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Abstract Satellite remote sensing is a valuable method for detecting and quantifying sulfur dioxide
(SO2 ) emissions at volcanoes. The use of ultraviolet satellite instruments for monitoring purposes has been
assessed in numerous studies, but there are advantages to using infrared measurements, including that
they can operate at night and during high-latitude winters. This study focuses on the Infrared Atmospheric
Sounding Interferometer (IASI). Retrievals developed for this instrument have been shown to be successful
when applied to large eruptions, but little has been done to explore their potential for detecting and
quantifying emissions from smaller and lower altitude emissions or for the assessment of ongoing activity.
Here a “fast” linear retrieval has been applied across the globe to detect volcanic sources of SO2 . The results
are dominated by emissions from explosive eruptions, but signals are also evident from weak eruptions,
passive degassing, and anthropogenic activity. Ecuador and Kamchatka were selected for further study
with a more processing intensive iterative retrieval which can quantify the SO2 amount. At Tungurahua
in Ecuador, good agreement was seen between IASI, the Ozone Monitoring Instrument (OMI) and
ground-based ﬂux data, demonstrating that the retrieval is capable of capturing relative changes in
activity. Similarly, good agreement was found between IASI and OMI in Kamchatka. In this high-latitude
region, OMI is unable to operate for 3 or 4 months in each year. It is therefore suggested that IASI could
be used alongside other instruments for evaluating changes in volcanic activity.
Plain Language Summary

Gas emissions at volcanoes are dangerous to health and can alter the
environment and climate. Monitoring the gases emitted is therefore important, and it gives volcanologists
some insight into volcanic behavior. Ground-based monitoring can be dangerous and is limited in remote
regions, and so satellite imagery is used to detect and measure volcanic gas emissions (usually sulfur
dioxide [SO2 ]) across the globe. This study focused on the Infrared Atmospheric Sounding Interferometer,
which is an infrared sensor onboard two meteorological satellites. First, a fast tool was used to detect
emissions of SO2 across the globe: including from explosive volcanic activity, smaller eruptions, and human
pollution sources. Following this, a second method was applied to calculate the amount of SO2 emitted
from volcanoes in Ecuador and Kamchatka (Eastern Russia)—two regions with regular volcanic activity.
This technique was shown to capture changing levels of volcanic activity in both areas. At Tungurahua,
a volcano in Ecuador, comparisons could be made to another satellite and to measurements made on
the ground. The three methods compared well suggesting that the technique developed for Infrared
Atmospheric Sounding Interferometer can capture changing activity at this volcano and could be valuable
for tracking and quantifying emissions.

1. Introduction

©2018. American Geophysical Union.
All Rights Reserved.
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Geochemical observations provide insight into the magmatic, volcanic, and hydrothermal processes at volcanoes and consequently play a fundamental role in understanding and monitoring their behavior (Edmonds,
2008; Oppenheimer et al., 2014; Scaillet et al., 1998; Symonds et al., 1994). Sulfur dioxide (SO2 ) typically comprises only 5% of the total gas emission but as the atmospheric background abundance of the gas is low,
and because SO2 has a distinct spectral signature in both the ultraviolet and infrared regions of the electromagnetic spectrum, the gas has been widely studied (Oppenheimer, 2010; Oppenheimer et al., 2011).
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Ground-based UV instruments, such as the correlation spectrometer (COSPEC) (Casadevall et al., 1983;
Malinconico, 1979; Moﬀat & Millán, 1971; Stoiber et al., 1983), and then the smaller miniaturized diﬀerential
optical absorption spectroscopy (mini-DOAS) (Galle et al., 2003; McGonigle et al., 2002) and Flyspec (Elias et al.,
2006; Horton et al., 2006) instruments, have enabled numerous ﬁeld campaigns and facilitated the installation of automated SO2 monitoring networks at several volcanoes (e.g., Edmonds et al., 2003; Galle et al., 2003,
2010; McGonigle et al., 2004). However, such ﬁeld campaigns and instrument networks are expensive and
logistically challenging, and so many volcanoes in developing countries and in remote regions have little or no
ground-based SO2 monitoring, and where ground-based measurements are available these are often limited
to daytime monitoring and cannot track plumes across large geographic areas.
Satellite technology oﬀers a cost eﬀective solution to some of the limitations of ground-based monitoring and
advances over the past few decades mean that it is now possible to monitor many aspects of volcanic behavior
from space, including the detection and retrieval of SO2 emissions from volcanoes across the globe. Volcanic
SO2 was ﬁrst observed with the Total Ozone Mapping Spectrometer following the eruption of El Chichón in
1982 (Krueger, 1983; Krueger et al., 2008). Since then numerous satellite-based sensors have been used to
detect and track SO2 emissions including the Moderate Resolution Imaging Spectroradiometer (e.g., Corradini
et al., 2009, 2010; Novak et al., 2008; Watson et al., 2004), the Advanced Spaceborne Thermal Emission and
Reﬂection Radiometer (e.g., Campion et al., 2010; Pugnaghi et al., 2006; Urai, 2004), the Atmospheric Infrared
Sounder (e.g., Carn & Prata, 2010; Carn et al., 2005; Prata & Bernardo, 2007), the Ozone Monitoring Instrument
(OMI; e.g., Carn et al., 2008, 2013, 2016, 2017; McCormick et al., 2013; Theys et al., 2013, 2015), the Spinning
Enhanced Visible and Infrared Imager (e.g., Corradini et al., 2009; Prata & Kerkmann, 2007; Prata et al., 2007),
the Infrared Atmospheric Sounding Interferometer (IASI; e.g., Clarisse et al., 2008, 2012; Carboni et al., 2012,
2016; Walker et al., 2011, 2012), the Global Ozone Monitoring Experiment (GOME-1 and GOME-2; e.g., Eisinger
& Burrows, 1998; Rix et al., 2009), and Ozone Mapping and Proﬁler Suite (e.g., Carn et al., 2015). The higher
spatial and spectral resolutions of newer instruments mean it is now possible to detect weaker sources of SO2 ,
such as smaller eruptive events, noneruptive volcanic degassing and anthropogenic emissions (e.g., Carn,
2016; Fioletov et al., 2015, 2016; Koukouli et al., 2016). Subsequently, measurements of volcanic SO2 made
by satellite instruments have been used in conjunction with ground-based observations to interpret volcanic
activity (e.g., McCormick et al., 2013; Rix et al., 2009; Surono et al., 2012).
Within the infrared there are three SO2 absorption features, 𝜈1 , 𝜈3 and 𝜈1 + 𝜈3 (centered at 8.7, 7.3, and 4.0 μm
respectively), which can be used to obtain information on the gas (Thomas & Watson, 2010). Of these the
𝜈1 + 𝜈3 band is the weakest feature and so it is only used when large quantities of SO2 cause saturation of
the other channels (Karagulian et al., 2010). It is also aﬀected by reﬂected solar radiation and so this must be
accounted for in retrieval techniques (Karagulian et al., 2010). The 𝜈3 band has been widely used to retrieve
SO2 properties (e.g., Carn et al., 2005; Prata & Bernardo, 2007; Prata et al., 2003). It is the strongest feature,
but it is collocated with strong water vapor absorption, which reduces its sensitivity to emissions in the lower
part of the troposphere if there are high levels of water vapor. In contrast, the 𝜈1 feature is situated within
an atmospheric window making it the most appropriate method for monitoring emissions into the lower
troposphere (Realmuto, 2000; Realmuto et al., 1994, 1997), although it can in turn be aﬀected by volcanic ash
and sulfate aerosol (Thomas & Watson, 2010).
IASI is on-board, MetOp A and B, launched in 2006 and 2012, respectively. These advanced Fourier transform
spectrometers are coupled with an infrared imager (Blumstein et al., 2004). The two satellites occupy the same
orbit with 50 min between them, and both achieve near-global coverage every 12 hr. Each scan has a swath
width of 2,200 km composed of circular pixels with a diameter of 12 km at nadir (Clerbaux et al., 2009). One
of IASI’s main strengths is that it measures across the 645 to 2,760 cm−1 (3.62 to 15.5 μm) spectral range with
a high spectral resolution of 0.5 cm−1 (Blumstein et al., 2004; EUMETSAT, 2017), meaning it is possible to better resolve spectral features. This range incorporates the three previously mentioned SO2 absorption features,
and a number of techniques have been developed to exploit these (e.g., Carboni et al., 2012; Clarisse et al.,
2008, 2012; Walker et al., 2012). These retrievals have been successfully applied to a number of diﬀerent eruptions, summarized in Table 1; however, most of these studies are applications to large explosive eruptions
which emit substantial quantities of SO2 into the atmosphere. In contrast, very little has been done to explore
the potential of this instrument for monitoring weaker emissions, such as those from smaller explosive eruptions and noneruptive passive degassing. In this study, a linear retrieval (Walker et al., 2011, 2012) has been
used to detect volcanic emissions across the globe, following which an iterative retrieval (Carboni et al., 2012,
2016) has been applied to quantify mass loading of SO2 in Ecuador and Kamchatka, the aim of this being to
TAYLOR ET AL.
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Table 1
Summary of Eruptions Previously Examined With IASI
Volcano

Location

Jebel at Tair

Red Sea,Yemen
15.55∘ N 41.83∘ E

3

Chile

3

2 January 2008

5 days

Carboni et al. (2016)

Aleutian Islands
53.43∘ N 168.13∘ W

4

12 July 2008

14 days

Karagulian et al. (2010)

Figure 1 (2008)

Carboni et al. (2016)

SM1—frame 2.7

Aleutian Islands

4

Llaima

VEI

Start date

Days analyzed with IASI

References

Figure reference

30 September 2007

12 days

Clarisse et al. (2008)

Figure 1 (2007)
SM1—frames 1.9 and 1.10
SM1—frame 2.1

38.69∘ S 71.73∘ W
Mount Okmok
Kasatochi

7 August 2008

>1 month

52.18∘ N 175.52∘ W

Rix et al. (2009)

Figure 1 (2008)

Karagulian et al. (2010)

SM1—frame 2.8

Clarisse et al. (2012)
Carboni et al. (2016)
Alu-Dalaﬃlla

Ethiopia
13.79∘ N 40.55∘ E

4

4 November 2008

4 days

Carboni et al. (2016)

Figure 1 (2008)

Sarychev Peak

Kuril Islands
48.09∘ N 153.20∘ E

4

11 June 2009

>1 month

Haywood et al. (2010)

Figure 1 (2009)

Clarisse et al. (2012)

SM1—frame 3.6

SM1—frame 2.11

Carboni et al. (2016)
Soufrière Hills

Montserrat
16.72∘ N 62.18∘ W

3

11 February 2010

6 days

Carboni et al. (2016)

Figure 1 (2010)

Eyjafjallajökull

Southern Iceland
63.63∘ N 19.62∘ W

4

14 April 2010

>1 month

Carboni et al. (2012)

Figure 1 (2010)

Heard et al. (2012)

SM1—frames 4.4 and 4.5

SM1—frame 4.2

Walker et al. (2012)
Boichu et al. (2013)
Merapi
Nyamuragira/
Nyiragongo
Grímsvötn

Java
7.54∘ S 110.44∘ E

4

DRC
1.408∘ N 29.2∘ E
Northeast Iceland
64.42∘ N 17.33∘ W

4

4 November 2010

8 days

3 January 2010

10 days

7 November 2011

9 days

21 May 2011

>2 weeks

Surono et al. (2012)

Figure 1 (2010)

Carboni et al. (2016)

SM1—frame 4.11

Carboni et al. (2016)

Figure 1 (2011)
SM1—frames 4.1 and 5.11

Clarisse et al. (2012)

Figure 1 (2011)

Cooke et al. (2014)

SM1—frame 5.5

Moxnes et al. (2014)
Koukouli et al. (2015)
Carboni et al. (2016)
Puyehue-Cordon

Chile

Caulle

40.59∘ S 72.12∘ W

Nabro

Eritrea
13.37∘ N 41.70∘ E

4

Chile-Argentina
37.85∘ S 71.18∘ W

2

Copahue
Etna

Italy
37.75∘ N 14.99∘ E

5

4 June 2011
12 June 2011
22 December 2012

>1 month

18 days
6 days

Clarisse et al. (2012)

Figure 1 (2011)

Theys et al. (2013)

SM1—frame 5.6

Carboni et al. (2016)

Figure 1 (2011)

Clarisse et al. (2014)

SM1—frames 5.6 and 5.7

Carboni et al. (2016)

Figure 1s (2012)
SM1—frame 6.12

Multiple eruptions

Carboni et al. (2016)

e.g., SM1—frames 2.5, 6.1,
7.10, and 7.11

Note. IASI = Infrared Atmospheric Sounding Interferometer. VEI = Volcanic Explosivity Index.

demonstrate, for the ﬁrst time, that there is some utility for using these retrievals to capture long-term changes
in volcanic activity.

2. Linear Retrieval
2.1. The Algorithm
The “fast” linear retrieval developed by Walker et al. (2011, 2012) works by separating the signal of the target
species (SO2 ) from that of the spectral background. To do this, a covariance matrix is formed from an ensemble of SO2 free pixels which represent variability in the spectra due to the parameters which are not being
TAYLOR ET AL.
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retrieved. The spectra of pixels containing SO2 deviate from this background so allowing them to be quickly
distinguished. The speed of this technique facilitates its use for scanning large data sets in near real time; for
example, for hazard assessments or for the identiﬁcation of sites for further study. But by using the full spectra
in either the 𝜈1 or 𝜈3 absorption bands (in this study the 𝜈3 was used), it has been shown to be more sensitive to the presence of SO2 than techniques developed for IASI which only use a small selection of channels
(Walker et al., 2011, 2012). The detection limit of this technique ranges from 0.3 DU at altitudes of 14 to 18 km,
to 17.0 DU close to the surface (0–2 km), or 1.3 DU at between 4 and 6 km, more similar to the height of
volcanic plumes from smaller or noneruptive activity (Walker et al., 2012).
The output of the linear retrieval is an “eﬀective” SO2 column amount under the assumption of a standard
atmospheric proﬁle and that the SO2 proﬁle that has a uniform distribution between 0 and 20 km. It is used
here as a tool to ﬂag volcanic emissions, following which the Carboni et al. (2012) iterative retrieval can be
used to fully quantify the amount of gas. As with previous studies using this technique (Walker et al., 2011,
2012), the covariance matrix used is formed from pixels over the North Atlantic and Europe in May 2009. This
can produce systematic errors in areas with notably diﬀerent climatologies.
2.2. Linear Retrieval Results
To enhance the SO2 signal, and particularly to emphasize smaller emissions, the linear retrieval output has
been gridded to a 0.125∘ latitude by 0.125∘ longitude grid and averaged for each year studied. This includes
both the morning and evening overpasses and does not ﬁlter for cloud. The results are shown in Figure 1.
Alongside this, monthly average results are displayed in Movie S1 in the supporting information (SM1) and
are referred to by their frame number. These plots provide a snapshot of activity within the represented
time frame; a function of numerous factors such as the quantity of SO2 emitted, the rate of SO2 decay and
transportation, and the atmospheric state at the time of the instrument overpass.
2.2.1. Volcanic Emissions Across the Globe
The linear retrieval yearly averages, shown in Figure 1, are largely dominated by emissions from major eruptions during each year, most notably Kasatochi, Sarychev Peak and Nabro in 2008, 2009, and 2011, respectively.
Most of the SO2 emissions previously explored with IASI (listed in Table 1) can be identiﬁed within the yearly
averages, and all can be identiﬁed in the monthly averages shown in SM1.
Smaller signals can also be identiﬁed in the global yearly and monthly averages. For example, elevated signals can be regularly identiﬁed at Popocatépetl, which is one of Mexico’s most active volcanoes (Delgado
Granados & Cardenas Gonzalez, 2013; Grutter et al., 2008). Other examples of plumes from eﬀusive activity are
Fernandina in the Galapagos in April 2009 (frame 3.4) and at Pico do Fogo in Cape Verde in November 2014
(frame 8.11). Emissions from low-level activity or passive degassing can also be commonly identiﬁed across
the Central and South American volcanic arcs, in Kamchatka and in Indonesia, the Philippines, Papua New
Guinea, and Vanuatu. These, and other, lower level emissions can be seen more clearly in regional plots, and
Central and South America and Kamchatka are explored in the following section.
2.2.2. Regional Volcanic Emissions
Central and South America, and Kamchatka (Eastern Russia), are two volcanic arcs where emissions are frequently identiﬁed with the linear retrieval. Expanded views over these regions are presented in Figure 2. These
oﬀer more detail on the activity occurring within these regions. In this ﬁgure, (a) and (c) are yearly averages
computed for the regions, and (b) and (d) show monthly averages for each region, displayed with a color bar
that ranges from 1 standard deviation below the mean to 3 standard deviations above it, computed separately
for each region and month.
Figures 2a and 2b show the expanded view over Central and South America for 2008. In both the yearly and
monthly averages, low SO2 column amounts can commonly be seen oﬀ the west coast of Colombia, Ecuador
and Peru and sometimes over the landmass as well. Some of this might be from low levels of SO2 , but in many
cases this is likely to be due to parameters not fully represented within the covariance matrix. However, despite
this elevated levels of volcanic SO2 can be easily identiﬁed. As noted in the previous section, Popocatépetl is
the strongest and most persistent source in the region and can be clearly identiﬁed in each of the monthly
averages shown in Figure 2b. From April 2008, emissions can be easily seen at Nevado del Huila in Colombia,
which was active throughout 2008 (Global Volcanism Program [GVP], 2012a). Signals are also commonly seen
at Tungurahua in Ecuador (e.g., January–May and December 2008). Alongside this, elevated levels of SO2
can be identiﬁed in Northern Ecuador in November 2008 which is likely to be from eruptions at Reventador
(GVP, 2009). Further emissions can be seen in Peru and Chile. In the south of Peru this is coincident with the
TAYLOR ET AL.
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Figure 1. Global averages of the linear retrieval “eﬀective” SO2 column amounts for the years 2007 to 2014. Emissions
from large eruptions can be identiﬁed in each year, along with emissions from persistently degassing volcanoes and
emissions from anthropogenic sources. Slightly elevated values over Antarctica are attributed to the extreme in climate
here with respect to the covariance matrix applied. Low levels of SO2 are also apparent over the ocean. In some cases,
this might be related to volcanic or anthropogenic emissions. For example, higher values over the Paciﬁc Ocean east of
China may be due to drifting pollution. In some cases, however, this maybe an artifact of the retrieval.

TAYLOR ET AL.
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Figure 2. Regional linear retrieval output. (a) The 2008 yearly average eﬀective SO2 column amounts over Central and South America. (b) Monthly average
eﬀective SO2 column amounts over Central and South America in 2008. These are displayed with a color bar that ranges between 1 standard deviation below the
mean to 3 standard deviations above it. These values have been computed for the region and each month separately. This helps emphasize SO2 sources in the
region. (c) The 2010 yearly average eﬀective SO2 column amounts at Kamchatka. Note that there are relatively high background values across the region. This is
potentially linked to pollution from China which is blown northeast with prevailing winds. (d) as (b) for Kamchatka in 2010.

volcano Ubinas that was actively erupting or degassing throughout the year (Rivera et al., 2010). In 2008, there
is also commonly a signal over Lascar in Chile, and while there were no GVP reports of volcanic activity at the
volcano in this year, the volcano is known to be a persistent passive source of SO2 (Menard et al., 2014). The use
of this retrieval could therefore be valuable for assessing increased levels of volcanic activity. In both Peru and
Chile, the source of elevated emissions can be somewhat ambiguous due to numerous copper smelting sites
in the region. In Central Peru, where there are no known active volcanoes, a strong and persistent plume of SO2
can be identiﬁed in each month in 2008. This is consistent with the location of the La Oroya multimetal smelter
which was studied with OMI in Carn et al. (2007), who demonstrated that it emitted roughly 0.07 ± 0.03 Tg
annually in 2004 and 2005.
The Kamchatka region in Eastern Russia is displayed in Figures 2c and 2d for 2010. The volcanoes in this region
are remote and have little ground-based monitoring; consequently, satellite remote sensing has been widely
employed here to monitor the risk to aviation (Dean & Dehn, 2015). In this region, high background levels in
the yearly average may be associated with pollution transported northeast from China. Volcanic SO2 emissions are seen across the arc, but the high number of active volcanoes in close proximity makes it diﬃcult
to accurately discern the origin without information from other sources. In the monthly averages, it is possible to see emissions in the northern part of the Kamchatka region, originating from Klyuchevskoy, which
was actively erupting throughout 2010 (GVP, 2010a, 2013a). Shiveluch was also active during this period (GVP,
2010b, 2010c) and may be a contributor to the plumes seen. Elevated signals can also be observed toward the
south of the Kamchatka peninsula (e.g., in March and December) and can be attributed to activity at Karymsky
volcano, which experienced vulcanian and strombolian eruptions throughout 2010 (Neal et al., 2014).
2.2.3. Anthropogenic Emissions
As already noted it is possible to detect SO2 emissions from anthropogenic sources with IASI. Numerous studies have been conducted looking at these emissions with OMI (e.g., Carn et al., 2007; Fioletov et al., 2013,
2016, Krotkov et al., 2016), but to date, there have been relatively few studies undertaken with IASI (Bauduin
et al., 2014, 2016). In Figure 1 and SM1, a number of diﬀerent anthropogenic sources can be identiﬁed. The
easiest to identify is pollution from China which has a prominent signal across the northeastern coast of the
country. Despite air quality policies, China remains the largest emitter of SO2 ; responsible for roughly 30% of
global emissions in 2010 with the majority of this resulting from coal burning (Klimont et al., 2013). Two elevated peaks can also be observed in Iran (clearest in 2012 and 2013, or in the monthly averages—frames 2.3,
TAYLOR ET AL.
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4.11, and 5.4), which are in the proximity of the Isfahan heavy oil ﬁred power plant and Sarcheshmeh copper
complex also identiﬁed in Fioletov et al. (2013, 2016). Another spike of SO2 is present close to Johannesburg
in South Africa (e.g., frames 1.9, 4.9, 5.9, and 8.7), the result of a cluster of power plants burning fossil fuels
(Fioletov et al., 2016). Given the relatively sparse availability of literature on using IASI to detect anthropogenic
emissions, these areas could be selected for further study in the future.

3. Iterative Retrieval
Emissions were commonly identiﬁed with the linear retrieval in Ecuador and Kamchatka and were selected
for further study with the iterative retrieval to quantify SO2 emissions from volcanic activity at the two arcs.
Additional reasons for the selection of these two regions are given below.
3.1. The Algorithm
The spectra measured by IASI are a function of a number of atmospheric constituents such as meteorological cloud, H2 O, CO2 , CO, O3 , N2 O, CH4 , and SO2 , each with diﬀerent concentrations and vertical atmospheric
distributions, alongside additional variations caused by temperature, atmospheric pressure, and instrument
viewing geometries. The problem of retrieving SO2 can be simpliﬁed by representing the spectral variability generated by other parameters within a covariance matrix, allowing SO2 to be independently retrieved
(Carboni et al., 2012). In this study, the global covariance matrix from Carboni et al. (2016) has been used.
The Carboni et al. (2012) iterative retrieval uses European Center for Medium-Range Weather Forecasts data
(including temperature and water vapor vertical proﬁles) within the fast radiative transfer model RTTOV with
the addition of SO2 coeﬃcients, to forward model a clear (i.e., free of meteorological cloud) IASI atmospheric
spectra. A range of SO2 plumes are simulated for the established clear-sky atmosphere, for the entire 𝜈1 and
𝜈3 bands. The modeled spectra that best match the observed spectra, determined with a cost function, are
taken as the SO2 column amount and altitude solution, together with the surface temperature (Carboni et al.,
2012). In this case, where the iterative retrieval is being applied to pixels containing low concentrations of
SO2 from small explosive eruptions or degassing, there is not enough information within the IASI spectra to
obtain both the SO2 altitude and column amount, and therefore, the plume altitude has been set at 500 mb
(∼5,600 m), based on the height of volcanoes in the regions studied, Table 2, as is done for many other satellite instruments (e.g., Carn et al., 2013). Note that the true plume height will vary between diﬀerent volcanoes,
diﬀerent styles of activity, and during eruptions as the cloud disperses and if the true altitude of the plume is
lower than the assumed value, then the SO2 column amount will be underestimated, and vice versa.
One of the advantages of this technique is that it generates a comprehensive error matrix which represents the
discrepancy between the modeled and observed spectra in scenes free of SO2 , thereby incorporating forward
model and forward model parameter errors, and providing quality control and comprehensive error estimates
of the retrieved state. The detection limit of the iterative retrieval is strongly dependent on the altitude of the
SO2 plume and the temperature contrast between the surface and the atmospheric temperature at the plume
layer. It can therefore range from around 10.5 DU at the surface to 0.1 DU at the tropopause. Typically, at 3 km
the detection limit is around 1 DU. Given this, greater errors are usually associated with small, low-altitude
plumes. Error analysis conducted by Carboni et al. (2012) has also demonstrated that thick meteorological
cloud or ash above the plume can aﬀect the signal obtained by the instrument and therefore cause the SO2
column amount to be underestimated. For example, an ash layer with an optical depth of 2 would cause the
SO2 amount to be underestimated by around 50% and an ash layer with an optical depth of 5 would mask
the SO2 entirely. Meteorological cloud has a similar eﬀect. In both cases, this would be distinguishable in the
cost function which would increase.
3.2. Ecuador and South Colombia
3.2.1. Background
There are a number of active volcanoes in both Ecuador and Colombia, and these are monitored by the
Instituto Geofísico of Escuela Politécnica Nacional and the Servico Geológico Colombiano, respectively. At
Tungurahua, in Ecuador, this includes measurements of gas emissions made by a DOAS network (Hidalgo
et al., 2015). A summary of ground-based SO2 ﬂux measurements for volcanoes in the region is reported in
Table 2. The availability of this ground-based data set and previous satellite studies of volcanic emissions of
SO2 in the region (Carn et al., 2008; McCormick et al., 2014) make this an appropriate region to begin assessing
the strengths and limitations of the Carboni et al. (2012) iterative retrieval. In this study, the iterative retrieval
has been applied between June 2007 and December 2013, over a region which includes ﬁve active volcanoes:
Reventador, Guagua Pichincha, Tungurahua and Sangay in Ecuador, and Galeras in Southern Colombia.
TAYLOR ET AL.
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Table 2
Published Ground-Based Estimates of SO2 Emissions at Active Volcanoes in Ecuador, South Colombia, and Kamchatka
Average SO2
Region

Volcano

Ecuador/Colombia

Galeras

Coordinates
1.22∘ N 77.37∘ W

Altitude (m)

ﬂux (tday−1 )

4,276

∼200

COSPEC

1992–1993

Fischer et al. (1994)

∼500

DOAS

2012–2013

Global Volcanism Program

DOAS

2009

GVP (2009)

COSPEC

1998

GVP (1999)

Method used

Years

Reference

(GVP, 2013b)
3,562

1,000

Guagua Pichincha

0.08∘ S 77.66∘ W
0.17∘ S 78.60∘ W

4,784

170 (max)

Tungurahua

1.47∘ S 78.44∘ W

5,023

1,458

Reventador

1999–2008

Arellano et al. (2008)

DOAS

2008–2013

Hidalgo et al. (2015)

5,300

—

—

—
—

Taran (2009)

—

Taran (2009)

Shiveluch

2.01∘ S 78.34∘ W
56.65∘ N 161.36∘ E

3,307

>500

Visual estimateb

Klyuchevskoy

56.06∘ N 160.64∘ E

4,750

>300

Visual Estimateb

Bezymianny

55.97∘ N 160.6∘ E
55.83∘ N 160.33∘ E

2,882

400

3,682

Kizimen

55.13∘ N 160.32∘ E

Karymsky

54.05∘ N 159.44∘ E

Sangaya
Kamchatka

COSPEC/DOAS

948

Tolbachik

Zhupanovsky
Koryaksky
Avachinsky
Gorely
Mutnovsky

53.59∘ N 159.15∘ E
53.32∘ N 158.71∘ E

FLYSPEC

2007

Clark et al. (2007)

∼1,500–2,200

DOAS

2013

Melnikov et al. (2014)

2,376

700

DOAS

2012

Melnikov et al. (2014)

1,345

432

DOAS

2011

Arellano et al. (2012)

60–121

FLYSPEC

2011–2012

Lopez et al. (2013)

350–400

DOAS

2012–2013

Melnikov et al. (2014)

2,958

>100

Temperature estimatec

—

Taran (2009)

3,456

>20

Temperature estimatec

—

Taran (2009)

53.26∘ N 158.84∘ E
52.56∘ N 158.03 ∘ E

2,741

210

DOAS

2012–2013

Melnikov et al. (2014)

1,829

800–1,200

DOAS

2012–2013

Melnikov et al. (2014)

800

Dual-UV Camera

2011–2012

Aiuppa et al. (2012)

52.45∘ N 158.2∘ E

2,322

480

DOAS

2012–2013

Melnikov et al. (2014)

a No reports on SO ﬂux available at Sangay. b Based on the frequency and size of the eruptive plume compared to volcanoes elsewhere in the world where SO
2
2
ﬂux is recorded. c Estimated by measuring temperatures of escaping gas and using thermodynamic mass balances.

3.2.2. Negative Bias Characteristics and Correction
Following the application of the iterative retrieval over Ecuador, persistent negative values of up to −0.4 DU
were observed (e.g., Figure 3c). This has not been noted in previous applications of this algorithm, and while
some, near zero, background ﬂuctuations might be expected due to instrument noise, an oﬀset of this magnitude implies that other factors are inﬂuencing the result. As seen in Figure 3, the bulk of the negative values
is situated to the north of Ecuador, consistent with mountainous terrain to the north of the country.
One of the possible explanations for this is the covariance matrix used within the retrieval. As in Carboni et al.
(2012, 2016) a covariance matrix consisting of more than 5 million SO2 free pixels from across the globe, and
from four seasons in 2009, was used. This global matrix could under represent the variability in the environment, climate, and surface conditions in this region; for example, surface emissivity in the region varies
signiﬁcantly from tropical rainforest to rocky mountainous terrain. In an attempt to improve this, local emissivity values from the Cooperative Institute for Meteorological Satellite Studies Infrared Emissivity Database
have been incorporated into the RTTOV model, leading to a reduction of the bias by 20–30%. However, a
signiﬁcant oﬀset remains.
Ideally, new localized covariance matrices would have been formed; however, this process is not straightforward. A large number of pixels are required to represent background variability in the covariance matrix;
however, these must be free of SO2 . In both regions studied there are continuously degassing volcanoes and
frequent eruptions, making it diﬃcult to select appropriate pixels. This is further complicated in Kamchatka
(discussed in more detail in section 3.3.2) where SO2 has been carried into the region from other eruptions
(e.g., Kasatochi and Sarychev Peak, SM1—frames 2.8 and 3.6) and from pollution in China.
Previous studies have corrected for negative values by adjusting the output using an area free from SO2
(Carn et al., 2008; McCormick et al., 2014). In this case, the spatial variability of the negative values, coupled
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Figure 3. Bias correction over Ecuador and Kamchatka. (a) Distribution of the uncorrected (blue) and corrected (red)
monthly average SO2 column amounts for a single grid box in the Ecuador region. Solid line shows the mean and the
dashed line shows 1 standard deviation from the mean. The lowest value, for each grid box, which fell within 1 standard
deviation of the mean was used to correct the average column amount. (b) The correction applied over the Ecuador
region for the June 2007 to May 2010 time period. (c) Uncorrected monthly average SO2 column values over Ecuador in
January 2010. (d) Corrected values for January 2010. (e) Distribution of SO2 column amounts in the northern Kamchatka
region for September 2010. The uncorrected values are shown in blue and the distribution of uncorrected values
following the removal of pixels ﬂagged as containing SO2 is shown in black. The dashed black line is the average of the
uncorrected grid boxes after pixels which contain SO2 have been removed. This is used to correct the bias. The
distribution of corrected values is shown in red. (f ) Uncorrected monthly average SO2 column amount for September
2010. (g) Uncorrected monthly average SO2 column amount for September 2010 excluding pixels that contained SO2 .
(h) Corrected values for September 2010.

with the close proximity of volcanoes emitting varying degrees of SO2 (making it diﬃcult to determine which
boxes are truly SO2 free), makes this method inappropriate. Instead, the following steps were implemented to
remove the majority of the bias: (1) data were gridded into 0.125∘ by 0.125∘ grid boxes and averaged for each
month (incorporating both morning and evening overpasses). (2) For each grid box the average and standard
deviation of the SO2 column amount were computed for the periods before and after May 2010, during which
there was a calibration change to the instrument which caused a jump in the magnitude of the bias. (3) The
lowest value, for each grid box, which fell within 1 standard deviation of the mean was used to correct the
total column amount. Figure 3b shows how this correction value, for the pre May 2010 period, changes across
the region. This removes the majority of the bias as can be seen in Figures 3c and 3d, which show the average
SO2 column amount in January 2010 before and after the correction has been applied. However, it is possible
that the correction may be underestimated in some cases. For example, as seen in Figure 3b, the correction
applied varies signiﬁcantly across the region and west of Tungurahua and Sangay; the correction is close to
zero. It is possible that these areas are simply bias free; however, it is also possible that this is a consequence
of higher levels of SO2 in the region meaning that no negative values were produced, and so the bias correction may be underestimated. Nonetheless, this technique removes the majority of the bias from the region
allowing interpretation of changing quantities of SO2 .
3.2.3. Arc-Scale Observations
The iterative retrieval was run over Ecuador and the south of Colombia from June 2007 to December 2013.
Maps of the monthly average SO2 column amounts are presented in Figure S1 in the supporting information. These show that throughout the time period explored, Tungurahua dominates emissions across the arc.
Emissions, however, are also observed from Reventador and Galeras.
A small selection of the iterative retrieval monthly averages is presented in Figure 4 alongside the monthly
average output from a DOAS retrieval developed for OMI by Theys et al. (2015). Note that this procedure
assumes an altitude of 7 km, more similar to the height of plumes from explosive activity in the region. This
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Figure 4. Maps of monthly average SO2 column amounts from the Infrared Atmospheric Sounding Interferometer (IASI) and Ozone Monitoring Instrument (OMI)
retrievals over Ecuador and Kamchatka.

could result in a diﬀerence of 15% compared to if the retrieval had been run using the same plume height
assumed in the IASI retrieval (roughly 5.6 km).
Figure 4 shows that plumes identiﬁed with the OMI DOAS procedure are larger and more deﬁned than those
seen with IASI. For example, three substantial plumes can be seen in Figure 4d, but in the IASI monthly averages the plumes are not so clearly deﬁned. Similarly, in November 2008, plumes can be seen at Reventador
and Galeras in Figure 4e but only at Reventador with IASI. Also, a much larger plume is seen at Tungurahua
in Figure 4f than in Figure 4c. There are a number of possible explanations for these results. First, the altitude
assumed in the iterative retrieval is based on typical emission heights at Tungurahua, the second highest and
the most active volcano in the region. By comparison Galeras and Reventador are over 700 m lower and so it
follows that the plume altitude would also be lower. Therefore, potentially, this may lead to the underestimation of the SO2 column amounts. Ultraviolet measurements by comparison are less sensitive to the assumed
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Table 3
Summary of Activity at Tungurahua Between 2007 and 2013
Average height above
Period

Average daily SO2

Phase

Start

End

crater (km)

Number of explosions

ﬂux (tonnes)

1

I

24/02/2007

04/08/2008

2.7

1,763

674 ± 667

Activity description

2

II

16/12/2008

01/03/2009

2.6

377

1,675 ± 1,229

Six short episodes of
strombolian activity

Near continuous activity with paroxysm in
February 2008, followed by a drop in activity

3

III

28/03/2009

2.3

212

934 ± 694

IV

30/12/2009

2.5

521

1807 ± 1394

V

26/05/2010

03/08/2010

2.9

1351

1466 ± 1358

VI

22/11/2010

03/01/2011

2.7

111

1169 ± 1176

VII

20/04/2011

26/05/2011

3.5

64

1661 ± 1505

-

27/11/2011

09/04/2012

3.3

194

826 ± 1289

Near continuous activity with
sharp spike at the onset

4

VIII

14/12/2012

10/01/2013

2.8

453

1241 ± 1051

Four phases of

IX

01/03/2013

17/03/2013

2.2

118

1186 ± 787

strombolian activity

X

27/04/2013

16/05/2013

2.0

151

1872 ± 1637

XI

14/07/2013

05/08/2013

3.8

64

1430 ± 929

Note. Modiﬁed from Hidalgo et al. (2015). The SO2 ﬂux is given for each time period and phase and also shows the variability in the data- standard deviation from
the averages.

altitude. As IASI is an infrared instrument it is also limited in the lower part of the troposphere by the temperature contrast between the Earth’s surface and the air above it so lowering the sensitivity of the instrument
(Bauduin et al., 2014; Deeter et al., 2007). The iterative retrieval also has a higher detection limit than the OMI
retrieval in the lower parts of the troposphere, at roughly 1 DU at 3 km. In contrast, the detection limit for
the OMI retrieval is much lower at around 0.5–0.6 DU in the boundary layer and 0.25–0.3 DU at the assumed
retrieval height. Additional variations may also arise from diﬀerences in SO2 and in atmospheric conditions
in the diﬀerent overpasses. While in general clearer stronger plumes can be seen with OMI, in June 2009, a
faint plume can be seen at Galeras with the IASI technique, but this is nonexistent in the OMI output. This
corresponds to a period of elevated activity including increased gas and ash emissions (GVP, 2009).
3.2.4. Activity at Tungurahua
As shown in Figure S1, Tungurahua is the most active volcano in the studied region, and regular monitoring
at the volcano means that activity here is well constrained. Monitoring eﬀorts include gas measurements
made by a DOAS network setup in 2007. A synthesis of these results was produced by Hidalgo et al. (2015),
and using these measurements, activity at the volcano between 2007 and 2013 was divided into four periods,
summarized in Table 3. Average total masses of SO2 at Tungurahua were calculated from the monthly average
SO2 column amounts, shown in Figure S1 in the supporting information, using the area shown in the map
in Figure 5a. The results, Figure 5a, demonstrate that there is generally good agreement here between the
OMI and IASI results and that these match periods of activity at the volcano (shaded in gray). One notable
diﬀerence in the time series for the two instruments is in April 2011. During this month there was explosive
activity with plumes exceeding the assumed height of 5.6 km which may have led to overestimation of the
IASI average total SO2 mass. Average total SO2 masses obtained with the IASI iterative retrieval and OMI DOAS
procedure have a high correlation coeﬃcient of 0.91 for June 2007 to May 2010. Following this, there was a
change to IASI’s calibration, resulting in a generally higher total average SO2 mass relative to OMI, which rarely
returns to zero during periods of quiescence. Despite this, the correlation coeﬃcient remains relatively high at
0.87 for the remainder of the study period, implying that both instruments are faithfully recording prevailing
activity. It is important to note that the average total amount of SO2 reported in Figure 5a at Tungurahua is
computed for a small region shown in the map in Figure 5a, which is where SO2 is typically seen with the IASI
iterative retrieval, and the same area is used for the OMI data for comparison. However, as seen in Figure 4, the
plumes as seen with OMI are much larger and so these values are not a true representation of the absolute
magnitude of SO2 . Using an area more reﬂective of the plumes seen with OMI sees a drop in the correlation
coeﬃcient to 0.48 and 0.76 before and after May 2010, respectively. A change in the gradient of the regression
line describing the relationship between the two is also noted, with a fall from 1.08 to 0.8 in the ﬁrst period,
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Figure 5. (a) Time series of total monthly average of SO2 around Tungurahua from the Infrared Atmospheric Sounding
Interferometer (IASI) and the Ozone Monitoring Instrument (OMI) for June 2007 to December 2013, and the monthly
average SO2 ﬂux recorded with a DOAS network and published in Hidalgo et al. (2015). Average total masses of SO2
at Tungurahua were calculated from the monthly SO2 column amounts using the box area shown in the map. Shaded
in gray are episodes of activity noted in the Hidalgo et al. (2015) paper, described in Table 3. The error bars on the
IASI average total SO2 masses incorporate the instrumental error, and errors associated with the forward model,
meteorological data and nonperfect representation of gas absorption and errors due to the presence of cloud.
(b) Comparison of IASI and OMI total monthly averages of SO2 amounts at Tungurahua. Shown in red are the equation
of the line describing the relationship and correlation coeﬃcients for the period before May 2010 and in blue the same
for the period after May 2010. (c) Same as (b) for IASI and ground-based ﬂux measurements averaged for each month.
(d) Same as (b) for OMI and ground-based DOAS measurements.

and an increase from 0.61 to 0.75 in the second. Nevertheless, it is clear that both instruments are capable of
detecting relative changes in volcanic activity and that these match the periods of activity as noted in Hidalgo
et al. (2015).
The average total mass values have also been compared against the ground-based SO2 ﬂux measurements
made by the DOAS network, shown in Figure 5a. It is important to emphasize that these ﬂux measurements are
distinct from those made by the satellite instruments. The former is a ﬂux (tonnes per day) obtained by continuous measurements throughout daylight hours and averaged for each month, while the second is a measure
of the total SO2 in tons across a wider region obtained through daily (OMI) or twice daily (IASI) measurements
averaged for each month. The ﬂux measure is also a function of wind speed. While these measurements are
not directly equivalent, they should in principle be correlated, and as shown in Figure 5a this is generally the
case. High correlation coeﬃcients of 0.92 and 0.67 were computed for the OMI-DOAS instrument combination for the periods January 2008 to May 2010, and May 2010 to August 2013. Fairly high values, 0.82 and 0.52,
were also recorded for the IASI-DOAS combination. If a steady state of emissions and an SO2 lifetime of one
day were assumed at Tungurahua it would be expected that the average total SO2 mass would be equivalent
to the monthly average ﬂux (McCormick et al., 2014). However, this is not the case with an order of magnitude
diﬀerence between the average total SO2 mass obtained with the satellite retrievals and the average ﬂux. In
this case, however, the area used to calculate the total monthly average SO2 mass at Tungurahua does not
always represent the full extent of the plume and this may be one reason why the total SO2 mass is lower than
the emission rate. Given this, a closer match between the monthly average total SO2 mass obtained with OMI
and IASI and the average ﬂux from the ground-based DOAS is obtained if a wider area around Tungurahua is
considered. This is more reﬂective of the larger plumes seen with OMI. Additional variations may arise from
high plume transport speeds that carry the gas away from the vent and the area being used to calculate the
SO2 mass, and SO2 depletion and dissipation away from the source leading to it being no longer detectable by
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the satellite instruments. It is also possible that in Ecuador’s tropical climate, the lifetime of SO2 in the region
is less than 1 day as is discussed in McCormick et al. (2014). Nonetheless, looking beyond the absolute values,
these results suggest that the IASI (and OMI) retrievals are able to convincingly detect relative changes in volcanic activity. The published ﬂux data cease in August 2013, but following this, there is an additional rise and
fall in October 2013, implying an additional episode of strombolian activity in period 4. This is supported by
GVP reports that note an increase in activity with elevated levels of seismicity, increased strombolian explosions, and ash emissions beginning on the 6 October 2013 (GVP, 2013c) and continuing throughout the month
with a maximum SO2 ﬂux of 725 tons per day in the last week of October (GVP, 2013d). Activity remained high
in November, primarily characterized by ash clouds, some rising a few kilometers above the vent (GVP, 2013e),
before activity subsided midway through the month.
3.3. Kamchatka
3.3.1. Background
There are numerous, remote volcanoes on the Kamchatka peninsula and nearby Kuril Islands, and these pose
a signiﬁcant hazard to the high volume of aircraft which pass over or near to the region (Dean & Dehn, 2015).
Their remote nature means that monitoring eﬀorts are highly dependent on satellite remote sensing. Despite
signiﬁcant degassing across the arc, Kamchatka has previously been poorly represented in global volcanic
SO2 budgets (Andres & Kasgnoc, 1998; Halmer et al., 2002) and ﬁeld campaigns such as Arellano et al. (2012)
and Melnikov et al. (2014; results summarized in Table 2) only represent a snapshot of ongoing activity. Using
UV satellite sensors, the latest global volcanic SO2 budget better represents volcanic SO2 emissions from
Kamchatka (Carn et al., 2017). However, these instruments are limited by the loss of sunlight hours in winter
(McCormick et al., 2013), meaning there is a potential advantage to using infrared sensors like IASI. Here the
IASI iterative retrieval is run over the northern Kamchatka region for a 7-year period during which activity was
reported at ﬁve volcanoes: Shiveluch, Klyuchevskoy, Bezymianny, Tolbachik, and Kizimen.
3.3.2. Bias Characteristics and Correction
As with Ecuador, negative SO2 column amounts can be observed over the northern Kamchatka region. Here
there is no strong geographic trend but there is signiﬁcant seasonal variation, with the bias being more
extensive during the summer and autumn (May–September). This seasonality suggests that surface components such as surface temperature, moisture changes or snow, or atmospheric parameters, which all vary
throughout the year, are not suﬃciently represented within the method’s covariance matrix. Due to this seasonal variation, the correction method used over Ecuador is inappropriate. The correction is also complicated
by near-continuous volcanic activity in the Kamchatka region, and both volcanic (e.g., from the Kasatochi and
Sarychev Peak eruptions) and anthropogenic (pollution from China) emissions carried into the region.
Instead, each month has been individually corrected with the following steps. (1) The data are again gridded
to a 0.125∘ by 0.125∘ grid box and the orbits averaged for each month but this time removing pixels which
are ﬂagged as containing SO2 by the linear retrieval, Figure 3g. (2) For each individual month, an average SO2
free column amount is calculated for the northern Kamchatka region and this is used to correct for the bias in
that month: shifting the SO2 free distribution for the month to be centered at 0. An example from September
2010 is shown in the histogram in Figure 3e: the blue histogram shows before the correction value has been
applied and the red shows the distribution following the correction. A before and after of the average SO2
column amounts is shown in Figures 3f and 3h.
3.3.3. Arc-Scale Observations
As with Ecuador, the iterative retrieval output over Kamchatka was gridded to a 0.125∘ latitude by
0.125∘ longitude grid and averaged for each month (again incorporating both the morning and evening overpasses). These results are shown in Figure S2 in the supporting information. During the period examined
emissions could be identiﬁed at each of the ﬁve volcanoes in the region; however, in some cases the signal was
faint and so it is only with existing knowledge of volcanic activity in the region that these could be identiﬁed.
In other cases, it was also diﬃcult to discern which volcano the plumes originated from, without information
from alternative sources, such as the GVP reports and other literature, due to the close proximity of volcanoes
in the region.
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Figure 6. (a) Time series of average total SO2 in the northern Kamchatka region calculated for the Infrared Atmospheric
Sounding Interferometer (IASI; assuming plume heights of 500 and 700 mb) and the Ozone Monitoring Instrument
(OMI). Eruptive periods as deﬁned by the Global Volcanism Program are displayed at the top. (b) Scatterplot comparing
the average total SO2 mass obtained with the IASI and OMI retrievals, with the IASI retrieval assuming a plume height of
500 mb. (c) Same as (b) with the IASI retrieval assuming a plume altitude of 700 mb.

The results for 3 months, October 2007, June 2010, and July 2011, are presented in Figures 4g–4l alongside the results from the OMI retrieval. In each of these, volcanic plumes can be identiﬁed. However, as
before, the plumes observed with OMI are signiﬁcantly larger than those seen with IASI. This diﬀerence is
reﬂected in Figure 6, which shows the average total mass calculated for the northern Kamchatka region for
both instruments. Note that the mass has been calculated for the entire region, rather than for individual volcanoes due to the frequency with which plumes span multiple volcanic centers. The discrepancy between the
results for the two instruments could be related to the diﬀerent detection limits of the two instruments. The
IASI iterative retrieval may also underestimate if the gas is beneath a thick ash or meteorological cloud or if
the true height of the plume is less than the altitude assumed in the retrieval. For example, in this part of Kamchatka, the volcano heights vary between less than 3,000 m to closer to 5,000 m; see Table 2. Therefore, the
altitude assumption of 500 mb (∼5,600m) may be incorrect. To demonstrate the impact of this, the retrieval
was also run using a ﬁxed altitude of 700 mb (roughly 2.5 km), which led to increased SO2 average total mass
values as seen in Figure 6. It is also possible for the OMI DOAS retrieval to overestimate the SO2 mass, if, for
example, there was a highly reﬂective surface, such as snow, ice, or cloud, beneath the SO2 plume.
Despite the discrepancy between the IASI and OMI results, reasonably high correlation coeﬃcients of 0.78
and 0.75 were obtained for IASI-OMI combination with the 500 and 700-mb plume height assumption for
the IASI retrieval, respectively, and while the average SO2 mass magnitudes may not be the same; looking
at Figure 6, it is apparent that both instruments are observing the same peaks in activity. Results are also
available from the iterative retrieval during the winter months when there is no sunlight. During November
and December 2012, for example, emissions can be seen from Tolbachik following a dual ﬁssure eruption (GVP,
2012b). During these months, OMI and other UV sensors are unable to obtain data due to the lack of sunlight.
It is therefore recommended that IASI should be used to compliment existing UV retrievals, particularly during
winter months, to better understand ongoing activity.
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4. Conclusions and Further Work
Previous applications of retrievals developed for IASI have been to larger eruptions, while few studies exist
looking at smaller emissions of SO2 into the troposphere, such as those from smaller explosive eruptions,
noneruptive volcanic degassing, and emissions from anthropogenic sources. This study has demonstrated
that there is some potential for using the infrared sensor IASI for both identifying emissions and for assessing
long-term changes in SO2 in diﬀerent regions.
The linear retrieval applied here is a fast method for scanning large data sets for elevated levels of SO2 . The
results shown in this paper were largely dominated by emissions from large eruptions such as Kasatochi,
Sarychev Peak, and Nabro. However, emissions could also be identiﬁed from smaller sources, including both
ongoing eruptive activity and smaller explosive eruptions. Signals were also identiﬁed from anthropogenic
activity, such as from coal burning and copper smelting. These results demonstrate that there is potential
for using this retrieval for detecting volcanic emissions, which could be done for rapid identiﬁcation of SO2
plumes in near real time or to highlight regions for further study. The results presented here are by no means
a full catalog of emissions which are detectable with IASI, and future work is encouraged to fully appreciate the strengths and limitations of this method across the globe, to determine how successfully this can be
applied to monitor volcanic emissions. The technique could also be further enhanced by forming local covariance matrices which better represent the background variability of a speciﬁc region or through the use of
techniques such as plume rotation to enhance the result and improve source detection.
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Following the identiﬁcation of SO2 emissions with the linear retrieval, a slower, but fully quantitative iterative
retrieval can be applied to compute the SO2 column amounts in a selected region. Here this has been applied
over Ecuador and Kamchatka, both regions containing numerous active volcanoes. The quantiﬁcation of emissions was initially complicated by prominent negative column amounts across both regions which had not
been identiﬁed in previous applications of the iterative retrieval (applications to larger eruptions), probably
linked to poor representation of background variability in these regions within the covariance matrix used.
Two diﬀerent methods for correcting this bias are presented. The ﬁrst is a pixel-speciﬁc correction suitable in
regions where the bias is spatially and temporally consistent, while the second is based on the monthly mean
column amount for the region after pixels containing SO2 have been removed, suitable when there is signiﬁcant seasonal variability in the results. Following the removal of this bias, it is shown that the iterative retrieval
results are able to capture relative changes in volcanic activity. Although the magnitude of the average total
SO2 masses diﬀers between IASI and OMI (possibly related to the diﬀerent detection limits, the plume altitude
assumption, and the temperature contrast between the Earth’s surface and the lower part of the atmosphere)
the trends observed by these and ground-based DOAS measurements at Tungurahua agree well and matched
episodes of activity noted in existing literature. This is also generally true for IASI and OMI in Kamchatka. Here
the IASI instrument is capable of obtaining data in winter and so could be used to compliment OMI by ﬁlling
this winter gap in their record. Further long-term studies of emissions at diﬀerent volcanoes and at diﬀerent
time intervals would improve understanding of the advantages and disadvantages of this tool.
Retrievals developed for IASI are not commonly applied to volcanic emissions into the troposphere or to
assess long-term changes in volcanic activity. The results presented here have demonstrated that the linear retrieval can identify multiple source types across the globe and that quantiﬁcation of SO2 amounts in
individual regions with the iterative retrieval can show relative changes in volcanic activity. Numerous other
signals, volcanic and anthropogenic, were identiﬁed in the linear retrieval results, and this could inspire similar long-term studies with the iterative retrieval. This study opens a number of promising avenues for further
work, and such work would be valuable for both understanding volcanic activity and for appreciating the
strengths and limitations of the IASI retrievals.
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