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Abstract. Quantifying time-series of sulphur dioxide (SO2) emissions during explosive eruptions provides insight
into volcanic processes, assists in volcanic hazard mitigation, and permits quantification of the climatic impact of major
eruptions. While volcanic SO2 is routinely detected from space during eruptions, the retrieval of plume injection height and
SO2 flux time-series remains challenging. Here we present a new numerical method based on forward- and backward-
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trajectory analyses which enable such time-series to be robustly determined. The method is applied to satellite images of
volcanic eruption clouds through the integration of the HYSPLIT software with custom-designed Python routines in a fully
automated manner. Plume injection height and SO2 flux time-series are computed with a period of ~10 minutes with low
computational cost.
Using this technique, we investigated the SO2 emissions from two sub-Plinian eruptions of Calbuco, Chile,
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produced in April 2015. We found a mean injection height above the vent of ~15 km for the two eruptions, with
overshooting tops reaching ~20 km. We calculated a total of 300±46 kt of SO2 released almost equally during both events,
with 160±30 kt produced by the first event and 140±35 kt by the second. The retrieved SO2 flux time-series show an intense
gas release during the first eruption (average flux of 2560 kt day-1), while a lower SO2 flux profile was seen for the second
(average flux 560 kt day-1), suggesting that the first eruption was richer in SO2. This result is exemplified by plotting SO2
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flux against retrieved plume height above the vent, revealing distinct trends for the two events. We propose that a preerupted exsolved volatile phase was present prior to the first event, which could have led to the necessary overpressure to
trigger the eruption. The second eruption, instead, was mainly driven by syneruptive degassing. This hypothesis is supported
by melt inclusion measurements of sulfur concentrations in plagioclase phenocrysts and groundmass glass of tephra samples
through electron microprobe analysis.
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This work demonstrates that detailed interpretations of sub-surface magmatic processes during eruptions are
possible using satellite SO2 data. Quantitative comparisons of high temporal resolution plume height and SO2 flux timeseries offer a powerful tool to examine processes triggering and controlling eruptions. These novel tools open a new frontier
in space-based volcanological research, and will be of great value when applied to remote, poorly monitored volcanoes, and
to major eruptions that can have regional and global climate implications through, for example, influencing ozone depletion
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in the stratosphere and light scattering from stratospheric aerosols.
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1 Introduction
Understanding the manner and the abundance of sulfur degassing from active volcanoes during explosive eruptions is one
key to unravelling eruptive dynamics [Oppenheimer et al., 2011]. At a volcanic vent, sulfur gases contribute 2-35 vol% of
total gas emissions, with SO2 and H2S the dominant sulfur-bearing components, ranging between 1-25 vol% and 1-10 vol%
5

respectively [Textor et al., 2004]. Satellite-based instruments operating in the ultraviolet and infrared have detected and
quantified volcanic sulfur gases in the atmosphere since 1978 [Carn et al., 2016]. Nowadays, this is routinely done for SO2
[Brenot et al., 2014], while few H2S satellite retrievals have been performed so far [Clarisse et al., 2011]. Satellite-based
monitoring of volcanic SO2 emissions is of value for poorly monitored volcanoes, which make up almost 95% of all
volcanoes, but are also useful when well-monitored volcanoes erupt explosively, as local detection system can be saturated
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or blinded by ash.
Satellite images of volcanic SO2 plumes contain a lot of information which can be extracted with the appropriate data
analysis approach [McCormick et al., 2014; Hayer et al., 2016]. The most immediate information is typically vertical column
amounts of SO2 which can be readily used to determine a total SO2 mass loading, and this is the most frequently used type of
data provided in the literature. Valuable time-series information on SO2 injection height and SO2 flux time-series are also
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theoretically available, and these allow subtle observations and deductions on the volcanic processes driving eruptions,
including the role of pre-eruptive gas accumulation [Westrich et al., 1992]. While a lot of work has been done on SO2
satellite retrievals, a comprehensive, general methodology able to fully characterize both SO2 flux and plume height timeseries has not been successfully created to date. This is mainly due to the difficulty in retrieving SO2 vertical profiles for
individual SO2 column amount pixels in an image. All satellite-based SO2 column amount calculations are dependent on
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both the measured SO2 optical depth and the plume height, and so quantification of SO2 amounts requires accurate
determination of plume height pixel by pixel in an image. Plume heights have been retrieved using infrared and ultraviolet
spectra [Rix et al., 2012; Carboni et al., 2012; Grainger et al., 2016] and from numerical models applied to satellite images
[Hughes et al., 2012; Clarisse et al., 2014; Pardini et al., 2017].
SO2 flux time-series can be calculated from satellite imagery using a variety of methods (a review is presented in Theys et
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al., [2011]). Four methodologies have been applied: the box method [Lopez et al., 2013], the traverse method [Merucci et
al., 2011], the delta method [Krueger et al., 1996] and inverse modelling [Eckhardt et al., 2008, Boichu et al., 2013].
Depending on the input parameters (plume age at the measurement time, satellite sensor spatial resolution, number of
satellite acquisitions in a day, etc…) and expected outcomes (flux time-series, plume height time-series), each method has
strengths and weakness. Box method is suitable for a first flux evaluation, but it needs constant wind speed and direction
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together with an a-priori estimation of plume height. The traverse method has been used to compare fluxes retrieved from
satellite-based instruments with those from ground based measurements. This technique allows an almost real time estimate
of SO2 flux, despite it needs constant wind direction and plume height as input data. The box method is independent from
wind speed and it produces an estimate of the SO2 lifetime, however multiple satellite overpasses are needed. Finally, the
2
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inverse modelling allows to compute fluxes at high temporal resolution even for plume presenting a complex vertical profile.
The main drawback of this technique is the computational time.
In this work, we investigate SO2 emissions during explosive eruptions with the aim of exhaustively examining the
information which can be obtained from satellite imagery. We do this through application of a back-trajectory model to
5

determine both the plume height for each SO2 pixel in the satellite image, and the time at which each pixel’s SO2 was
injected into the atmosphere. We adapted the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT)
[Stein at al., 2015] by integration with custom-built Python routines in order to create a semi-automated numerical procedure
from which injection height and flux time-series are computed at high temporal resolution.
The algorithm we have implemented allow us to study both explosive and effusive eruptions, and, for each case study,
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specific input parameters (such as volcanic location, type of eruption, eruption time) can be set by the user. Our technique
requires satellite and wind field datasets, which can derive from a variety of sources. Indeed, many satellite sensors can
detect volcanic SO2 atmospheric abundance [Carn et al., 2016], and, theoretically, each satellite dataset can be used as input
for the model. The same can be done for the wind field data, which, however, has to be written in a format that HYSPLIT
can read. Our algorithm is fast and it does not require constant wind speed or multiple satellite overpasses. The main
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advantage is the possibility to retrieve both SO 2 plume height and flux at high temporal and spatial resolution. However,
results rely on the accuracy of wind field datasets, which could potentially affect the retrieved SO 2 abundances.
We applied our numerical method to GOME-2 satellite images of SO2 plumes emitted by the two recent sub-Plinian
eruptions occurred at Calbuco volcano, Chile, in April 2015. The eruptions have been classified as VEI 4 [Romero et al.,
2016] and led to ozone depletion in Antarctica [Solomon et al., 2016, Ivy et al., 2017].
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Our retrieved SO2 injection height and flux time-series allow us to infer the presence of excess SO2 at depth before the
eruption. Furthermore, in order to validate and quantify the amount of excess SO2, we performed microprobe analysis of
melt inclusions in plagioclase phenocrysts and ground mass of erupted products. This allows us to compare our numerical
results with SO2 loading derived from the “Petrological Method” [Devine et al., 1984], which uses information on the mass
loading of each eruption and the volatile loss inferred from the difference in sulfur concentration between melt inclusion and
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groundmass.
2 Case study: the 22-23 April 2015 Calbuco eruptions
On the evening of 22 April 2015, Calbuco volcano started a new cycle of eruptive activity after 54 years of quiescence.
Calbuco [41.33° S, 72.61° W] is an active stratovolcano located in the southern region of the Southern Volcanic Zone of the
Andes, Chile. It has been volcanically active since the Late Pleistocene to the present, with the formation of 4 principle
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deposits. The last deposit has a “dome-cone” structure resulting from a series of recent major eruptions which occurred in
1912, 1961, 1971 and 1983-94 [Lopez-Escobar et al., 1992]. The new eruptive cycle started on 22 April 2015 and lasted 9
days, until 30 April 2015. An initial sub-Plinian eruption took place on the evening of 22 April (hereafter Eruption 1), and a
second eruption occurred a few hours later in the morning of 23 April (hereafter Eruption 2).
3
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Eruption 1 started suddenly at 20:54 UT. A volcanic column more than 15 km height rose from the main crater and tephra
was dispersed in an East-Northeast direction. The overall duration of the event was 1.5 h. After Eruption 1 stopped,
moderate seismic events in the form of volcanic tremor were recorded from 00:55 UT. At 04:00 UT, a new eruptive event
(Eruption 2) occurred. The second eruption appeared to be more violent than the first one and lasted several hours. The
5

eruptive column reached more than 15 km in altitude and tephra was dispersed in a North, Northeast and East direction. At
10:30 UT the eruption was declared over [SERNAGEOMIN, 2015a, 2015b, 2015c].
The eruptions are classified as VEI 4 [Romero et al., 2016] and they produced columns reaching the stratosphere. The
stratospheric injection by the volcanic cloud together with the latitude of Calbuco, produced an impact on ozone recovery in
Antarctica causing an increase in hole size of 4.4 million km2 [Solomon et al., 2106; Ivy et al., 2017]. Moreover, extensive

10

damage was caused to the Chilean economy, with agricultural and industrial resources close to Calbuco damaged by ash fall,
and air traffic over Chile and Argentina disrupted for some hours [Romero et al., 2016].
Considering both the tephra fall and PDC deposits, the deposit volume estimated by Castruccio et al., [2016] is 0.38 km3
(0.15 km3 dense rock equivalent DRE assuming a deposit density 1000 kg m-3), while Romero et al., [2016] report a tephra
fall deposit volume of 0.28 km3 (0.11-0.13 km3 DRE using a density of 2450 km m-3 for the 80% low density deposit and
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2500 kg m-3 for the remain 20%). These values are both within the 0.56±0.28 km3 volume calculated by Van Eaton et al.,
[2016], which presents a DRE of 0.18±0.09 km3 assuming a density of 2500 kg m-3.
3 Methods
The numerical procedure used here is a development of that presented by Pardini et al., [2017]. This new approach uses a
two-step procedure based on a combination of forward and backward trajectories in order to decrease the uncertainties on the
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results arising from wind field errors. We also modified the post-processing phase, changing the selection criteria for
acceptable trajectories and adding an SO2 flux calculation. Due to the general implementation of the procedure, it can be
easily applied to different volcanic systems to investigate SO2 emissions during eruptive episodes or produced by quiescent
degassing. In order to run the algorithm, two satellite images capturing the same volcanic plume at different times are
required, as well as wind fields for each image. For each pixel of the computational domain in which SO2 is detected, the
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method proposed here calculates three quantities. The first quantity, ℎ, is the height at which the SO2 is located at satellite
measurement time instant (hereafter plume height). The second one, ℎ𝑣𝑒𝑛𝑡 , is the height above volcanic vent at which SO2
reaches the neutral buoyancy height and the prevailing atmospheric wind starts to disperse the gas into the atmosphere
(hereafter injection height). The last one, 𝑡𝑣𝑒𝑛𝑡 , is the time when the SO2 reaches the injection height (hereafter injection
time). Knowing these three quantities and SO2 column amount from satellite images, we are able to calculate the SO2 mass
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loading of the plume and SO2 flux time-series at a volcanic vent.
Plume parameters are computed by calculating trajectories run forwards and backwards in time. The trajectory calculation is
performed by using HYSPLIT [Stein et al., 2015] with custom-designed routines written in the Python Programming
Language.
4
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The two-step procedure is done by using two satellite images collected at different times of a same volcanic SO 2 plume. The
first image captures the SO2 plume at day 𝑖, while the second image at day 𝑖 + 1.
In Figure 1 we illustrate a schematic description of the technique used here. With the green pixels we indicate the region of
the computational domain of the day 𝑖 satellite image where SO2 is detected, whilst with the yellow pixels we show the SO2
5

plume captured at day 𝑖 + 1. For each pixel 𝑗 where SO2 is detected and each plume heights ℎ𝑗 (𝑖), we calculate forward
𝑓

trajectories 𝑡𝑟𝑎𝑗𝑗 (𝑖) up to the time of acquisition of the day 𝑖 + 1 image. Among these trajectories, only those consistent
𝑓

𝑓

with the advected/dispersed plume at day 𝑖 + 1 are considered (for example, in Figure 1 only 𝑡𝑟𝑎𝑗𝑗 (1) and 𝑡𝑟𝑎𝑗𝑗 (3) are
acceptable). Then, starting only from ℎ𝑗 (𝑖) of each acceptable forward trajectory, we calculate backward trajectories
𝑡𝑟𝑎𝑗𝑗𝑏 (𝑖). We then select acceptable trajectories approaching volcanic vent location within a certain threshold distance (for
10

example, in Figure 1 only 𝑡𝑟𝑎𝑗𝑗𝑏 (1) is acceptable). We adopt this two-step trajectory analysis to decrease the uncertainties on
plume parameters due to wind field errors.
The definition of a threshold distance relies on physical constraints. Indeed, the distance of approach is set according to the
growth of the umbrella cloud radius (𝑟) during the eruption. Thus, we consider acceptable a backward trajectory which
minimal distance from the volcanic vent is less than 𝑟. Following Sparks et al., [1997], the radius of an umbrella cloud
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growing with time at the neutral buoyancy height can be expressed as:
𝑟(𝑡) = (

1 2

3𝜆
2π

𝑁 ∙ 𝑀𝐸𝑅)3 𝑡 3 ,

(1)

where λ is an empirical constant, N is the buoyancy frequency of the atmosphere and 𝑀𝐸𝑅 is the mass flow rate at buoyancy
height. Following Sparks et al., [1997], we set 𝜆 equal to 0.8 and 𝑁 equal to 0.17 for stratospheric strong plumes.
For each pixel 𝑗 of the computational domain, and for each acceptable backward trajectory 𝑡𝑟𝑎𝑗𝑗𝑏 (𝑖) starting from the pixel
20

𝑗, we extract the three plume parameters, ℎ𝑗 (𝑖), ℎ𝑗𝑣𝑒𝑛𝑡 (𝑖) and 𝑡𝑗𝑣𝑒𝑛𝑡 (𝑖). The height ℎ𝑗 (𝑖) is the altitude of the starting point of
the backward trajectory 𝑡𝑟𝑎𝑗𝑗𝑏 (𝑖) of the pixel 𝑗. Instead, ℎ𝑗𝑣𝑒𝑛𝑡 (𝑖) and 𝑡𝑗𝑣𝑒𝑛𝑡 (𝑖) are respectively the height and the time at
which each acceptable backward trajectory 𝑡𝑟𝑎𝑗𝑗𝑏 (𝑖) approaches the vent. From the plume parameters calculated by our
numerical method, we compute, for each pixel, the mean values (ℎ̅𝑗 , ℎ̅𝑗𝑣𝑒𝑛𝑡 and 𝑡𝑗̅ 𝑣𝑒𝑛𝑡 ) and standard deviations (𝜎𝑗ℎ , 𝜎𝑗ℎ
and 𝜎𝑗𝑡
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𝑣𝑒𝑛𝑡

𝑣𝑒𝑛𝑡

). Using these data, we can compute SO2 mass loading in the volcanic plume and the mass of the tephra fall

deposit. Finally, by associating pixels injection times (𝑡𝑗𝑣𝑒𝑛𝑡 ) with their SO2 mass loading, which is calculated from satellite
SO2 column amount, we calculate SO2 flux time-series.
4 Results
4.1 Application of the numerical technique to Calbuco eruptions
To investigate SO2 plumes emitted during the Calbuco eruptions we use satellite data from the GOME-2 sensor [Rix et al.,
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2008]. GOME-2 is an ultraviolet spectrometer (290-790 nm) aboard the polar-orbiting satellites MetOp-A (launched in
5
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2006) and MetOp-B (launched in 2012) taking global measurements of atmospheric composition on daily basis. The two
satellites operate in tandem with a temporal shift between acquisitions of 48 minutes and provide nadir-view scans with
ground pixel size resolution equal to 40x40 km (swath of 960 km) in case of MetOp-A and 80x40 km (swath of 1920 km) in
case of MetOp-B. One of the most sensitive parameters influencing SO2 vertical column amount as retrieved from space is
5

plume altitude at the satellite measurement time. This data is an input parameter for the retrieval algorithms leading to
vertical column estimation; however, it cannot be easily a-priori assessed from space. In case of GOME-2, three vertical
column densities are given for three hypothetical plume altitudes equal to 2.5 km, 6 km, 15 km.
The first GOME-2 image of the Calbuco SO2 plume was collected at ~13:00 on 23 April 2015, after the end of the two
eruptive events. Then, plumes advection/dispersion paths can be followed for about one month until they are diluted under
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the satellite detection limit (GOME-2 images can be displayed and datasets downloaded from the Support to Aviation
Control Service (SACS) website http://sacs.aeronomie.be/). Due to GOME-2 MetOpA and B different pixel resolution, the
original image is re-gridded into a new one presenting a spatial resolution of 30x30 km. In Figure 2(a) we report atmospheric
SO2 loading in Dobson Unit (DU) retrieved assuming the plume located at 2.5 km with a spatial resolution of 30x30 km. We
used this dataset since, comparing it with the other retrievals (6 km and 15 km), we have an overestimation of the SO2
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atmospheric abundance and of its spatial distribution, ensuring, thus, that all the volcanic plume is considered in our model.
In order to isolate volcanic plumes from background noise, we select pixels with a vertical column higher than a certain
threshold (6 DU) calculated applied the Normalized Cloud-mass technique presented in Carn et al., [2008], see Figure 2(b).
For our test case, the numerical wind data comes from the global ECMWF atmospheric reanalysis ERA Interim dataset with
a 0.75° grid.
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Since we do not make initial hypothesis on SO2 plume altitude, and this information cannot be directly extrapolated from the
satellite data, we initialize trajectories from 2 km (Calbuco altitude) to 30 km asl (upper stratosphere). Assuming an interval
of 250 m between each starting height, we produce a total of 73 trajectories for each pixel. We set the centre position of each
pixel as the starting point on the horizontal plane of each trajectory. The time at which the trajectories are initialized is
coincident with the time at which the SO2 vertical column was measured for each pixel.
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After having reduced the number of possible trajectories going forward in time up to the time acquisition of the 24 April
image, we accept backward trajectories approaching Calbuco vent location [41.33° S, 72.61° W] using Eq. (1). The umbrella
cloud radius 𝑟(𝑡) is evaluated every 10 min using the mass eruption rate (𝑀𝐸𝑅) for both Eruption 1 and Eruption 2. Since
we do not have a precise estimation of mass eruption rates, we perform a sensitivity analysis on 𝑀𝐸𝑅, investigating the
range [0.8 ∙ 106 kg s-1 – 2.7 ∙ 107 kg s-1]. These values are chosen accordingly to the minimum and maximum 𝑀𝐸𝑅 calculated
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for the 2015 Calbuco eruptions by previous works [Romero et al., 2016, Castruccio et al., 2016, Van Eaton et al., 2016]. The
sensitivity analysis is performed using the Design and Analysis toolKit for Optimization and Terascale (DAKOTA) [Adams
et al., 2009], selecting a Latin Hypercube approach on a total number of 9 samples (i.e. 9 different values of 𝑀𝐸𝑅 ).
Therefore, for each 𝑀𝐸𝑅 and for each of the two eruptions, the umbrella cloud radius grows from 0 km (beginning of the
eruption) to a maximum value (ending of the eruption), which depends on the 𝑀𝐸𝑅 . However, numerical results show that
6
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with the approaching condition expressed in Eq. (1) we do not have enough acceptable trajectories to cover most of the pixel
in the computational domain. On the contrary, if we use a fixed maximum approaching distance for Eruption 1 and Eq. (1)
for Eruption 2, our results can cover most of the volcanic cloud. This is due to several uncertainties given by wind data,
trajectory calculation and SO2 spatial distribution captured by the satellite. Since our aim is to provide a good estimation of
5

the SO2 mass loading in the volcanic cloud, we prefer to consider a solution which cover most of the pixels in the
computational domain. For this reason, for Eruption 1, we use a maximum approaching radius 𝑟 = 280 km, whilst for
Eruption 2 we calculate 𝑟(𝑡) every 10 minutes using Eq. (1). The maximum values for the umbrella radius computed at the
end of Eruption 2 are 150 and 360 km for the two 𝑀𝐸𝑅 end members (respectively 0.8 ∙ 106 kg s-1 and 2.7 ∙ 107 kg s-1). The
sensitivity analysis performed on 𝑀𝐸𝑅 produces 9 sets of acceptable trajectories for each pixel (one set for each 𝑀𝐸𝑅 ). For
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a given 𝑀𝐸𝑅, the number of the acceptable trajectories can vary from 0 (i.e. no acceptable trajectories starting from the
considered pixel) to 73 (i.e. all the trajectories starting from the considered pixel are acceptable).
4.2 Numerical results
Using the previously described technique, we calculate the plume height, the injection height and the injection time for each
̅
pixel of the computational domain where SO2 is detected. Figures 3 and 4 report both the mean values (ℎ̅, ℎ̅𝑣𝑒𝑛𝑡 and 𝑡𝑣𝑒𝑛𝑡
)
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and standard deviations (𝜎ℎ , 𝜎ℎ𝑣𝑒𝑛𝑡 and 𝜎𝑡𝑣𝑒𝑛𝑡 ) of plume parameters calculated for each pixel. Figure 3 shows the SO2 cloud
emitted from Eruption 1, whilst in Figure 4 we plot the one emitted from Eruption 2. We do not separate a-priori the plume
of Eruption 1 from the one of Eruption 2, but it is the model that, according to the approaching time and radius, distinguishes
the two plumes. Figures 3(a), (d) and 4(a), (d) show respectively ℎ̅ and 𝜎ℎ computed for each pixel of the computational
domain. Similarly, Figures 3(b), (e) and 4(b), (e) report ℎ̅𝑣𝑒𝑛𝑡 and 𝜎ℎ𝑣𝑒𝑛𝑡 respectively, whereas Figures 3(c), (f) and 4(c), (f)

20

̅
illustrate 𝑡𝑣𝑒𝑛𝑡
and 𝜎𝑡𝑣𝑒𝑛𝑡 .
As we can see from Figure 3 and 4, the whole SO2 plume is split into two multi-layered clouds, both transported in the same
direction (North North-East). The SO2 injected into the atmosphere at the beginning of the eruptive phases travelled furthest
from the vent, while pixels closer to vent location contain SO2 emitted at the end of the two eruptions.
Due to low vertical velocity at stratospheric heights, ℎ̅ and ℎ̅𝑣𝑒𝑛𝑡 are almost coincident (Figure 3(a), (b) and 4(a), (b)) and
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similar result is obtained for 𝜎ℎ𝑣𝑒𝑛𝑡 and 𝜎ℎ (Figure 3(d), (e) and 4(d), (e)). SO2 injected at the highest altitudes during
Eruption 1 (from ~15 to 22 km) has been transported North-East, while SO2 injected at lower altitudes (from ~11 to 15 km)
has been mainly drifted North and it composes the tail of the plume. Moreover, a lower layer, below ~10 km, can be
observed for cloud related to Eruption 1. On the contrary, SO 2 plume emitted during Eruption 2 (Figure 4) presents a more
compact shape than the one of Eruption 1. A mean height of ~14 km both at vent and at satellite overpass is computed, with

30

peaks of ~18 km (Figure 4(a), (b)). For almost the whole cloud of Eruption 1, 𝜎ℎ and 𝜎ℎ𝑣𝑒𝑛𝑡 are ~0.5 km (Figure 3(d), (e)),
whilst for Eruption 2 are in the range 0-6 km with a mean value of 2 km (Figure 4(d), (e)). Finally, uncertainties on injection
time are 17 min and 45 min for Eruption 1 and Eruption 2 respectively (Figures 3(f) and 4(f)).
7
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Our height retrievals appear to be consistent with those derived from analysis of both the tephra deposit and remote sensing
techniques. Following the method of maximum clast diameters [Carey and Sparks, 1986], Romero et al., [2016] computed
maximum column heights of 15.4 ± 3.08 km during Eruption 1 and the first phase of Eruption 2, while a decrease during the
last phase of Eruption 2 emerges with heights of 12-13 km. Similar values are reported by Castruccio et al., [2016] with the
5

only difference of proposing an increase in column height at the end the Eruption 2.
These values are also in agreement with what presented by Van Eaton et al., [2016] considering the growth of the umbrella
cloud (14.5-15.5 km for Eruption 1 and 16.9-17.3 km for Eruption 2). The main difference we notice from these deposits
estimates of plume height compared to those performed by our numerical simulation is the absence of heights higher than 20
km. However, Vidal et al., [2017] show, using a dual polarized weather radar, the main column located between 7 and 15 km

10

for Eruption 2, with a maximum value of ~23 km asl, in agreement with our estimations for plume heights.
In Figure 5(a) we plot in red the pixels from which we have at least one acceptable trajectory for all the 𝑀𝐸𝑅 investigated,
whilst in grey the pixels of the computational domain at satellite measurement time on 23 April 2015. As we can see, our
numerical results cover most of the computational domain, even though we do not find any acceptable trajectory for the
sparse pixels located in the northern region. From Figure 2(b) we can observe that the SO2 column amount for these pixels is
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near to the chosen threshold, and their location is far from the main plume. Combining this information with our numerical
results, we can conclude that SO2 amount in these pixels is more likely to be associated with background noise rather than
volcanic SO2 emissions. In order to check the consistency of our numerical results, we perform a 24 h forward trajectory
simulation initializing trajectories from the altitudes ℎ𝑗 (𝑖) from which we have found acceptable backward trajectories on the
23 April image. Figure 5(d) shows the comparison of our 24 h forward trajectory simulation with the volcanic SO 2 cloud

20

taken from the 24 April satellite image (considering pixels with a vertical column higher than 6 DU), and a good match with
the original image can be observed.
4.2.1 Masses estimation from numerical results and SO2 flux time-series
SO2 vertical columns retrieved from satellite data depend on several factors, such as plume height, SO2 lifetime and satellite
sensors signal saturation. SO2 retrievals from GOME-2 report vertical columns for each pixel at 3 hypothetical plume heights

25

of 2.5 km, 6 km, 15 km (Figure 6(a)-(c)). We interpolate SO2 column amount between these three points and use our
calculated mean SO2 height (ℎ̅) to correct the column amount. In our test case, the effect related to SO2 lifetime can be
neglected. Indeed, lifetime of volcanic SO2 injected into the stratosphere depends primarily on injection altitude, and can
vary from 8-9 days for 11 km height plumes [Krotkov et al., 2010] to 25 days for higher injection altitudes [Guo et al.,
2004]. The brief time (<16 hours) between eruptions and satellite measurement means that SO2 losses due to deposition or
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chemical conversion are not significant. Furthermore, we correct possible 30% underestimations of SO2 loading due to signal
saturation for vertical columns higher than 50-100 DU [Rix et al., 2008]. Combining all of this information, we produce a
corrected SO2 column amount image for 2015 Calbuco eruptions (Figure 6(d)).
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Comparing our height-corrected SO2 column amounts with those retrieved from GOME-2, we see good agreement with
satellite data between 6 km and 15 km. Mean square root errors computed from our numerical results and GOME-2
retrievals, reveal that the a-priori image which agrees best with our height-corrected SO2 atmospheric loading is that
assuming 15 km height. Mean square root errors are equal to 45.05 DU for the 2.5 km map, 12.51 DU and 8.75 DU for the 6
5

km and 15 km maps respectively.
We use the corrected SO2 column amount to determine a total SO2 mass loading of 300±46 kt of SO2 for the overall Calbuco
eruptions, with 160±30 kt produced by Eruption 1 and 140±35 kt by Eruption 2. For each pixel of the computational
domain we plot the retrieved SO2 loading [kt] in Figure 7(a), (b). With contours we indicate mean altitudes at which SO2 is
located at satellite measurement time. During Eruption 1 the bulk of the SO2 (83% of the total) was injected into the
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atmosphere in the range 8-16 km, while the remaining 17% was injected at heights ranging from 17-21 km (Figure 7(a)). On
the contrary, Eruption 2 was characterized with 55% of the SO2 injected at 15 km, 41% at 13 km and 4% at 3 km (Figure
7(b)).
Our retrieval of plume height time-series opens the possibility of quantifying mass eruption rate time-series, and to compare
these data with field data. For the Calbuco eruptions, separation of volcanic ash and SO2 gas has not been observed, so

15

retrieved SO2 injection heights are representative of column height evolution during the eruptions. Column height is primary
controlled by the thermal buoyancy of the erupted material, which is a function of the mass flux supplied during the eruption
[Sparks et al., 1997]. We use our mean injection height time-series to calculate mass eruption rate (𝑀𝐸𝑅) every 10 minutes
during the eruptions and we compute masses of erupted solid material by integrating 𝑀𝐸𝑅 over time. We infer 9∙104 kt
emitted during Eruption 1 and 25∙104 kt during Eruption 2. These values are in good agreement with those from Castruccio

20

et al., [2016] which report 8∙104 kt for Eruption 1 and 32∙104 kt for Eruption 2. Our satellite-based interpretation seems to
confirm the eruptive scenario proposed by Castruccio et al., [2016] which assign the first or the four layers of the deposit to
the first eruption and the other three to the second one. Differently, Romero et al., [2016] assign the first two layers to
Eruption 1 and the other two to Eruption 2, despite the two authors agree on the general stratigraphy.
With density of ~2500 kg m-3 for the whole deposit, we compute a deposit dense rock equivalent (DRE) of 0.136 km3, with

25

0.036 km3 resulting from Eruption 1 and 0.1 km3 from Eruption 2. For Eruption 1 a magma volume of 0.036 km3 produced
0.16 Mt of SO2, while 0.1 km3 of magma produced 0.14 Mt of SO2 for Eruption 2. Thus, Eruption 1 produced about one
order of magnitude excess SO2 per unit mass erupted than Eruption 2.
Finally, by associating the injection time at the vent (𝑡𝑣𝑒𝑛𝑡 ) for each pixel SO2 mass loading we calculate SO2 flux timeseries (Figure 8(a)). The similar amount of SO2 released during the two eruptions and the different duration of the events (1.5

30

h and 6 h) are reflected in the average SO2 fluxes. Eruption 1 produced an intense gas emission with mean flux of 2560 kt
day-1, while a smoother Gaussian shape curve can be observed for Eruption 2 together with a much lower mean flux of 560
kt day-1. SO2 flux is well-correlated with mean injection heights for both eruptions (Figure 8(b)). Comparing SO2 flux and
injection height time-series, two different volcanic processes driving Eruption 1 and 2 emerge. This is reflected in the similar
total amount of SO2 (~150 kt) released in different time scale (1.5 h and 6 h) but in a similar range of altitudes (13-15 km).
9
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5. Discussion
We found that the SO2 emitted per km3 of erupted lavas during Eruption 1 was about one order of magnitude higher than that
of Eruption 2, and this indicates a role for excess SO2 in Eruption 1. Excess SO2 has been invoked to explain a large body of
5

evidence where satellite detection of volcanic SO2 plumes demonstrated that the amount of SO2 released into the atmosphere
during volcanic eruptions, both explosive and effusive, can exceed that resulting from syneruptive volatile exsolution
[Devine et al., 1984]. Wallace [2001] shows that there is a fixed ratio between the volume of erupted magma (expressed in
km3) and the SO2 loading (expressed in Mt) which is released due to syneruptive degassing of erupted magma. In particular,
for an andesite magma, the ratio between these two quantities is typically ~1 Mt km-3. However, in some cases, the SO2
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emitted is higher than that which can be produced by syneruptive degassing. This means that the SO2 released into the
atmosphere during an eruption is the sum of two contributions. The first is the SO 2 derived from syneruptive degassing of
erupted magma, while the second is the SO2 derived from a pre-existing exsolved gas phase present inside the magma
chamber before the eruption starts. The process which produces such excess SO2 depend on tectonic setting, magma type,
magma evolution and eruption style [Shinohara 2008]. However, excess SO2 appears to be particularly characteristic of

15

explosive eruptions of intermediate and silicic magma in subduction zone settings [Andres et al., 1991], such as Calbuco.
Romero et al., [2016] show that the 2015 Calbuco eruptions were fed by a basaltic-andesitic magma (~55 wt.% of SiO2), and
therefore the ratio between the SO2 emitted and the volume of magma erupted might be expected to be close to ~1 Mt km-3.
Our results for Eruption 2 are consistent with the relation showed by Wallace [2001]. However, for Eruption 1, the ratio
between the SO2 released and the volume ejected is ~5 Mt km-3. This clearly suggests that, prior to Eruption 1, there was

20

already an exsolved volatile phase in the magma chamber.
For sub-Plinian eruptions like Calbuco 2015 the most likely mechanism responsible for excess SO2 is pre-eruptive exsolution
of volatiles supplied from deeper magma [Wallace 2001; Shinohara 2008]. Due to buoyancy forces, bubbles migrated at the
top of the magma chamber, forming a gas-rich cupola. We suggest that the overpressure resulting from this deep exsolution
may have also provided the trigger for the eruption onset. During the course of Eruption 1, all the pre-existing volatile phase

25

was ejected into the atmosphere. However, the short repose time between the two eruptions was not enough to accumulate
significant amounts of gas from deeper magma. Thus, we can infer that Eruption 2 was driven mainly by syneruptive volatile
exsolution without the presence of a volatile excess from depth.
In order to test this hypothesis of a pre-accumulated gas phase powering Eruption 1, and a simple syneruptive magma ascent
sustaining Eruption 2, we performed electron microprobe analyses (technical details are reported in the Supplementary
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Materials) on the erupted products of both eruptions, to derive SO2 mass loss in both eruptions. In detail, the scoriae erupted
from Calbuco contain plagioclase, orthopyroxene and clinopyroxene as phenocrysts and a crystallised groundmass with
patches of glass. Melt inclusions (MIs) are hosted in plagioclase phenocrysts and they are characterized by spherical to
oblate shape. Sizes of MIs range from 30 to 300 μm. The groundmass is composed of glass patches with variable microlite
contents ranging from lowly to heavily crystallized groundmass. The composition of MIs is andesitic, instead the
10
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groundmass glass composition is andesitic-dacitic (see Supplementary Materials). According to electron microprobe
analyses, differences between sulfur contents of glassy melt inclusions (𝑆𝑀𝐼 ) and matrix glasses (𝑆𝑔𝑚 ) scaled to masses of
erupted solid material provide estimates of minimum sulfur yield to the atmosphere during an eruption. In order to compare
our satellite estimates of SO2 mass loadings with elemental sulfur concentrations measured from microprobe analyses, its
5

useful to convert sulfur mass loadings into SO2 mass loadings, which is readily achieved by multiplying by two, following
the molecular weight of SO2 (64 g mol-1) and atomic weight of sulfur (32 g mol-1), see 𝒎(𝑺𝑶𝟐 )𝑷𝑬𝑻𝑹 column in Table1. From
the petrological method we infer 38±12 kt and 120±26 kt of SO2 emitted during Eruption 1 and 2 respectively. Comparing
masses of SO2 derived from our numerical satellite-based technique, with those resulting from microprobe analyses, we
calculate the excess SO2 [Devine et al., 1984]. For Eruption 1, we found 122±28 kt of excess SO2, whereas for Eruption 2
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just 20±38 kt, see 𝒎(𝑺𝑶𝟐 )𝒆𝒙 of Table 1. This demonstrates that about the 76% of the SO2 emitted during Eruption 1 was
already present as part of the pre-eruptive exsolved gas phase, in agreement with our hypothesis. Instead, for Eruption 2
there is, within error limits, no excess SO2.
6 Conclusions
We have developed a new technique to retrieve SO2 flux time-series and eruption plume height at high spatial (30 km) and
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time resolution (10 minutes). Our numerical procedure, which combines satellite imagery of volcanic SO2 plumes with
forward and backward trajectory simulations, can be generally applied, and used to investigate SO2 emission during any type
of volcanic eruption. The algorithm is computationally efficient, and can be run in an automated manner on a standard PC in
<12 hours. Retrieved plume heights are used to correct the assumption that the whole plume is located at the same
hypothetical altitude, thus producing corrected SO2 columnar amount maps.
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Here, we quantified SO2 emissions from the recent April 2015 Calbuco eruptions using imagery from the GOME-2 satellite
sensor. We retrieved both SO2 injection height and flux time-series and used them to unravel triggering mechanisms and
volcanic processes of the Calbuco eruption. We found excellent agreement between the integrated mass eruption rates
inferred from plume height time-series and field studies of the eruption deposit masses. Furthermore, our results highlight
the presence of different exsolved volatile phase at depth between the two eruptions. Thanks to the quantitative comparison
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of SO2 flux and plume height time-series, we infer the presence of excess SO2 in Eruption 1. We found that at least 76% of
total SO2 emitted in Eruption 1 was sourced from pre-eruptive volatile exsolution. We suggest that bubbles migrated to the
top of the magma chamber forming a gas-rich cupola. The overpressure caused by this gas accumulation could have played a
key role in triggering Eruption 1. On the other hand, Eruption 2 was consistent with a syneruptive degassing, since no excess
SO2 was observed. Electron microprobe analyses performed on Calbuco samples confirmed our conclusions, validating our

30

hypothesis made just from our numerical technique.
This work highlights the capability of trajectory analysis of satellite SO 2 imagery to extract SO2 height and flux time-series
and reveal sub-surface magmatic processes. We highlight that plotting time-series of retrieved SO2 flux against retrieved
plume heights is an effective tool to examine patterns in eruption processes, the role of excess SO2 degassing, and compare
11
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eruptions. Our approach could be applied to the reanalysis of SO 2 imagery collected during past volcanic eruptions. This
opens the possibility of a database that would be a powerful tool for real time analysis of satellite data collected during an
eruption. Indeed, satellite images of volcanic SO2 plumes are available in almost real time when an eruption occurs and they
could be used not only for aviation safety mitigation but also for operational monitoring of subsurface processes especially in
5

conjunction with other geophysical data. These data may greatly help the quantification of stratospheric mass loadings of
SO2, which can impact global temperatures through the formation of sulphuric acid aerosols [Kirchner et al., 1999], and
mass loadings of HCl, using either assumptions or measurements of SO 2/HCl masses, and these could be invaluable in the
determination of ozone depletion processes [Solomon et al., 2016; Ivy et al., 2017].
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10

Figure 1. Schematic representation of the numerical procedure. Green pixels are those associated with the day i satellite
image, while yellow pixels are those from the day i+1 image. From pixel 𝑗, trajectories trajjf(1), trajjf(2) and trajjf(3) are run
forward from different staring altitudes (hj(1), hj(2) and hj(3)). While trajjf(1) and trajjf(3) are consistent with the position of
the plume at day i+1, trajjf(2) is not, thus it is neglected. Starting again from pixel j, trajjb(1) and trajjb(3) are initialized from
altitudes hj(1) and hj(3) and are run backward in time. Only traj jb(1) is acceptable since it approaches the volcanic vent

15

position at a distance less than r(t).
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5

Figure 2. Calbuco SO2 plume as seen by GOME-2 on 23 April 2015, panel (a). The 2.5 km is used as input for the numerical
procedure. Panel (b) presents the volcanic cloud extracted from the background noise.
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5
Figure 3. Calbuco SO2 cloud emitted during Eruption 1 (considering trajectories approaching the vent from 21:00 to 22:30
̅
on 22 April 2015). In panels (a), (b), and (c) mean plume height (ℎ̅), injection height (ℎ̅𝑣𝑒𝑛𝑡 ) and injection time (𝑡𝑣𝑒𝑛𝑡
) are
ℎ𝑗𝑣𝑒𝑛𝑡 (𝑖)
𝑡𝑗𝑣𝑒𝑛𝑡 (𝑖)
ℎ𝑗 (𝑖)
shown. For each pixel 𝑗, these values are computed as: ℎ̅ = ∑𝑁
, ℎ̅𝑗𝑣𝑒𝑛𝑡 = ∑𝑁
and 𝑡𝑗̅ 𝑣𝑒𝑛𝑡 = ∑𝑁
,
𝑖=1
𝑖=1
𝑖=1
𝑁

𝑁

𝑁

where 𝑁 is the number of trajectories that approach the vent, ℎ𝑗 (𝑖) is the altitude from which trajectories are initialized,
10

while 𝑡𝑗𝑣𝑒𝑛𝑡 (𝑖) and ℎ𝑗𝑣𝑒𝑛𝑡 (𝑖) are the time instant and the altitude of approach at vent position. In panels (d), (e) and (f)
standard
∑𝑁
𝑖=1

deviations

(𝑡𝑗𝑣𝑒𝑛𝑡 (𝑖)−𝑡̅𝑗𝑣𝑒𝑛𝑡 )2
𝑁

are

computed

as:

𝜎𝑗ℎ = ∑𝑁
𝑖=1

̅)2
(ℎ𝑗 (𝑖)−ℎ
𝑁

,

𝜎𝑗ℎ

𝑣𝑒𝑛𝑡

= ∑𝑁
𝑖=1

̅𝑗
(ℎ𝑗𝑣𝑒𝑛𝑡 (𝑖)−ℎ
)2
𝑣𝑒𝑛𝑡
𝑁

and

𝜎𝑗𝑡

𝑣𝑒𝑛𝑡

=

. A multi-layered plume emerges, with heights varying from 8 km to more than 20 km. Uncertainties

on plume heights appear to be low, mainly between 0 and 1 km.
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5

Figure 4. Calbuco SO2 cloud emitted during Eruption 2 (considering trajectories approaching the vent from 04:00 to 10:00
on 23 April). Plume heights and injection time are computed as shown for Eruption 1, see Figure 3. The SO2 cloud appears
10

to be located at ~14 km both at vent location and satellite overpass, panels (a) and (b) with a standard deviation of 2 km,
panels (d) and (e). The SO2 injection time varies from 04:00 for pixels located far from the vent position to 10:00 for those
closer, panel (c). Uncertainties on injection time are in the range 0-110 min with a mean value of 45 min, panel (f).
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5
Figure 5. Red pixels in panel (a) are those for which at least one backward trajectory is accebtable and thus for which plume
height, injection height and injection time can be computed. Grey pixels represent the computational domain. A good
coverage for the solution is achieved excluding the sparse pixels located in the northern region of the domain. In panel (b)
10

SO2 cloud extracted from the 24 April image is shown (grey pixels). Red pixels are those consistent with the endpoints of the
forward trajectory simulation performed in order to test the results.
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5

Figure 6. Vertical columns of Calbuco SO2 plume as seen on 23 April 2015. Panels (a), (b) and (c) show retrievals
performed by GOME-2 assuming plume heights of 2.5 km, 6 km and 15 km respectively. Panel (d) shows column amount
corrected with our numerical outcomes on plume height. A good match with the image in panel (c), 15 km retrieval,
emerges.
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5
Figure 7. SO2 loading computed for each pixel through linear interpolation at the retrived mean SO 2 height (ℎ̅). In panel (a)
results for the cloud emitted during Eruption 1 are shown with the bulk of the SO2 (83% of the total) injected into the
atmosphere in the range 8-16 km, while the remain 17% between 17-21 km. Panel (b) presents results for the cloud emitted
during Eruption 2. In this case 55% of the SO2 is injected at 15 km, 41% at 13 km and the 4% at 3 km.
10
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Figure 8. Panel (a) shows SO2 flux time-series together with mean injection height time-series. SO2 flux as a function of
mean injection heights is shown in panel (b).
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Table 1

𝒎(𝑺𝑶𝟐 )𝑺𝑨𝑻

𝑫𝑹𝑬
3

𝑺𝑴𝑰

𝑺𝒈𝒎

𝒎(𝑺𝑶𝟐 )𝑷𝑬𝑻𝑹 ∗

𝒎(𝑺𝑶𝟐 )𝒆𝒙 ∗∗

% 𝒆𝒙𝒔𝒐𝒍𝒗𝒆𝒅

E1

160±30 kt

0.036 km

0.035±0.01wt%

0.009±0.001wt%

38±12 kt

122±28 kt

76±20 %

E2

140±35 kt

0.10 km3

0.04±0.007wt%

0.01±0.003wt%

120±26 kt

20±38 kt

15±28 %

5
*𝑚(𝑆𝑂2 )𝑃𝐸𝑇𝑅 = 𝜌 ∙ 𝐷𝑅𝐸 ∙ (𝑆𝑀𝐼 − 𝑆𝑔𝑚 ) ∙

𝑀𝑊(𝑆𝑂2 )
𝑀𝑊(𝑆)

∙ 0.8, where 𝜌 = 2450 kg m-3, 𝑀𝑊(𝑆𝑂2 ) and 𝑀𝑊(𝑆) are the molecular weights of SO2 and S equal to 64

g mol-1 and 32 g mol-1 and 0.8 is a coefficient accounting for 20 vol.% of phenocryst [Castruccio et al., 2016].
**𝑚(𝑆𝑂2 )𝑒𝑥 = 𝑚(𝑆𝑂2 )𝑆𝐴𝑇 − 𝑚(𝑆𝑂2 )𝑃𝐸𝑇𝑅

10
Table 1: Calculation of SO2 budget from Calbuco eruptions.
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