., 2002) aboard Nasa’s Terra and Aqua 

satellites. We also cite SEVIRI (Spinning Enhanced Visible and InfraRed 

Imager) (Aminou, 2002) on Meteosat Second Generation spacecraft, OMI 

(Ozone Monitoring Instrument) on board NASA’s Aura satellite (Levelt et al., 

2006), GOME-2 (Global Ozone Monitoring Experiment–2) (Munro et al., 2006) 

and IASI (The Infrared Atmospheric Sounding Interferometer) (Blumstein et 

al., 2004) both aboard MetOp-A/B. More recent instruments are VIIRS (Visible 

Infrared Imaging Radiometer Suite) (Liao et al., 2013), OMPS (Ozone Mapping 

and Profile Suite) (Cao et al., 2013) and CrIS (Cross-track Infrared Sounder) 

(Strow et al., 2013) all aboard Suomi NPP satellite launch in 2011.  

When retrieving volcanic SO2 abundance using satellite measurements, 

difficulties arise due to uncertainties in calculating the plume height at 

measurement point, which is an essential information for accurate retrievals of 

SO2 abundance and, consequently, fluxes (Pugnaghi et al., 2013; Theys et al., 

2013). The most immediate information that can be extracted from a satellite 

image of an SO2 plume is its static position, at a fixed time, without knowledge 

about its height and its temporal evolution. Some satellite-based retrieval 

techniques have been developed allowing the simultaneous reconstruction of 

both column amounts and height of volcanic SO2 clouds. For example, Yang et 
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al., (2010) presents the Extended Iterative Spectral Fitting (EISF) algorithm for 

retrieving plume altitude and column amount using observations of the 2008 

Kasatochi eruption made by OMI. Clarisse et al., (2014) introduces and 

validates a new method for the retrieval of SO2 plume height from IASI 

measurements using the Nabro 2011 eruption as a case study. Hyperspectral 

infrared observations (Carboni et al., 2012, 2015) and inverse modelling 

procedures (Moxnes et al., 2014; Boichu et al., 2013, 2015) have also shown 

promising results. 

We highlight that the accuracy of any satellite plume altitude retrieval is 

influenced by parameters such as SO2 column amount (retrievals work best for 

high total column), presence of volcanic ash or aerosol in the plume and pixels 

not completely covered by the plume.  

In the present paper, we report a methodology for retrieving SO2 plume height 

and temporal evolution using a combination of satellite data and numerical 

modelling. Three Etna volcano paroxysmal events (eruptions occurred on 12 

August 2011, 18 March 2012 and 12 April 2013) are investigated using 

observations made by OMI and GOME-2 satellite sensors. The methodology we 

present is fast and semi-automated and it can be easily performed with any type 

of satellite data, making our tool potentially suitable for operational tasks, such 

as use in VAACs or volcano observatories.    

We compare our numerical products (i.e. injection time, injection height and 

cloud height at satellite measurement time) with independent ground- and 

satellite-based estimations of the same eruptive parameters. For this reason, 

Etna is a suitable target for our analysis since it is a very well-monitored 

volcano by both satellite- and ground-based systems. Here, satellite-derived 

injection times are compared with eruption times captured by visible imagery 

from ground-visible cameras located in Catania 27 km from the vent (Scollo et 

al., 2014). Our satellite SO2 image-derived injection heights are compared with 
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those arising from the ‘dark pixel’ procedure (Prata and Grant, 2001; Corradini 

et al., 2010) applied to satellite SEVIRI data, and those from calibrated ground-

based visible camera images (Scollo et al., 2014). Volcanic cloud heights at 

satellite measurement time are examined together with the results of the centre 

of mass procedure applied to SEVIRI measurements (Guerrieri et al., 2015).  

The outcomes of the numerical procedure are also compared with volcanic 

seismic tremor signals recorded at Etna during the investigated eruptions. 

Volcanic tremor has been recognized as a proxy for eruption intensity 

(Alparone et al., 2003). Comparing our injection height time-series with tremor 

signal, we find a good match between these two datasets even if deeper analysis 

is needed to better explain this behaviour. 

The paper is structured as follows. The three Etna cases study are described in 

Section 2, while an overview of the satellite data used to perform the numerical 

procedure is presented in Section 3. Section 4 shows the methodology and the 

outcomes for the three investigated eruptions. The comparison between 

numerical results and independent satellite- and ground-based estimations is 

presented in Section 5. Finally, in Section 6 we compare our numerically 

retrieved injection height times-series with volcanic tremor signal recorded 

during the investigated eruptions and we show a good match between these 

independent datasets.   



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

2 Etna case study 

Etna (37.73°N, 15.00°E) is a stratovolcano located on the Eastern coast of 

Sicily, Italy with an elevation of 3300 m ASL 4 active summit craters: Voragine 

(VOR), North-east (NEC), Bocca Nuova (BN), New-South-East (NSEC) (see 

Figure 1). 

 

Figure 1: Sketch map of Sicily, Italy, where Mt. Etna (3300 m asl) is located 

[37.73°, 15.00°]. The morphology of the four summit craters (Voragine, North-

east, Bocca Nuova, New-South-East) during 2011-2013 is shown in the inset. 

 

Etna is the tallest volcano in Europe and one of the most active volcanoes in the 

world. Geophysical, geochemical and volcanic signals produced by volcanic 

activity and unrest are continuously measured with extensive, modern 

monitoring networks managed by INGV-Osservatorio Etneo resulting in a large, 

high quality dataset which is extremely valuable for scientific research.  

From January 2011 to December 2013 Etna produced a series of 44 paroxysmal 

eruptive episodes, with lava fountains reaching up to 1 km in height above the 

summit craters, together with the creation of sustained ash and gas columns 

reaching higher heights (Calvari et al., 2011; Patanè et al., 2013). This activity 
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had its source from a new vent that opened on the southeast flank of the SEC. 

Due to the accumulation of pyroclastic material during the period 2011-2012, 

this depression produced a new cone with a total elevation of more than 200 

meters, the so called New Southeast Crater (NSEC) (Behncke et al., 2014).  

Three paroxysmal events of the 2011-2013 eruptive episodes fed by NSEC are 

used as test cases in the present paper. These are the eruptions which occurred 

on 12 August 2011, 18 March 2012 and 12 April 2013. These eruptions have 

been selected considering the availability of satellite- and ground-based data 

used to perform our analysis. Below we report brief descriptions of the case 

studies, with information about the eruptive activity arising from INGV - 

Osservatorio Etneo reports available at www.ct.ingv.it. 

 

 

Figure 2: (A) MODIS satellite image showing the plume released during the 12 

August 2011 Etna event (image courtesy NASA MODIS Rapid Response 

System); inset figure shows the eruptive column and the plume as seen from 

Catania at 30 km distance from the top of Etna (image courtesy Elisabetta 

Ferrera, University of Catania); (B) MODIS satellite image of the plume 

released during the 18 March 2012 eruption (image courtesy NASA MODIS 

Rapid Response System); (C) eruptive column and plume emitted during the 12 

April 2013 event (image courtesy Roberto Caudullo, 

https://etnavolcano.wordpress.com). 
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2.1 12 August 2011 

The 12 August 2011 event was the 10
th

 paroxysm of 2011 and it took place after 

a relatively quiet six day pause in activity (see Figure 2A). 

At about 5.30 UTC (all timings reported here are UTC) on 12 August an intense 

phase of Strombolian activity was observed, with an amplification of volcanic 

tremor amplitude recorded by the seismic network and a contemporaneous 

migration of tremor source from the central summit area towards the NSEC. 

Dark ash puffs began at 7:30 followed by a lava flow at 7:50 in the direction of 

Valle del Bove. The paroxysmal phase started at 8:00 when violent Strombolian 

explosions were converted into pulsating fountains ~100 m tall. Between 8:45 

and 10:00 a dense ash column rose from the lava fountain. Ash and lava 

emissions continued until 10:25 when a decrease in the intensity was observed 

and only a phase of passive ash emission remained. The eruption ended at 11:00 

on 12 August. 

2.2 18 March 2012 

The paroxysmal episode that occurred on 18 March 2012 was the 22
nd

 event of 

the 2011-2013 eruptive cycle (see Figure 2B).  

From early morning on 18 March 2012, monitoring signals indicate unrest of 

Etna. Strombolian activity together with volcanic tremor amplitude became 

gradually more intense and after 6:00 lava started to overflow towards Valle del 

Bove. At 7:25 an ash and gas-rich plume rose from the crater, while pulsating 

lava fountains reached a height of 100 m above the vent. Between 8:00 and 8:15 

the lava fountain activity was continuous and a several kilometres high eruptive 

column was observed at around 9:00 blown eastward by the wind. Lava 

fountains and strong ash emissions lasted until 9:40 without significant 

variations; after this the activity rapidly diminished in intensity to end at 10:10. 
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2.3 12 April 2013 

The 10
th
 eruptive event of 2013 occurred at the NSEC and, in contrast to the 

previously described episodes, this eruption lasted for several days (from 8 to 

14 April 2013) reaching a peak on 12 April 2013 (see Figure 2C). 

Strombolian explosions started on 8 April 2013 and weak ash emission with 

intermittent mild explosions went on until 11 April when a stronger activity was 

observed together with increasing volcanic tremor amplitude. At dawn on 12 

April a diluted ash cloud rose from the NSEC and drifted southeast.   

During the morning of 12 April 2013 the paroxysmal phase was characterized 

by lava flow, frequent, strong Strombolian explosions and a weak ash emission. 

At 10:00 the eruptive activity suddenly decreased in intensity and the lava 

fountains turn into sporadic Strombolian explosions with very weak ash 

emissions, while the amplitude of the volcanic tremor decreased. At 10:15 the 

activity increased again and new lava fountains together with strong ash 

emissions heralded the beginning of a new paroxysmal phase which remained 

stable until midday. The eruptive activity ceased at 15:00 on 12 April. This 

episode was significantly less intense than 12 August 2011 and 18 March 2012, 

but of longer duration. 

3 Satellite data 

SO2 spatial distributions of the investigated case studies arose from both OMI 

and GOME-2 operational products. OMI, on board NASA’s Aura satellite, is a 

nadir-viewing imaging spectrometer in the spectral range of 264-504 nm 

performing a global and daily measurement of several atmospheric gases as 

SO2, NO2, BrO, HCHO, etc.. Each orbit has a swath of 2600 km width, 

composed by 1600 line-viewing containing 60 pixels each with a ground pixel 

size at nadir of 13x24 km
2
. Since May 2008 the so-called OMI Row Anomaly 

(ORA) degraded the quality of the Level 1B radiance data and consequently the 
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SO2 data products. A row anomaly is an anomaly affecting the Earth radiance 

data at all the wavelengths for specific OMI viewing angles. These anomalies 

appeared to be changing with time and affecting different viewing angle of OMI 

after their first appearance; however, they are stable since July 2011. Yan et al., 

(2012) shows a method for correcting OMI SO2 Band Residual Difference 

(BRD) retrievals affected by rows anomalies. More information about the Row 

Anomalies can be found at 

http://www.knmi.nl/omi/research/product/rowanomaly-background.php. 

GOME-2 is an ultraviolet spectrometer (290-790 nm) aboard the polar-orbiting 

satellites MetOp-A (launched in 2006) and MetOp-B (launched in 2012) taking 

global measurements of atmospheric composition on a daily basis. GOME-2 

provides nadir-view scans with a swath of 1920 km and a ground pixel 

resolution of 40x80 km
2
. Since plume height cannot be simply assessed by 

satellite measurements (hence necessitating methods such as those presented in 

the current work), for each OMI and GOME-2 scene the SO2 Column Amount 

(CA) is retrieved assuming four different hypothetical SO2 plume heights in 

case of OMI and three different heights in case of GOME-2 (Rix et al., 2012). 

The a-priori altitudes used in the analysis of the OMI radiance are: Planetary 

Boundary Layer (PBL, 0.9 km), Lower Troposphere (TRL, 2.5 km), Middle 

Troposphere (TRM, 7.5 km) and Upper Troposphere/Stratosphere (STL, 17 

km). 

For each of these hypothetical heights, the CA is retrieved in Dobson Units 

[DU] using different Principal Component Analysis algorithm for 0.9 km (Li et 

al., 2013) and Linear Fit algorithms for 2.5, 7.5 and 17 km heights (Yang et al., 

2007). 

Similarly, for each GOME-2 scene three different SO2 CA maps are retrieved 

for heights equal to 2.5 km, 6 km and 15 km. For each of these heights the 
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retrieval of the SO2 atmospheric amount is made using the differential optical 

absorption spectroscopy (DOAS) method in the UV (Platt and Stutz, 2008). 

Since we make no assumptions on the height at which the SO2 cloud is located 

at the satellite overpass, we use the TRL maps (2.5 km) for the test cases 

investigated with OMI and the map retrieved at 2.5 km for the test case 

investigated with GOME-2. 

OMI’s 0.9 km altitude retrievals are restricted to optimal viewing conditions 

and they are not recommended to be used for volcanological purposes (Carn et 

al., 2013). The CA values reported on 2.5 km and 7.5 km maps are well-

correlated, especially in the case of a cloud-free atmosphere and just a changing 

in column magnitude can be observed between the two maps. In addition, the 

2.5 km retrieval overestimates the column amount if the SO2 height is more than 

3 km in height. For these reasons we use the 2.5 km map initially purely to 

localize the spatial distribution of the SO2 plume without taking into account its 

effective amount. 

For the same reason, i.e. an overestimation of the SO2 loading at lower heights 

due to the necessity of simply localize the plume spatial distribution, we use the 

GOME-2 retrievals at 2.5 km.  

The Simple Subset Wizard (SSW) data store by NASA’s Goddard Earth 

Sciences Data and Information Services Center (GES DISC) is the source of the 

OMI operational products, while the GOME-2 products are downloaded from 

the Support to Aviation Control Service (SACS) web page (Brenot et al., 2014). 

4 Numerical procedure  

There are two plume heights which are retrieved in our methodology. The first 

is the mean plume height where SO2 is detected at the moment of satellite image 

observation (hereafter named volcanic cloud height), whereas the second is the 
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mean SO2 injection plume height above the volcanic vent position. This second 

height represents the height at which the atmospheric wind spreads the plume 

into the atmosphere at vent location. We also retrieve the time interval during 

which the injection of the SO2 plume takes place above a volcanic vent. We use 

a back-trajectory analysis to retrieve these quantities, where each trajectory 

connects each pixel of the satellite image where SO2 is detected back to the 

volcanic vent. 

Back-trajectory analysis is a widely used technique in the study of transport 

paths of ash, aerosols and gases dispersed into the atmosphere from both natural 

and anthropogenic sources (Flesch et al, 1995; Cape et al., 2000; Kim et al., 

2001; Lin, 2001; Freiman et al., 2003; Grousset et al., 2003;  McBain et al., 

2005; Song et al., 2008; Zhu et al., 2011). Back-trajectory analysis of volcanic 

plumes has been performed by Hughes, et al. (2012) and Sellitto, et al. (2015) 

with the aim of studying the transport paths of SO2 clouds produced from 

volcanic eruptions. 

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) 

Model (Draxler et al., 2003) has been selected to perform back-trajectory 

calculations. HYSPLIT is an open-source code developed by NOAA’s ARL 

(Air Resources Laboratory) which is able to calculate both air parcel trajectories 

and dispersion simulations. We developed Python scripts to run HYSPLIT 

routines in order to analyse satellite images of SO2 maps in a semi-automatic 

manner and calculate plume heights and injection time intervals. A detailed 

description of the methodology follows, with the example of analysis of the SO2 

image captured on 12 August 2011. 

4.1 Back-trajectory simulation  

The SO2 plume emitted from Etna during the 12 August 2011 paroxysm event 

was measured by OMI, producing a 2.5 km map collected at 13:03 on 12 
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August 2011 which shows a maximum SO2 CA value of 28 DU (see Figure 

3A). As in Carn et al., (2008), an SO2 column threshold (𝐶𝐴𝑙𝑖𝑚) is assigned in 

order to isolate the volcanic SO2 signal from the background using the 

relationship: 

𝐶𝐴𝑙𝑖𝑚 = 𝐶𝐴𝑚𝑒𝑎𝑛 + 3𝜎𝐶𝐴,                                                                                                        (1) 

where  𝐶𝐴𝑚𝑒𝑎𝑛 is the mean column value computed in a free SO2 region (0.13 

DU) and 𝜎𝐶𝐴 is the relative standard deviation (0.12 DU). In this way 25 pixels 

with a columnar abundance higher than 0.5 DU (𝐶𝐴𝑙𝑖𝑚) are selected, see Figure 

3A.  

The 65 degrees off-nadir position of the analysed satellite track section with 

respect to the satellite position leads to quite coarse pixels with sizes of 13 km 

in latitude and 110 km in longitude. Thus, there are two possibilities for the SO2 

spatial location inside each pixel. The first one is that the gas actually occupies 

the total area of the pixel and, in this case, the pixel size reflects the actual shape 

of the plume. The second possibility is that the SO2 does not occupy the entire  

pixel, but it covers just a part of it. In order to retrieve the spatial position of the 

plume despite pixels coarse resolution, we map the original OMI data on a 

refined grid composed of sub-pixels with size 4.5 km in latitude and 11 km in 

longitude one, as shown in Figure 3B.  
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Figure 3: (A) SO2 plume emitted during the 12 August 2011 eruption observed 

by OMI at 13:03 UTC on the same day; the red line highlights the pixels with a 

significant SO2 abundance  used in the retrieval procedure; (B) Higher 

resolution grid used for the back-trajectory model. Selected pixels have been 

divided into sub-pixels of 11 km longitude and 4.5 km latitude. The centre 

position of each sub-pixel is shown as black dots on the figure. 

 

This finer grid is chosen to reflect the maximum information available from the 

meteorological wind field data, which comes from the AMI (Aeronautica 

Militare Italiana) database. It is reported on a grid size of 6.67 km in latitude 
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and longitude, updated every three hours, and with 13 pressure levels, from 

1000 hPa (pressure at sea level) to 10 hPa (pressure at about 16500 m ASL). 

Using the 25 extracted pixels mapped onto the high resolution grid, a total of 

528 sub-pixels are created and the lat-long centre position of each sub-pixel is 

then used as the starting coordinates on the horizontal plane for the backward 

trajectories. Twenty heights uniformly distributed every 500 m from 3000 m to 

12000 m are chosen in the vertical coordinate (all the altitudes are referred to 

the sea level). Thus, a total number of 10560 starting points for the back-

trajectories are initialized. We then perform a ‘brute-force’ approach, where 

every possible trajectory is calculated, and the best solutions in terms of 

coincidence with the horizontal position of the volcanic vent are selected by 

defining a threshold distance of approach to Etna vent location [37.73°N, 

15.00°E] equal to 20 km (this choice is justified later in the text). 

Spatial resolution uncertainties arising from performing the back-trajectory 

calculation on a finite grid can be evaluated running the backward trajectory 

calculation in the ensemble mode provided by HYSPLIT. This means that the 

wind field grid is moved slightly in the horizontal and vertical direction with 

respect to the original coordinates at which the trajectory is initialized. This 

offset allows the creation of a total number of 27 runs for each starting point. In 

this way the differences in the endpoints of the resulting trajectories give an 

estimate of the uncertainties due to divergence in the flow field. Offsets of 2 km 

and 5 km on the horizontal plane are selected (the offset remains smaller than 

the cell size), whereas an offset of 100 m is chosen on the vertical plane. Thus, 

from each starting point 27 trajectories are initialized resulting in a total number 

of 285120 trajectories, running back for 12 hours from the moment of data 

collection (12 August 2011 at 13:03). 

Due to the high computational efficiency of the HYSPLIT model all these 

trajectories are calculated in only 30 minutes using a standard desktop PC.  
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4.2 Retrieval of plume heights and injection time 

Performing the back-trajectory simulation, we calculate a total of 285120 

trajectories starting from the pixels of the image where SO2  is detected and 

ending somewhere in the domain. 

The first step of the retrieval procedure is selecting those trajectories that, 

starting from a sub-pixel containing SO2, passes close to the horizontal position 

of Etna’s summit. The selection of the subset of trajectories is done by defining 

a threshold distance of 20 km from Etna’s summit [37.73°N, 15.00°E]. The 

trajectories that fail this test are rejected and we do not consider them in the 

following discussion. The choice of the threshold distance is consistent with the 

maximum plume width above the vent evaluated using visible images of the 

volcanic cloud (see Figure 2A). This generous threshold is also justified by 

considering that we are retrieving the heights at which the plume has been 

injected into the atmosphere after it has already been somewhat advected by the 

wind. Moreover, the eruptive column can be bent by the prevailing wind and the 

umbrella region can be transported far from the vent location. Thus, the physical 

interpretation of the parameters we are investigating requires a generous 

threshold distance-from-vent in order to be sure to capture the entire plume 

dynamics.  

The approach we use in retrieving plume parameters is based on the idea that 

the finer grid used in the model allows us to presume a certain level of spatial 

and temporal homogeneity at least among the results coming from adjacent sub-

pixels. Thus, we developed a post-processing routine which retrieves the plume 

parameters for each sub-pixel, 𝑖, of the grid considering the influence of the 

results coming from the adjacent ones.  

Considering the SO2 contained in each sub-pixel 𝑖, we derive a mean injection 

time and height at vent position, 𝑇𝑣𝑒𝑛𝑡 and 𝐻𝑣𝑒𝑛𝑡  respectively, together with a 
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mean volcanic cloud height 𝐻. The standard deviations are also computed and 

indicated as 𝜎𝑇vent
, 𝜎𝐻vent

, 𝜎H. 

To do this we indicate a generic trajectory as 𝑡𝑟𝑎𝑗𝑖𝑘𝑙, where 𝑖 = 1, 2, … , 𝑛 

represents 𝑖-ith sub-pixel (𝑛 is the total number of sub-pixels), 𝑘 =

3000, 3500, … , 12000  the height in meters from which the trajectory is 

initialized and 𝑙 = 1, 2, . . . ,27 accounts for the 27 trajectories resulting from the 

ensemble mode. 

A weight coefficient 𝑤𝑖𝑘𝑙 is calculated for 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 in order to quantify its spatial 

and temporal correlation with the surrounding trajectories. 

The procedure used in the calculation of 𝑤𝑖𝑘𝑙 is shown in Figure 4. 
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Figure 4: Retrieval scheme flow chart used for the calculation of the weight 

coefficient. For each 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 a weight coefficient 𝑤𝑖𝑘𝑙 is computed comparing 

the time instant and distance of approach to vent position between 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 and 

trajectories 𝑡𝑟𝑎𝑗𝑢𝑘𝑚  initialized near the investigated one.   

 

 

 The flowchart of Figure 4 starts with a null value for 𝑤𝑖𝑘𝑙;  we  then perform a 

loop over the 8 sub-pixels 𝑢 (𝑢 = 1, . . . ,8) bordering 𝑖 and for each of them a 

second loop over the 27 trajectories 𝑚 (𝑚 = 1, . . . ,27) starting from 𝑢 at the 

height 𝑘. Thus a trajectory 𝑡𝑟𝑎𝑗𝑢𝑘𝑚 is selected during each iteration. We use the 

time and the distance of approach to vent position of 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 and 𝑡𝑟𝑎𝑗𝑢𝑘𝑚 and 

we compare them using the following relationship: 

𝑡𝑖𝑘𝑙 - 10 min ≤ 𝑡𝑢𝑘𝑚 ≤ 𝑡𝑖𝑘𝑙 + 10 min,                                                                                    (2) 

0.8dikl ≤ dukm ≤ 1.2dikl,                                                                                                        (3)                                         

where 𝑡𝑖𝑘𝑙  and 𝑡𝑢𝑘𝑚 are the times of approach to vent position expressed in 

HH:MM of 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 and 𝑡𝑟𝑎𝑗𝑢𝑘𝑚 respectively, while 𝑑𝑖𝑘𝑙 and 𝑑𝑢𝑘𝑚 are the 

distances of approach in km. 

In this way we compare the moments in time (𝑡𝑖𝑘𝑙  and 𝑡𝑢𝑘𝑚) at which 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 

and 𝑡𝑟𝑎𝑗𝑢𝑘𝑚 pass near the volcanic vent and we examine if 𝑡𝑢𝑘𝑚 is within the 

temporal range specified in Eq. (2). We also consider the distances (𝑑𝑖𝑘𝑙 and 

𝑑𝑢𝑘𝑚) at which 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 and 𝑡𝑟𝑎𝑗𝑢𝑘𝑚 approach the vent, imposing a maximum 

difference of 20% (chosen by inspection) between them, Eq. (3). 

If the conditions defined by Eq. (2) and Eq. (3) are verified, a +1 is added to 

𝑤𝑖𝑘𝑙𝑛𝑒𝑤
 otherwise it remains with the value computed during the previous 

iteration (𝑤𝑖𝑘𝑙𝑜𝑙𝑑
). Once all iterations are completed, a final weight 𝑤𝑖𝑘𝑙 is 

computed for 𝑡𝑟𝑎𝑗𝑖𝑘𝑙.  
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Repeating the procedure of  Figure 4 for all the trajectories  initialized from sub-

pixel 𝑖, i.e. varying l and k in their ranges,  a weight coefficient is computed for 

each of 𝑡𝑟𝑎𝑗𝑖𝑘𝑙.  

Thus, the mean injection time (𝑇𝑣𝑒𝑛𝑡) and height (𝐻𝑣𝑒𝑛𝑡) for the SO2 contained 

in sub-pixel 𝑖 are computed as:                                                             

𝑇𝑣𝑒𝑛𝑡 =
∑ (𝑡𝑖𝑘𝑙𝑣𝑒𝑛𝑡

∗𝑤𝑖𝑘𝑙)𝑘,𝑙

∑ (𝑤𝑖𝑘𝑙)𝑘,𝑙
,                                                                                                          (4)    

𝐻𝑣𝑒𝑛𝑡 =
∑ (h𝑖𝑘𝑙𝑣𝑒𝑛𝑡

∗wikl)k,l

∑ (wikl)k,l
,                                                                                                         (5)                       

with 𝑘 varying every 500 m from 3000 m to 12000 m and 𝑙 ranging from 1 to 

27. 𝑡𝑖𝑘𝑙𝑣𝑒𝑛𝑡
 and ℎ𝑖𝑘𝑙𝑣𝑒𝑛𝑡

 represent the time instants in HH:MM and the height in 

meters and at which 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 pass above the volcanic vent position respectively, 

and 𝑤𝑖𝑘𝑙 is the weighting coefficient previously evaluated. 

In the same way, the mean volcanic cloud height (𝐻) for sub-pixel 𝑖 can be 

evaluated as: 

 𝐻 =
∑ (ℎ𝑖𝑘𝑙∗𝑤𝑖𝑘𝑙)𝑘,𝑙

∑ (𝑤𝑖𝑘𝑙)𝑘,𝑙
,                                                                                                                    (6)           

where ℎ𝑖𝑘𝑙 represents the height in meters at which each trajectory 𝑡𝑟𝑎𝑗𝑖𝑘𝑙 is 

initialized. 

Similarly, weighted standard deviations (𝜎𝑇𝑣𝑒𝑛𝑡
, 𝜎𝐻𝑣𝑒𝑛𝑡

, 𝜎𝐻) are evaluated using 

the equations: 

𝜎𝑇𝑣𝑒𝑛𝑡
= √

∑ 𝑤𝑖𝑘𝑙(𝑡𝑖𝑘𝑙𝑣𝑒𝑛𝑡
−𝑇𝑣𝑒𝑛𝑡)2

𝑘,𝑙

∑ 𝑤𝑖𝑘𝑙𝑘,𝑙

2
,                                                                                            (7)        

𝜎𝐻𝑣𝑒𝑛𝑡
= √

∑ 𝑤𝑖𝑘𝑙(ℎ𝑖𝑘𝑙𝑣𝑒𝑛𝑡
−𝐻𝑣𝑒𝑛𝑡)2

𝑘,𝑙

∑ 𝑤𝑖𝑘𝑙𝑘,𝑙

2
,                                                                                           (8)                

𝜎𝐻 = √
∑ 𝑤𝑖𝑘𝑙(ℎ𝑖𝑘𝑙−𝐻)2

𝑘,𝑙

∑ 𝑤𝑖𝑘𝑙𝑘,𝑙

2
.                                                                                                           (9)                                                                                      
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Thus, for each sub-pixel 𝑖 of the grid, three plume parameters are evaluated as 

mean weighted values and the uncertainties are taken into account by 

computing weighted standard deviations. The results are shown in the next 

section. 

4.3 Results of the 12  August 2011 eruption 

The results of the back-trajectory simulation of the 12 August 2011 event are 

shown in Figure 5.  

 

Figure 5: left panels (A-B-C) show the mean parameters (𝑇𝑣𝑒𝑛𝑡, 𝐻𝑣𝑒𝑛𝑡 and 𝐻 ) 

retrieved for the 12 August 2011 eruption. On the right (D-E-F) the standard 

deviations are reported (𝜎𝑇𝑣𝑒𝑛𝑡
, 𝜎𝐻𝑣𝑒𝑛𝑡

  and 𝜎𝐻). 

 

Figures 5A-B show the injection time (𝑇𝑣𝑒𝑛𝑡) and height (𝐻𝑣𝑒𝑛𝑡) above Etna, 

while the volcanic cloud height (𝐻) is reported in Figure 5C. Not all the initial 

sub-pixels produce back-trajectories that approach the vent, because only the 

sub-pixels presenting a standard deviation (𝜎𝐻) less than or equal to 20% of the 
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mean value (𝐻) are shown. This is done to better constrain the plume height, 

rejecting sub-pixels with less robust results. We note that sub-pixels which 

produce good quality results arise from pixels with the highest SO2 abundance. 

The off-nadir position of the OMI image leads to quite low resolution pixels 

which may capture only a fraction of the plume. In these cases, just a few sub-

pixels reflecting the actual spatial distribution of the plume pass the selection 

criteria for starting points of back trajectories approaching the vent. We can 

therefore constrain the height and the time interval during which the bulk of the 

SO2 has been injected into the atmosphere.       

What emerges is a continuous SO2 injection between 8:10 and 10:50 in the 

morning of 12 August with heights varying from 5500 m to 9500 m. This trend 

is observed also for the volcanic cloud height, with a quite clear separation of 

the plume into two parts. That emitted between 8:10 and 8:45 is located at a 

lower height (5500 -7500 m) compared with the latter which is located up to 

9500 m. Injection time standard deviations show a maximum uncertainty on the 

injection time (σTvent
) of 44 minutes for a few sub-pixels located in the north 

part of the plume, while standard deviations from 3 to 20 minutes characterizes 

the majority of sub-pixels. Sub-pixels with the highest σTvent
 are those 

presenting the highest σHvent
 and σ𝐻  (1800 m) as well, while an average 

uncertainty of 500 m characterizes the whole plume. 

4.4 Trajectory analysis and results: the 18 March 2012 eruption 

The second test case is the 18 March 2012 Etna eruption, whose SO2 plume was 

captured by OMI at 12:45 on the same day, as shown in Figure 6A. In this case 

the OMI image is missing some SO2 column information in fraction of pixels 

due to the ‘OMI row anomaly’ which caused a quality loss in the OMI radiance 

signal and cut off part of the image. However, the comparison of the OMI 

image with the one collected by AIRS at 12:40 on the same day shows that 

more than 50% of the plume is captured by OMI, and our study is focused on 
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these pixels. Using the relationship of Eq. (1), 27 pixels showing a CA higher 

than 𝐶𝐴𝑙𝑖𝑚 = 0.5 DU are selected (see Figure 6A) and a high resolution grid is 

defined with cells of 10 km in longitude and 5 km in latitude, as reported in 

Figure 6B.  

 

 

 

Figure 6: (A) OMI image collected at 12:45 UTC on 18 March 2012 showing 

the SO2 abundance in the atmosphere after the eruption; pixels with a columnar 

abundance greater than the background have been selected; (B) high resolution 

grid used in trajectory modelling. 

 

A total of 20300 back-trajectories are calculated in a range of heights varying 

from 3000 m to 20000 m at intervals of 500 m. Running HYSPLIT in ensemble 

mode, we produce a total number of 548100 back-trajectories initialized at the 
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time instant of satellite measurement (18 March 2012 at 12:45) and running 

back in time for 12 hours. 

Mean plume parameters (𝑇𝑣𝑒𝑛𝑡,  𝐻𝑣𝑒𝑛𝑡 , 𝐻) and standard deviations (𝜎𝑇𝑣𝑒𝑛𝑡
, 

𝜎𝐻𝑣𝑒𝑛𝑡
, 𝜎𝐻) are computed for each sub-pixel following the procedure previously 

described and the results are shown in Figure 7. 

 

Figure 7: (A-D) Plume injection time (𝑇𝑣𝑒𝑛𝑡) and standard deviation (𝜎𝑇𝑣𝑒𝑛𝑡
) at 

the vent for the 18 March 2012 eruption; (B-E) plume injection height (𝐻𝑣𝑒𝑛𝑡) 

and standard deviation (𝜎𝐻𝑣𝑒𝑛𝑡
) for the same event; (C-F) volcanic cloud height 

(𝐻) and standard deviation (𝜎H) measured at 12:45 UTC on the same day.  

 

Our results show that the bulk of the SO2 injection took place between 7:00 and  

10:40 during the morning of 18 March 2012 at heights ranging between 10000 

and 15000 m. No significant variations in the vertical distribution of the 

volcanic cloud height are observed. Before and after this vigorous phase, from 

4:20 to 7:00 and from 10:40 to 12:25 respectively, weaker injections at lower 
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altitudes (between 3000 and 4000 m) are retrieved with the SO2 cloud proximal 

to Etna. The standard deviations 𝜎𝑇𝑣𝑒𝑛𝑡
 range between 0 and 54 minutes for the 

plume injected from  07:00 and  10:40, with the majority ~30 minutes. The 

uncertainties on plume height (both 𝜎𝐻𝑣𝑒𝑛𝑡
 and 𝜎H) range between 200 and 2000 

m. It is worth to notice that OMI rows anomalies can have partially cut part of 

the plume emitted during the eruption. However, the results we obtained are 

coherent with what has been seen by OMI with more than the 50% of the plume 

observed. 

4.5 Trajectory analysis and results: the 12 April 2013 eruption 

The third and final test case is the Etna paroxysmal event that occurred on 12 

April 2013. The GOME-2 map is used for the detection of the SO2 plume 

emitted during the eruption (Figure 8A). From Eq. (1) a 𝐶𝐴𝑙𝑖𝑚  equal to 1.8 DU 

is chosen when selecting the pixels used in the retrieval procedure. Note that the 

pixels centred at a longitude coordinate higher than 18° are not selected since 

they are off the wind field grid, see Figure 8B. 

Each pixel is divided into sub-pixels with sizes of 12 km in latitude and 10 km 

in longitude resulting in a total number of 333 sub-pixels (Figure 8B).  
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Figure 8: (A) GOME-2  image collected at 08:40 UTC on 12 April 2013 

showing the SO2 plume released into the atmosphere during the eruption; pixels 

with a columnar abundance greater than 1.8 DU are used for the retrieval 

procedure and are highlighted in red; (B) high resolution grid used to initialise 

the back-trajectories is composed of sub-pixels sized 10 by 12 km. 

 

We select 20 heights from 3000 m to 12000 m every 500 m. This produces 6660 

starting points for the back-trajectories and thus a total of 179820 trajectories 

initialized on 12 April 2013 at 8:40. Using the post-processing procedure 

previously described, we retrieve mean parameters (𝑇𝑣𝑒𝑛𝑡, 𝐻𝑣𝑒𝑛𝑡, 𝐻) and 

standard deviations (𝜎𝑇𝑣𝑒𝑛𝑡
, 𝜎𝐻𝑣𝑒𝑛𝑡

, 𝜎𝐻) for each sub-pixel of the domain. In 

contrast to the previous examples, for which the injection time interval is 

restricted to about 2 hours, in this case the SO2 plume captured by GOME-2 is 

released from 11 April 2013 evening until satellite data collection on 12 April 

2013 at 8:40 (see Figure 9A). 
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A clockwise decrease in the injection heights from 6500 m to 3500 m is 

observed (see Figure 9B). This is the result of a variation in wind direction with 

height during the eruption time interval. This trend is reflected also in the 

volcanic cloud height, with a variation in the mean height from 5000 m to 3000 

m (see Figure 9C). 

The majority of sub-pixels produce a 𝜎𝑇𝑣𝑒𝑛𝑡
 between 3 and 30 minutes. The 

presence of an intense wind shear produces a low uncertainty on altitudes both 

at vent and satellite observation time, with a maximum value for the standard 

deviations (𝜎𝐻𝑣𝑒𝑛𝑡
 and 𝜎H) of about 1000 m.     

 

Figure 9: (A) Plume injection time (𝑇𝑣𝑒𝑛𝑡) at the vent for the 12 April 2013 

eruption; (B) plume injection height (𝐻𝑣𝑒𝑛𝑡) for the same event; (C) shows the 

volcanic cloud height (𝐻) measured at 8:40 UTC. 
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5 Intercomparison with satellite and ground-based data 

In this section our retrieved plume parameters (injection time, injection height 

and volcanic cloud height) are compared with data obtained from independent 

satellite- and ground-based systems. 

The injection time interval is compared with the timing of the eruption observed 

by INGV’s camera networks. For the 12 August 2011 and 18 March 2012 events 

the timing eruption is the time interval during which lava fountaining has been 

observed visually (Behncke et al., 2014) and we verify if this time interval is 

consistent with the one retrieved by the numerical model. As reported in the 

“Time of eruption [UTC]” section of Table 1, the injection time we retrieved 

(column named “Back-traj.” in the table) fit well with the lava fountain time, 

showing that the SO2 plumes captured by OMI have been released during the 

paroxysmal phase of the eruptions. For the 18 March 2012 event this is true 

considering the pixels with the peak SO2 abundance. For the 12 April 2013 

event, the SO2 injection of the plume captured by GOME-2 starts at 22:00 on 11 

April 2013 and end at satellite measurement time (12 April 2013 at 8:40 in the 

morning). This result is consistent with the information coming from ground 

instruments (visible camera) for the investigated event.  

In analysing the retrieved plume heights (injection plume height and volcanic 

cloud height), we use the mean heights (𝐻𝑣𝑒𝑛𝑡 and 𝐻) retrieved for the sub-

pixels and we calculate global mean heights at different time intervals for the 

entire plumes. The “Height at vent position [km]” section of Table 1 shows the 

comparison between injection heights retrieved by both back-trajectory analysis 

(“Back-traj.” column) and independent satellite- and ground-based techniques. 

In particular, we use results obtained from the dark pixel procedure applied to 

SEVIRI data (‘Dark Pixel’ column) and from the ground-based calibrated VIS 

camera images (‘VIS’ column). The dark pixel procedure (Corradini et al., 

2010) is based on a comparison between the mean brightness temperature at 11 
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μm of the volcanic ash cloud’s most opaque pixels, with an atmospheric 

temperature profile collected near (in time and space) the area of interest. Since 

it is reasonable to assume that the selected pixels are not completely dark, the 

temperature of the cloud top is set two degrees lower (Prata and Grant, 2001). 

The reference temperature is defined using the National Centers for 

Environmental Prediction (NCEP)/National Center for Atmospheric Research 

(NCAR) reanalysis profile (resolution 2.5° × 2.5°) centred on Etna. This 

procedure is applied to SEVIRI images collected during the eruptions and 

presenting dark pixels.  The retrieved top plume height at vent location   is 

compared with the  global injection height retrieved using our numerical model.  

For the 12 August 2011 event, the dark pixel procedure allows us to estimate a 

mean plume height of 8.1 km between 9:45 and 10:30. This value is in good 

agreement with the 8.2 km global injection height retrieved using the numerical 

model for the same time interval. The same procedure applied to the 18 March 

2012 event lead to a plume height of 12.4 km which fits well with the global 

height of 12.9 km computed by the numerical model in the same time interval 

(9:00- 10:00).  

The SEVIRI data cannot be used for the 12 April 2013 test case because the SO2 

column amounts in this case are lower than the SEVIRI’s sensitivity limit.  

A further comparison for retrieved injection heights is performed using data 

calculated through image analysis of video collected by the ground-based 

visible cameras operated by the Osservatorio Etneo (Scollo et al., 2014) (see 

column “VIS” of Table 1). Images at the maximum of paroxysmal phase are 

measured using the Camera Calibration Toolbox of  Matlab and used to infer the 

eruptive column height at vent location. The column heights estimated by this 

method are compared with the retrieved injection height at vent location. For 

the 12 August 2011 event a column height of  9 km at 9:23 is consistent with the 
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global retrieved quantity of 8.4 km. The global mean injection height of more 

than 12 km for the 18 March 2012 event cannot be validated using camera data 

since the plume is too high to be captured by the uppermost part of the video 

image. For the 12 April 2013 event, calibrated images collected every hour from 

3:00 to 8:00 in the morning give a global mean injection height of 6.1 km, while 

a slightly lower value equal to ~ 5 km is retrieved from the numerical model. 

Finally, in section “Height at sat. meas. [km]” of Table 1, we compare the 

retrieved volcanic cloud height with data obtained from the volcanic cloud 

centre of mass tracking procedure applied to SEVIRI data (‘Centre Track’ 

column). The volcanic cloud height retrieval based on ash centre of mass 

tracking is computed by comparing the wind speed, obtained by following the 

SO2 centre of mass (i.e. the region with the highest SO2 column abundance) 

using the series of SEVIRI images, with the wind atmospheric profile of the 

area of interest. The core hypothesis here is that the speed of the volcanic cloud 

is advected at the wind speed at the volcanic cloud height, and since the wind 

profile is known the plume height can be calculated. As an example, Figure 10A 

shows the time series of the SO2 maps retrieved from SEVIRI data during the 

18 March 2012 Etna eruption. Figure 10B shows the estimated distance and 

directions of the SO2 cloud centre of mass of each image and the corresponding 

estimated wind speed.  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Figure 10: (A) time series of the SEVIRI SO2 maps retrieved during the 18 

March 2012 Etna eruption. (B) distance and directions of the SO2 cloud centre 

of mass and corresponding wind speed. 

The volcanic cloud centre of mass procedures produces volcanic heights of 8.5 

and 13.0 km for the 12 August 2011 and 18 March 2012 test cases respectively. 

These values are in good agreement with the 7.8 and 13.1 km retrieved from the 

numerical model for the two test cases.  

 

 

 

 

Table 1: Intercomparison between the outcomes of the numerical procedure and estimations 

made through independent satellite and ground-based analysis. The “Time of eruption 

[UTC]” section shows the injection time interval retrieved by the numerical model (“Back-

traj.” column) compared with the eruption time as observed by Ground Instruments (“Ground 

Instr.” column). In comparing plume altitudes, mean values for the entire plume are 

calculated using the outcomes of the numerical procedure and they are presented in columns 

named ‘Back-traj’. The “Height at vent position [km] asl” section collects the injection 

heights numerically calculated at different time intervals during the eruptions. These values 

are compared with the ones coming both from the dark pixels procedure applied to SEVIRI 

Date Time of eruption 

[UTC]  

Height at vent position [km] Height at sat. meas. 

[km] 

Back-traj. Ground 

Instr. 

Time Back-traj. Dark Pixel VIS Back-traj. Centre 

track. 

12-Aug-11 8:00-10:30 8:30-10:30 8:00-9:00 6.4+/-0.4   7.8+/-1.0 8.5 

9:00-9:45 8.4+/-0.5  >9 [9:23] 

9:45-10:30 8.2+/-0.4 8.1+/-0.3  

18-Mar-12 7:45-9:50 8:00-9:45 7:45-9:00 12.3+/-1.4   13.1+/-1.2 13 

9:00-10:00 12.9+/-0.8 12.4+/-1.4 >9 [9:16] 

12-Apr-13 22:00-8:40 22:00-8:00 3:00-8:40 5+/-0.6  6.1+/-0.3 4+/-0.5  
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data (“Dark Pixel” column) and from the calibrated visible images collected at vent location 

(“VIS” column). In the “Height at sat. meas. [km]” section, the volcanic cloud height as 

retrieved by the numerical model is compared with results coming from the centre mass 

tracking procedure applied to SEVIRI data, (“Centre track.” column). 

 

 

 

 

6 Comparison between volcanic tremor and injection height time-series 

The results of the back-trajectory model show a wide range in injection heights 

during the investigated eruptions. Indeed, while they are all classified as 

paroxysmal events, they show different injection heights ranging from 3500 m 

for the 12 April 2013 eruption to 15000 m for the 18 March 2012. This 

variability reflects different eruptive styles and mechanisms within a shallow 

volcanic feeding system and conduit, and may also, to a lesser degree, reflect 

external factors influencing the rising of eruptive column, such as the wind field 

or the temperature profile at volcanic vent location. Using the volcanic tremor 

signal recorded during the events as a proxy for volcanic activity we can 

investigate if a link exists between the retrieved SO2 injection heights and the 

tremor intensity, and therefore volcanic explosivity. 

Volcanic tremor is a type of seismicity occurring near active volcanoes before, 

during and after eruptions (Zobin et al., 2003; Di Grazia et al., 2009). Tremor is 

characterised by a highly variable duration (from a few minutes to days, or even 

months) and low frequency range (1-9 Hz). Several studies have examined the 

links between tremor and SO2 fluxes (McNutt, 1994). As an example, Nadeau et 

al., (2011) uses high temporal resolution UV cameras to retrieve SO2 emission 

rate at Fuego volcano, Guatemala, and shows how degassing rate and tremor 

amplitude share as common source the inhibition of gas loss from magma as a 

result of rheological stiffening in the upper conduit of that volcano. Palma, et al. 
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(2008) shows a correlation between seismicity and visual observations at 

Villarrica volcano, Chile, indicating that the seismic tremor is mostly caused by 

the explosive outgassing activity. 

On Etna, a case study by Leonardi et al., (2000) shows a strong correlation 

between the amplitude of volcanic tremor and SO2 fluxes during the period 

1987–1995 and suggests a common physical origin between tremor and SO2 

emissions linked to magma dynamics. Zuccarello et al., (2013) shows an 

anomalous degassing episode well-correlated with an increase in volcanic 

tremor and in the almost complete absence of eruptive activity from December 

2005 to January 2006 at Etna. Finally, Bonaccorso et al., (2011) discusses the 

mechanism behind the 10 April 2011 paroxysmal episode and displays the 

strong association between SO2 fluxes and volcanic tremor at Etna. Here, we 

examine correlations between tremor amplitude time-series and retrieved SO2 

injection height time-series at volcanic vent for the three investigated test cases. 

Alparone et al., (2003) shows a qualitative linear relationship between the 

maximum amplitude of the tremor signal and the eruptive column height of the 

early 2000 Etna eruptive cycle. According to the classification reported in 

Alparone et al., (2003) for Etna’s tremor signal, the three investigated eruptions 

are catalogued as Bell-shaped (12 August 2011 and 18 March 2012 eruptions) 

and Ramp-shaped (12 April 2013 event). The Bell-shape pattern is characterized 

by a gradual increase and decrease in the tremor amplitude, whereas the Ramp-

shape presents a slow gradual increase, followed by a sudden decrease. 

Furthermore, three different phases of the eruptive event can be related to the 

changing amplitude of the tremor during a volcanic eruption. A first resumption 

phase, during which both the explosive activity and tremor increase, followed 

by a paroxysmal phase, which represents the peak of the activity with lava 

fountaining and the creation of a sustained eruptive column, and a final 
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conclusive phase, during which the tremor drops and just Strombolian 

explosions persist. 

We combine together the injection plume heights (𝐻𝑣𝑒𝑛𝑡) and time (𝑇𝑣𝑒𝑛𝑡) 

retrieved using the back-trajectory model and we create an injection height 

time-series as shown in Figure 11A. Considering time intervals of 15 minutes, 

we calculate  mean,  maximum and  minimum values for the injection heights at 

each time interval (see caption of Figure 11A-B-C) . 
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Figure 11: A: Retrieved injection height time-series (black dots with error bars) 

for the 12 August 2011 eruption.  Each dot represents the mean height (𝐻𝑣𝑒𝑛𝑡) 

and time (𝑇𝑣𝑒𝑛𝑡) at which the SO2 contained in the sub-pixels has been injected 

into the atmosphere above the volcanic vent position. The weighted standard 
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deviations (𝜎𝑇𝑣𝑒𝑛𝑡
 and  𝜎𝐻𝑣𝑒𝑛𝑡

) are also reported both on the time and on the 

height axes. The mean injection height time-series is built computing the mean 

value of the mean altitudes within time intervals of 15 minutes (magenta lines). 

The maximum and the minimum values within each time bin are also computed. 

These values allow to constrain the top and the bottom of the plume during the 

injection into the atmosphere (green and blue dotted lines respectively). In panel 

B and C only the mean altitudes (magenta lines) are plotted for the 18 March 

2012 and 12 April 2013 events in order to avoid confusion due to the high 

number of black dots. Also for these test cases, the blue and the green lines help 

to constrain the top and the bottom of the plume at vent location.  A positive 

correlation between tremor (continuous black lines) and injection height is 

observed for the three events. 

 

As observed by INGV-Osservatorio Etneo, the paroxysmal phase for the 12 

August 2011 and 18 March 2012 eruptions matches well with the time interval 

during which the tremor reaches its peak intensity.  

The tremor vs. height pattern for the 12 August 2011 eruption reveals that the 

bulk of the SO2 captured by OMI has been injected into the atmosphere mostly 

during the paroxysmal phase of the eruption. For the 18 March 2012 eruption, 

the SO2 injected during the paroxysmal phase is the one contained in the pixels 

with the highest values of SO2 columnar abundance. Low altitude injections 

before and after the paroxysmal phase are associated with pixels presenting a 

columnar abundance slightly above the background level. For both the test cases 

there is the evidence of a peak in the SO2 emissions during the paroxysmal 

phase of the eruption. 

In the 12 August 2011 event (see Figure 11A, magenta line) the increasing of 

the injection heights from ~ 6500 m to ~ 8500 m is well-correlated with an 

increase in tremor amplitude from ~ 3*10
-5

 ms
-1

 to ~ 8*10
-5

 ms
-1

. Similarly, for 
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the 18 March 2012 event (see Figure 11B,  magenta line), the variation of the 

injection height from ~ 4000 m to ~ 14000 m is reflected with an increase in 

tremor amplitude from ~ 1*10
-5  

ms
-1

 to  ~ 7*10
-5

 ms
-1

. The injection height 

time-series for the 12 April 2013 event (see Figure 11C, magenta line) reflects a 

different trend from the previous test cases, but appears again to be well 

correlated to the ramp shape tremor signal recorded during the eruption. In this 

case a constant mean injection height of ~ 5000 m is associated with a tremor 

amplitude of ~ 6.5*10
-5

 ms
-1

. 

From this analysis, we find that a wide range of injection height is reached for 

similar values of tremor intensity.  In particular, a tremor intensity of ~ 6.5*10
-5 

ms
-1 

is associated with heights varying from ~ 5000 m (12 April 2013) to ~ 

13000 m (18 March 2012). Thus, the relationship between tremor amplitude and 

injection height appears to be complex.  

The non-linear relationship between tremor and plume height could be due to 

the effects of both eruptive parameters and external atmospheric factors. Vent 

geometry and mass flow rate need to be considered as well as the role of wind 

and temperature profile at vent location (Bursik, 2001; Woodhouse et al., 2013). 

Detailed examination of the possible mechanisms which might produce such 

behaviour lies outside the scope of this work, but we do highlight that this 

observation is an excellent example of the new scientific frontiers that can be 

opened by performing analysis of satellite SO2 data with a view to 

understanding volcanic processes. 

Conclusions 

In the present paper we use satellite images of SO2 plumes emitted from Etna 

volcano as input data for a numerical procedure which allows the retrieval of 

volcanic cloud height, injection plume height and injection plume time.  This 

procedure has been developed with the aim of filling a perceived gap between 
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the satellite retrieval of SO2 abundance in the atmosphere and the study of 

volcanic eruption processes. In particular, we focus our attention on the heights 

at which the plume is located both at satellite measurement time and during the 

injection into the atmosphere at vent position, retrieving also the injection time 

interval.  

We found that, despite their often narrow spatial extension, SO2 plumes emitted 

from Etna exhibit an extremely variable vertical distribution. The retrieved 

injection heights range from 3500 m (12 April 2013) to 15000 m (18 March 

2012). The injection time interval also varies from about 2 hours (12 August 

2011 and 18 March 2012) to more than 10 (12 April 2013). Moreover, 

considerable variations in plume height can be found during each test case. We 

highlight that the results of the back-trajectory model strongly reflect the 

characteristics of the wind field used in the simulation. In case of uniform wind 

profile in both direction and intensity, uncertainties on the results are due to the 

wide range of heights initializing trajectories that pass near the volcanic vent 

position.  

A good correlation between volcanic tremor and injection height time-series is 

found for the three case studies. In this sense, injection height reflects the 

intensity of the eruption. However, quantified examination of the relationship 

between column height and volcanic tremor demonstrates that each case has a 

different relationship. While the local wind field could influence this 

relationship, it appears that in these cases the physical eruption mechanism 

played a key role in controlling the relationship between tremor amplitude and 

column height.   

The procedure we developed can help the development of new strategies in the 

calculation of SO2 fluxes at vent position. The knowledge of the plume height is 
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in fact an essential information in determining the SO2 abundance into the 

atmosphere and secondly calculated SO2 fluxes. 

Finally, since SO2 plume are often used as proxy for volcanic ash, our simple 

and fast procedure can help in assessing the volcanic cloud height for volcanic 

hazard mitigation.  The procedure we developed requires just one satellite 

image in order to be performed. This is of particular value for operational real 

time retrieval of plume heights and age in case of eruptions as soon as the first 

satellite image has been collected.  
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Highlights 

- A semi-automated numerical procedure based on a back-trajectory approach has been 

developed for retrieving age and height of volcanic SO2 plumes as captured by 

satellite instruments. 

- OMI and GOME-2 satellite maps have been used in order to detect SO2 plumes 

emitted during the Etna eruptions that occurred on 12 August 2011, 18 March 2012 

and 12 April 2013. 

- SO2 plume height at satellite measurement time and injection height time-series have 

been retrieved for the investigated test-cases. 

- Numerical outcomes have been compared with independent satellite and ground-

based estimations. 

- Retrieved SO2 injection height-time series have been compared with volcanic seismic 

tremor signal. 


