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Abstract

Volcanic plumes are one of many hazards associated with eruptions. Monitoring
helps to mitigate against their effects, understand their environmental and climatic
impacts, and interpret volcanic activity. While ground-based measurements are
valuable, field campaigns and ground-based instrument networks are expensive and
not always viable. Satellite remote sensing is a cost-effective alternative and can
be used to track the propagation of plumes as they travel away from the source.
This thesis explores some of the ways in which the Infrared Atmospheric Sounding
Interferometer (IASI) can be used for this purpose.

A method known as CO, slicing, commonly used to obtain the altitude of meteoro-
logical clouds, was adapted for TASI to find the altitude of volcanic ash clouds. The
technique was first tested on modelled data, before being successfully applied to

scenes containing ash from the Eyjafjallajokull and Grimsvotn eruptions.

The second part of this thesis explores how IASI retrievals can be used to monitor
volcanic emissions of sulphur dioxide (SOz). A linear retrieval was first applied
globally to identify sources of SO,, including emissions from explosive eruptions, non-
eruptive degassing and anthropogenic sources. Emissions were commonly identified
in Ecuador and Kamchatka and these were explored further with an iterative
retrieval which quantified the SO, amount in each region. The trends observed with
TAST were similar to those seen with the Ozone Monitoring Instrument (OMI), and

at Tungurahua, good agreement was seen with ground-based flux measurements.

The final chapter builds on this research by systematically comparing the upwind and
downwind mean column amounts obtained with a linear retrieval at 166 volcanoes.
This highlights the strengths and weaknesses of the retrieval and reveals emission
trends at some volcanoes; sometimes agreeing well with trends from OMI and in
thermal emissions. This simple procedure demonstrates the utility of using TASI

for observing changes in volcanic emissions.






Extended Abstract

Volcanic plumes are one of the many hazards associated with volcanic eruptions.
Monitoring them helps to mitigate against their effects, understand the impacts
they have on the environment and climate, and interpret volcanic activity. While
ground based measurements are valuable, field campaigns and ground based
instrument networks are expensive and are sometimes not viable. Satellite remote
sensing is a cost-effective alternative to some of these limitations and can be used

to track the propagation of plumes in the atmosphere as they travel across the globe.

This thesis explores some of the ways in which the Infrared Atmospheric Sounding
Interferometer (IASI) can be used to study volcanic plumes. IASI is an infrared
sensor on-board three of EUMETSAT’s meteorological satellites, all of which
achieve global coverage twice a day. Within the instrument’s spectral range there
is sensitivity to both sulphur dioxide and volcanic ash, and as a hyperspectral
sensor with a high spectral resolution, it is possible to better resolve the spectral
features associated with these. This gives the instrument greater sensitivity than
some broadband sensors.

To mitigate against the hazard presented by volcanic ash it is essential to know its
position. This includes knowing the altitude. The first part of this thesis adapts a
method known as COs slicing, which has been widely applied to find the altitude of
meteorological cloud, to obtain the height of volcanic ash with TASI. This method
utilises an absorption feature within the thermal infrared where there is sensitivity
to the height of different cloud layers. Simulated ash spectra are first exploited to
select a subset of IASI channels, and then to test the validity of this technique for
ash. After demonstrating that this technique has promise, it was then applied to
ash scenes from the Eyjafjallajokull and Grimsvotn eruptions. It compared well
against a satellite borne LiDAR used for validation and showed improved results
compared to an optimal estimation scheme also developed for IASI, which is able
to retrieve the ash optical depth and effective radius, as well as the height. As a
relatively fast tool, it is suggested that the CO slicing technique could be used to
get a first estimate of the ash height which could then be used within the optimal



w Extended Abstract

estimation scheme to yield improved results on operational timescales.

IASI has been widely used to study SO, emissions from large eruptions but
its utility for investigating the emissions from smaller sources has not been fully
explored. The second part of this thesis works with two retrievals developed for
this instrument. The first was a ‘fast’ linear retrieval which was applied globally to
identify sources of SO5. The results were dominated by emissions from large scale
eruptions but elevated signals can also be identified from smaller eruptions, strong
non-eruptive volcanic sources, and industrial centres suggesting the technique has
promise for detecting lower altitude emissions and smaller SO, mass loadings. The
speed of this technique facilitates its use for near real time monitoring and for
identifying interesting signals for further study with the full iterative retrieval,
which can quantify the amount of gas released. SO, emissions were persistently
detected at volcanoes in Ecuador and Kamchatka and so these were selected for
further study with the iterative retrieval. Across both regions, SOy emissions
identified with TASI corresponded well with reports of volcanic activity from other
sources. At Tungurahua, it was possible to compare the TASI observations against
those from the ultraviolet Ozone Monitoring Instrument (OMI) and ground based
SO, flux measurements. The results were promising with each dataset showing
similar trends, and suggested that the IASI datasets could be used alongside other
tools to contribute to volcano monitoring.

This was built upon in the final part of this thesis. Here, the SO5 linear retrieval
was applied to TASI spectra between August 2007 and October 2017. The retrieval
output was then rotated so that the plumes always aligned to the north, so
isolating the SO, signal. Averaging over different time periods (monthly, annual
and multi annual) enhanced the signal. A simple comparison of the upwind and
downwind averaged column amounts was used to determine whether there was
an elevated signal in that month, and show changes in the quantity of SO, over
a ten year period. Applying this systematically across the globe highlighted the
strengths and weaknesses of using the IASI linear retrieval. It was demonstrated
that detections were uncommon at low altitude volcanoes in the tropics (in line
with observations made by previous IASI studies) but that it performed well
for higher altitude volcanoes, particularly those in Central and South America.
For volcanoes in these regions, a simple difference in the upwind and downwind
column amounts produced patterns that matched well with fluxes obtained for the
OMI instrument, the frequency of thermal anomalies and descriptions of volcanic
activity in literature. In addition, the study highlights the strength of using
infrared instruments which are able to measure SO, emissions in low levels of UV,
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for example in high latitude winters. This study produced a comprehensive dataset
of the SO emissions seen with IASI that could be used in the future, alongside
other datasets, for studying different volcanoes.

Overall, the research presented in this thesis demonstrates some of the ways
in which the TASI instrument can be used to understand volcanic plumes, and
complement other datasets.
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Introduction

1.1 Satellite remote sensing of volcanic activity

Significant technological developments over the past few decades have created new
methods for studying volcanic activity. Satellite remote sensing is now widely used
to interpret activity at individual volcanoes and increasingly utilised to get a global
picture of volcanic behaviour (e.g. Biggs et al., [2014; Carn et al., 2017; Furtney et al.,
2018; |[Ebmeier et al., 2018)). These developments address some of the limitations of
ground based monitoring techniques. Ground based instrument networks offer a
higher temporal resolution and direct measurements which would be impossible with
satellite instruments and which are critical for answering short term questions and

assessing activity levels. However, ground based measurements are only available
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Figure 1.1: A summary of the different satellite remote sensing approaches which
can be used to investigate volcanic activity divided into different parts of the
electromagnetic spectrum. It also indicates which part of the eruptive cycle these
methods are most likely to be used for. The seismic signal shown is based on the
seismic events seen at Mt. St. Helens (March-May 1980). From: Pyle et al.||2013,
page 2.

at a minority of volcanoes (Sparks et al|, 2012)). This can be because there are

limited resources or due to the remoteness and inaccessibility of some volcanoes

(Francis and Rotheryl, [2000; Webley et al., 2008; Thomas and Watson, 2010). Field

campaigns can provide valuable results but are usually sporadic and do not offer
the high temporal resolution required to fully understand the volcanic system, or
necessary for volcanic hazard monitoring and mitigation. Making ground-based

measurements can also be hazardous and cannot achieve the same spatial coverage

that is possible with satellite data (Pyle et al. 2013)).

Satellite remote sensing offers insight into a number of different aspects of

volcanic activity. The three primary areas of study are changes in surface properties

and topography, thermal emissions and volcanic plumes (Francis et al., (1996} Francis|

and Rothery}, [2000). A short introduction to the study of topographic changes and
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thermal emissions is given below, while the use of satellite remote sensing to study
volcanic plumes is outlined further in section [I.2] These satellite measurements can
be used to interpret quiescent activity and precursory signals, monitor eruption
dynamics and then observe the relaxation of the volcano into its background state
(Pyle et al., |2013]). This is shown in figure which shows how satellite instruments
which utilise different parts of the electromagnetic spectrum, can be used to study
different aspects of the eruptive cycle and the role that this can then play in
monitoring volcanic hazards and understanding eruption dynamics and impacts.

In the past, the majority of satellite data has been used for in depth studies
of single volcanoes and eruptive events; however, the increasing volume of data
is encouraging synoptic studies of global volcanism (e.g. Biggs et al., 2014; |Carn
et al., [2017; [Furtney et al., [2018; Ebmeier et al.| |2018), and integrative studies using
different types of remote sensing (e.g, [Flower and Carn| 2015} Laiolo et al.| 2018;
Furtney et al. 2018;|Reath et al.,[2019). Combined with ground based measurements
this is offering a deeper insight into volcanic activity and its interactions with other

parts of the Earth system than ever before.

1.1.1 Monitoring surface changes

Volcanic activity can lead to considerable changes to the landscape. For example,
lava and pyroclastic flows, lahars, ash deposits and landslides can all visibly alter
the surface. There are also more subtle changes which can occur as magma moves
beneath the surface (Biggs and Pritchard|, 2017). For example, in a simplified case,
as magma rises through the conduit it can cause the volcano to inflate, and following

the removal of magma from the system, deflation can be observed (Dzurisin and Lul,
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2007; |Chaussard et al., 2013). Deformation might also occur in association with dyke
emplacement (e.g, |Biggs et al.| 2013; Sigmundsson et al., 2014). More traditional
means of measuring deformation include tilt meters and GPS; however, these are
unable to measure the entire edifice. Volcano wide changes can be observed using
satellite borne radar. These instruments emit a pulse of energy which is scattered
by the Earth’s surface, and returned to the instrument, which records the amplitude
and phase. The amplitude can be used to infer surface properties such as roughness,
steepness and soil moisture. As such, this has been used for the tracking of lava
flows and mapping of volcanic deposits (e.g. [Wadge et al., 2012 Dumont et al.,
2018). A comparison of the phase of two radar images taken at different points in
time but with the same viewing geometry, using a method called Interferometric
Synthetic Aperture Radar (InSAR) can indicate how much the surface has moved
(Pinel et al., 2014). This powerful tool has been used to show centimetre scale
changes across entire volcanic landscapes. Using this technique, the number of
known deforming volcanoes has increased from 44 in 1997 to 220 volcanoes by
2017 (Biggs and Pritchard) 2017)). In some cases it can indicate precursory activity
although care must be exercised as some volcanoes which deform do not necessarily
erupt and equally some eruptions occur without any precursory deformation being
identified using InSAR (Dzurisin, 2003; Biggs et al., 2014]). For full details on the
use of radar for volcano monitoring see Pinel et al. (2014) and references therein.

At some volcanoes increased deformation has been accompanied by increases
in the SO, flux before an eruption (Watson et al.,; 2000). However, the degree
to which this is observed is affected by the nature of the volcanic system. In an

open volcanic system, gas can easily rise through the conduit, resulting in only
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localised deformation around the vent; whereas, in a closed system, gas can less

easily escape resulting in greater overpressure and broader deformation features

(Newhall, |2007; |Chaussard et al, 2013} Reath et al.,2019). These are endmember

states with many volcanoes exhibiting characteristics of both. It is also possible
for a volcano to shift between states. For example, large explosive eruptions can
have significant effects on the landscape. These might open up the conduit of a
previously closed volcanic system allowing gas to be more easily released in the

future, or conversely, could cause a collapse that blocks the vent and creates a

more closed system (Reath et al. 2019).

1.1.2 Thermal Emissions

The high temperatures of some of the material ejected from volcanoes allows

detection using satellite instruments (Dehn et al., 2000; |Harris, 2013; [Dehn and|

2015). Lava flows and lakes, which can have temperatures of between 200 and
1100°C, are radiating significant quantities of heat. This results in an increase in the

radiance measured within the short wave infrared and can subsequently be exploited

to detect elevated thermal activity (Wright et al., 2002, 2004; Wright), [2015)). This

is not only applied to volcanic sources but can be used to identify forest fires and

some anthropogenic sources (Kaufman et al., 1998 |Justice et al., 2002; Giglio et al.,

2003). Thermal emissions from volcanoes have been investigated with a number of

different instruments including the Moderate Resolution Imaging Spectroradiometer

(MODIS; e.g., Wright et al.|[2002, 2004; Wright||2015; |Coppola et al.|2016al), Landsat

(Oppenheimer et al., [1993; (Oppenheimer and Francis, |1997; Kaneko and Wooster),

1999) and the Advanced Spaceborne Thermal Emission and Reflection Radiometer
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(ASTER; Jay et al.|2013; Reath et al.[2016). From these thermal measurements,
simple procedures can be applied to detect elevated thermal emissions (e.g., Wright
et al 2004; [Wright, 2015)), and following this further information such as the heat
flux can be computed (e.g. Wright and Flynn| 2004). Further interpretation is then
needed to infer the type of activity (Dehn and Harris, 2015). A number of volcanic
features can cause an elevated thermal signature including lava flows and lakes, lava

domes, pyroclastic flows and gas/ash emissions (Dehn and Harris, 2015)).

1.2 Satellite Remote Sensing of Volcanic Plumes

Volcanic plumes are a far reaching hazard associated with eruptions and have
received significant attention since the 2010 eruption of Eyjafjallajokull which
caused serious financial losses through the closure of airspace (IATA Economic
Briefing, 2010). Satellite remote sensing, alongside modelling, has become an
essential part of monitoring the dispersion of these dynamic plumes. This is helped
by the large number of instruments which have the capability for monitoring these
plumes, together providing wide spatial coverage and high temporal resolutions.
Summaries of some the satellites and tools used for this purpose can be found in

Thomas and Watson| (2010) and (Carn et al. (2016).

1.2.1 Volcanic gases

Gases within the magmatic system are one of the fundamental drivers of volcanic
activity (Sparks, 20034 and consequently, making measurements of the gases emitted

can be very informative (Symonds et al., [1994; [Scaillet et al., 1998; [Edmonds, [2008;
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Figure 1.2: (a) A clean atmospheric spectrum simulated with the fast radiative
transfer model RTTOV is shown in black. This is for the 680-1410 cm ™! spectral
range. Within this it is possible to identify three significant absorption features
caused by carbon dioxide, ozone and water vapour. Over plotted in red is a simulated
ash spectrum (AOD= 10.0, ER= 5 pm, pressure= 400 mb). In blue is a simulated
SOy spectrum (column amount= 10 DU, pressure= 400 mb) shown for the two
SO, absorption features within this region. This is difficult to distinguish from
the clear atmospheric spectrum and so (b) shows the difference between the clean
atmospheric and SO, spectra. This highlights the two absorption features.

Oppenheimer et al., [2014). Changes in the flux and ratios of the different gases

emitted can help interpret volcanic activity and potentially warn of imminent

eruptions (Malinconico|, 1979, [1987} [Sparks, 20034} [Edmonds, [2008)). For example,

an increase in the amount of SO, measured might suggest that magma has risen

to a shallower part of the magmatic system (Edmonds et al.| 2003)). In contrast, a

decrease in this or other gases might imply an end to activity, or might indicate

that there is something preventing gas escaping, which could increase the likelihood
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of an explosive eruption (Stix et al., [1997; |Prata et al., 2015). In addition to this,

measuring volcanic emissions is important for trying to minimise the effects of these

gases on human and animal health (Hansell and Oppenheimer|, 2004) and to reduce

the hazard posed to aviation: both direct impacts from SO, (Bernard and Rose,

1990)) and as a proxy for ash (e.g. |Carn et al., 2007)). It can also help understand the

impacts of gas emissions on the environment and climate (Delmelle, 2003; Mather,

2015). For example, emissions into the troposphere can affect cloud properties

(Gasso, 2008; Ebmeier et al.l [2014; [McCoy and Hartmann), 2015)), potentially having

a small cooling effect; while emissions into the stratosphere are known to have a

number of major impacts including tropospheric cooling, stratospheric warming

and ozone depletion (Robockl 20004; Grainger and Highwood), 2003)).

Volcanoes emit a number of different gas species including HyO, COs, SO2, HsS,

CO and SiFy, as well as a number of aerosols (McGoniglel |2005; Thomas and Watson,

2010). There are several different methods for making ground based measurements
of volcanic gases. These include the direct collection of gases and the use of

ground based remote sensing devices such as the COSPEC, DOAS, FLYSPEC and

FTIR (Moffat and Millan, 1971; Malinconicol, [1979; |Stoiber et al., 1983; Casadevall

et al. 1983} [Galle et al., 2003} [McGonigle et all 2002; [Horton et all, [2006; Elias

, 2006). With an exception of the FTIR, which can obtain information on a

number of different gas species, the ground based remote sensing techniques make
measurements of SOs. This is because there is a relatively low abundance of SO5 in
the background atmosphere away from pollution sources and because of sensitivities

to this gas within both the infrared and UV parts of the electromagnetic spectrum
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(Oppenheimer, 2010; |Oppenheimer et al} [2011)). While ground based measurements
are useful they are limited for the reasons mentioned in section

Satellite measurements of SO, emission from volcanoes began in 1982 with the
eruption of El Chichén in Mexico (Krueger, |1983; |[Krueger et al., 2008). This plume
was analysed with the Total Ozone Monitoring Spectrometer (TOMS). This and
other UV instruments, utilise an absorption feature within the UV between 300 and
320 nm (Oppenheimer, [2010)). There is also sensitivity to SO within the infrared
with three absorption features caused by the vibrations and distortions of S-O bonds
(Oppenheimer;, [2010)). These absorption features within the infrared are centred at
8.7, 7.3 and 4.0 um (named vy, v3 and vy + v5 respectively). The smallest of these
is the v1 + 3 band. This is not commonly used: applied only where significant
levels of SO, mean that the other absorption features become saturated (Karagulian
et al., 2010). The other two features can be seen in figure . Of these the stronger
feature is the v band which has been widely used in different retrieval schemes (e.g.
Prata et al.| 2003; Carn et al., |2005; |[Prata and Bernardo, [2007; |Clarisse et al., 2012).
However, as is seen in figure[[.2] it is collocated with a water vapour feature limiting
its use in parts of the atmosphere with high levels of water vapour, notably the
boundary layer. The smaller, less sensitive, 1y band is unaffected by water vapour
but can be affected by ash and sulphate aerosol (Thomas and Watson, 2010)).

There are advantages and disadvantages of using either UV or infrared instru-
ments (Prata et al., 2015). The UV is less affected by water vapour. This is in
contrast to the infrared, which can be affected by water vapour and also by the
temperature contrast between the surface and the plume (Clarisse et al., 2012)). This

means that the UV is more often used for making measurements of SO, within the



10 1.2. Satellite Remote Sensing of Volcanic Plumes

boundary layer, from volcanic degassing, or anthropogenic emissions (Carn et al.,

2007; Fioletov et al., 2013 2015, 2016; [Flower et al., 2016; Krotkov et al., 2016).

That does not mean that the infrared cannot also be used for these purposes. This
is something which is explored within this thesis, which demonstrates some of the
complementary benefits of the infrared; namely night time and high latitude winter
measurements which often gives these instruments a higher temporal resolution

compared to UV sensors. Some of the infrared retrievals can also make simultaneous

measurements of column amount and height (Carboni et all 2012, 2016)), and

these instruments also have sensitivity to volcanic ash, discussed further in the
next section. Overall, there is a considerable advantage to using infrared and UV

instruments together and alongside ground based measurements.

1.2.2 Volcanic ash

Volcanic ash refers to particles of all compositions, with a diameter of less than

2 mm, which are ejected from a volcano during an eruption (Cashman and Rust,

2016). Ash is formed after magma rising through the conduit, driven by volatiles

within the melt, fragments (Cashman and Rust}, 2016). During and after an eruption

it can be transported great distances from the source (Watson et all |2016). This

can create a significant hazard to aircraft (Casadevall, 1994; Dunn and Wade, 1994;

Miller and Casadevall, [2000} [Pieri et al., 2002; (Guffanti and Tupper], 2015; [Chen and|

Zhaol, [2015)): potentially threatening human life and having significant economic

implications through flights being rerouted or cancelled (IATA Economic Briefing,

2010; |Alexander| 2013). In addition to this it can have serious effects on human and

animal health (Horwell and Baxter}, 2006; [Horwell, |2007)) and cause considerable
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damage to agriculture and infrastructure (Durant et al., [2010; [Wilson et al., 2012,
2015). Monitoring the emission and dispersion of these clouds is therefore essential.

The majority of measurements of volcanic ash are made with infrared instruments.
An example of an ash spectrum, simulated with the fast radiative transfer model
RTTOV, can be seen in figure [[.2h. Here the characteristic broad v shaped
absorption feature between 8 and 13 um can be seen. The strongest absorption
occurs at roughly 10 um (although this varies between different ash compositions;
Mackie et al.|2014b)). Numerous different techniques have exploited this feature for
the detection of volcanic ash and other methods developed to quantify properties
such as the ash optical depth, effective radius and height. A summary of some
of these techniques can be seen in table [L.1]

Schemes for the detection of volcanic ash and retrieval of further properties
have also been developed for UV instruments, for example, the UV Aerosol Index
(Seftor et al.. [1997). However, these are less widely used than the infrared. They are
limited by a number of factors such as not being specific to volcanic ash (affected
by other aerosols such as smoke), no night time measurements, ocean colour and

sunglint (Carn and Krotkov, 2016]).
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1 1.3. Thests outline

1.3 Thesis outline

The overall aim of this thesis was to investigate some of the ways in which the
Infrared Atmospheric Sounding Interferometer (IASI) can be used to study volcanic
plumes. This has included studies of both volcanic ash and sulphur dioxide (SO2).

The thesis is structured as follows:

Chapter 2: A method known as COs slicing, which is widely used to obtain the
height of meteorological clouds, has been adapted for, and applied to, volcanic ash
using the TASI instrument. The technique was tested on simulated ash data before
being applied to scenes containing ash from the Eyjafjallajokull and Grimsvotn
eruptions. Comparisons have been made against an optimal estimation retrieval

scheme developed for IASI and backscatter profiles from a satellite-borne LiDAR.

Chapter 3: The use of TASI for monitoring emissions from volcanic eruptions is
explored. A ‘fast’ linear retrieval is first applied globally to identify emissions. A
full quantitative iterative retrieval is then applied over Ecuador and Kamchatka

to quantify the amount of SO, and observe trends in activity.

Chapter 4: Building on chapter 3, a more in depth study of the linear retrieval
is performed. A rotation approach which isolates and enhances the SO, signal was
applied to 166 volcanoes across the globe. A simple comparison of the upwind
and downwind signal was performed to show changes in volcanic activity. These

were used to compute long term emission trends. This provides a synoptic view
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of the SO, emissions seen with TASI.

Chapter 5: This chapter summarises the main results of this thesis. It considers
how satellite measurements can be used to complement existing tools for volcano
monitoring and outlines further areas of study. It also considers future advancements

in satellite instruments.
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An adaptation of the CO9 slicing
technique for the Infrared Atmospheric
Sounding Interferometer to obtain the
height of tropospheric volcanic ash clouds

Abstract: Ash clouds are a geographically far-reaching hazard associated with
volcanic eruptions. To minimise the risk that these pose to aircraft and to limit
disruption to the aviation industry, it is important to closely monitor the emission
and atmospheric dispersion of these plumes. The altitude of the plume is an
important consideration and is an essential input into many models of ash cloud
propagation. COs slicing is an established technique for obtaining the top height of
aqueous clouds and previous studies have demonstrated that there is potential for
this method to be used for volcanic ash. In this study, the CO, slicing technique
has been adapted for volcanic ash and applied to spectra obtained from the Infrared
Atmospheric Sounding Interferometer (IASI). Simulated ash spectra are first used to

select the most appropriate channels and then demonstrate that the technique has

17



18 2.1. Introduction

merit for determining the altitude of the ash. These results indicate a strong match
between the true heights and CO; slicing output with a root mean square error
(RMSE) of less than 800 m. Following this, the technique was applied to spectra
obtained with TASI during the Eyjafjallajokull and Grimsvotn eruptions in 2010 and
2011 respectively, both of which emitted ash clouds into the troposphere, and which
have been extensively studied with satellite imagery. The COs slicing results were
compared against those from an optimal estimation scheme, also developed for TASI,
and a satellite-borne LiDAR is used for validation. The COs; slicing heights returned
an RMSE value of 2.2 km when compared against the LiDAR. This is lower than the
RMSE for the optimal estimation scheme (2.8 km). The CO, slicing technique is a
relatively fast tool and the results suggest that this method could be used to get a
first approximation of the ash cloud height, potentially for use for hazard mitigation,

or as an input for other retrieval techniques or models of ash cloud propagation.

2.1 Introduction

Encounters of aircraft with volcanic ash have demonstrated that such occurrences
can cause significant damage to the plane (Casadevall, 1994; Dunn and Wade,
1994; |Pieri et al., [2002; |(Guffanti and Tupper, |2015)). In extreme cases, these have
resulted in engine failure (Miller and Casadevall, 2000; (Chen and Zhao| 2015) and
subsequently life-threatening circumstances. Ash clouds are closely monitored by the
Volcanic Ash Advisory Centres (VAACs) who use a variety of data sources including
information from volcano observatories and satellite data (Prata and Tupper, [2009;
Thomas and Watson, 2010; [Lechner et al., [2017)). This allows informed decisions on

the closure of airspace during an eruption, which can result in severe disruption and
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have significant financial implications. For example, the eruption of Eyjafjallajokull
in 2010 resulted in the closure of a large portion of northern European airspace

and subsequently the cancellation of 100,000 flights and a revenue loss of $1.7

billion (IATA Economic Briefing, [2010). Alongside these potential impacts to the

aviation industry, volcanic ash is also a hazard to health (Horwell and Baxter,

2006}, Horwell, 2007)) and can cause considerable damage to infrastructure (Durant,

et al., [2010; Wilson et all) 2012, 2015).

Satellite remote sensing, particularly using infrared instruments, has been widely
used for monitoring the hazards presented by volcanic ash. This has included

detection schemes which flag pixels that contain volcanic ash (e.g. [Pratal [1989d|b;

Ellrod et al. [2003} Pergola et al., 2004} [Filizzola et al., 2007; [Clarisse et al.

2010aj; Mackie and Watson|, 2014a}; Taylor et al., 2015). Other methods have been

developed to quantify parameters such as the mass, ash optical depth (AOD),

effective radius and altitude of the ash cloud, usually relying on look-up tables or

optimal estimation techniques (e.g. [Wen and Rosel [1994; [Yu et al., [2002; [Watson]

et al. 2004} |Corradini et al.| 2008 |Gangale et al., 2010; [Francis et all 2012;

(Grainger et al. 2013} Pavolonis et al., |2013).
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Knowing the position of the ash cloud in three dimensions is critical for hazard
mitigation. Plume height is a crucial part of this and it is also a variable in models
of ash cloud propagation (Mastin et al., [2009; |Stohl et al., 2011; |Bonadonna et al.,
2012) such as HYSPLIT (Draxier and Hess, 1998; |Stein et al., |2015) or NAME
(Jones|, 2004; Witham et al.. |2012)). A number of different methods have been
used to obtain the height of volcanic ash clouds. These have included the use of
ground-based and airborne instruments, as well as satellite techniques (Glaze et al.,
1999), some of which are summarised in table 2.1}

This problem is not unique to volcanic ash. Similar retrieval techniques exist to
obtain the cloud height of aqueous clouds (i.e. water/ice clouds not associated with
volcanic activity). One such method, known as the COj slicing technique, described
in more detail in section [2.2] has been widely used to obtain the cloud top height
and has been adapted for numerous instruments, as illustrated in table [2.2] The
method has been shown to have some potential when applied to volcanic ash using
the Moderate Resolution Imaging Spectroradiometer (MODIS) (Richards, 2006;
Tupper et al 2007)). In this study, the technique has been adapted for the Infrared
Atmospheric Sounding Interferometer (IASI; see section and applied to volcanic
ash. It was first applied to simulated ash spectra (section to select the most
appropriate channels and to demonstrate that the method has promise when applied
to volcanic ash. Following this it was applied to scenes containing volcanic ash from
the Eyjafjallajokull and Grimsvétn eruptions (section where it was compared
against an existing method for obtaining the height of volcanic ash and data from

a satellite-borne LiDAR. The results indicate that this method could be applied
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Table 2.2: A summary of some of the previous applications of the COs slicing

technique.
Instrument Platform Examples
type
AIRS Satellite Pangaud et al.| (2009)
GOSAT Satellite Someya et al.| (2016))
TASI Satellite Arriagal (2007)
ITPR Satellite Smith and Platt| (1978)
MODIS Satellite Menzel et al.| (1992)); Richards (2006])*; Tupper
et al.| (2007)*; Menzel et al.| (2008)
MODIS MAS Airborne Frey et al. (1999)
S-HIRS Airborne Holz et al.| (2006)
VAS Satellite Menzel et al.| (1983); [Wylie and Menzel| (1989)

AIRS- Atmospheric Infrared Sounder

GOSAT- The Greenhouse Gases Observing Satellite

IASI- The Infrared Atmospheric Sounding Interferometer

ITPR- Infrared Temperature Profile Radiometer

MODIS- Moderate Resolution Imaging Spectroradiometer

MODIS MAS- Moderate Resolution Imaging Spectroradiometer Airborne
simulator

S-HIRS- Scanning High-Resolution Interferometer Sounder

VAS- Visible Infrared Spin-Scan Visible Radiometer Atmospheric Sounder
*Studies applied to ash

to get a first approximation of the ash cloud height which could then be used for

hazard mitigation and as a parameter in other retrieval methods or ash models.

2.2 CO, Slicing

The CO, slicing technique is an established method, developed for obtaining the
cloud top height/pressure of aqueous cloud (Chahine, [1974; |Smith and Platt, |1978;
Menzel et al, |1983)). Over the past four decades this tool has been adapted for

different instruments, summarised in table [2.2] including both airborne and satellite
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platforms. The technique uses a COy absorption feature within the thermal infrared
part of the electromagnetic spectrum between 665 and 750 cm™* (13.3 to 15 pum).
Within this region, as wavenumber increases there is a general increase in the
radiance observed. This is demonstrated in Fig. [2.Th, which shows the spectrum
of a simulated clear atmosphere. This has been simulated with the fast radiative
transfer model RTTOV (version 9; Saunders et al.; [1998) and replicates what would
be observed with TASI given specified atmospheric conditions. In this case a default
atmospheric profile is used, without the addition of cloud, volcanic ash, or any
trace gases or aerosols above background levels.

In the Earth’s troposphere where temperature is decreasing with height, the
radiances measured by the instrument are proportional to the transparency of the
atmosphere for each channel (Holz et al.; 2006)). Subsequently, within the CO,
absorption band, as wavenumber and the radiance measured both increase, the
channels are becoming increasingly transparent (with some fluctuations). As such,
the spectrum of a high-altitude cloud will begin to deviate from the clear spectrum
at a lower wavenumber than a lower-altitude cloud. This is illustrated in Fig.
[2.Th which shows the spectra of three ash clouds of varying heights. Effectively,
until the point where the clear and ash/cloudy spectra diverge, the instrument is
recording clear radiances. In theory it is possible to step through the channels,
‘slicing’ through different layers of the atmosphere, until the cloud layer is visible.
This concept has been used to identify channels whose cloud-free radiances can
be assimilated into numerical weather prediction models rather than filtering out

these pixels entirely (e.g. McNally and Watts| |2003]).
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Figure 2.1: (a) Simulated spectra for a clear atmosphere (i.e. one without cloud
or ash) and three ash clouds at different pressure levels: 400, 500 and 600 hPa.
(b) The change in atmospheric transmittance with log pressure (dr/dlnp). This
is indicative of which part of the atmosphere each channel is sensitive to. This
sensitivity is shown to shift from higher up in the atmosphere to the lower parts of
the atmosphere as wavenumber increases. (c) The peak sensitivity for each channel.

(d) The weighting function (dr/dinp) for the 57 channels used in this COy slicing
study.

The changing sensitivity of each of the channels to the atmospheric profile is
better demonstrated in Fig. and c. This shows the derivative of atmospheric
transmittance with log pressure (d7/dlnp) and the peak of this value respectively.
This is a measure of each channel’s sensitivity to each level of the atmosphere and

demonstrates that this shifts from the upper atmosphere at lower wavenumbers



26 2.2. COy Slicing

towards the surface at higher wavenumbers.

As the channels are sensitive to different parts of the atmosphere, it is possible
to use this to estimate the height of the cloud (aqueous or in principle ash). To
do this using the COy slicing method, the ratio (f, Eq. of the difference
in cloudy and clear radiances (Lops and L, respectively) for two channels (v4
and vy) within or close to the CO5 absorption band is compared against a cloud

pressure function (C, Eq. :

Lobs(yl) - Lclr(Vl)
i vs) = 2.1
f( 1 2) Lobs(l/2> - Lclr(VQ) ( )
Ney f;ic 7'@1@)%5@)]6@
C(v,v2,p) = e dB[va T(p)] (22)
N82 fps T(V27P)po

where 7 is the atmospheric transmittance at channel v of the layer between the
pressure level p and the instrument (top of the atmosphere); B is the Planck
radiance which is channel and temperature (and therefore pressure) dependent;
p. and pg are the cloud and surface pressure respectively; and Ne is the effective
emissivity (sometimes referred to as the effective cloud amount), a product of the
cloud fraction (N) and cloud emissivity (¢). Equation is compared against Eq.
and where the two functions intersect is taken as the cloud top pressure. A
demonstration of this is shown in Fig. [2.2h. Following this the effective emissivity
can be computed using a channel which falls within an atmospheric window (w;

usually one close to the CO,y absorption band):

(2.3)
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Figure 2.2: (a) An example of the cloud pressure function calculated using Eq.
. This is strongly linked to the atmospheric temperature profile (dashed black
line). The value obtained with Eq. is compared against the cloud pressure
function, and where these intersect is taken as the cloud pressure solution for that
channel. In this example v; and 1, are at 715 cm™! and 725 ecm™! respectively.
(b) The corresponding weighting functions (d7/dlnp) which illustrate the changing
sensitivity to the atmosphere. This is used to obtain a weighted average from

multiple channel solutions.

In most applications of the COj slicing technique, multiple channel pairs are
used, resulting in different height solutions. In many studies, channel pairs are not
considered if Lops(v) - Lo (v) for either the COy (v) or reference (v3) channels
used falls within the noise of the instrument at that channel (e.g. Menzel et al.|
1992). The solution may also be rejected if the effective emissivity computed using
Eq. is not between 0 and 1.05 (e.g. |Arriagal, 2007). If multiple solutions remain,
then a number of different techniques can be employed to obtain a final value. This
includes a top-down approach where the solution of the most opaque channel is

accepted if it is within an expected height range, and if not the next most opaque
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channel is considered. This is repeated until an appropriate height value is obtained
(Menzel et al., 2008). Alternatively, the height and cloud fraction which best satisfies
the radiative transfer equation for all the channels used is accepted as the final
cloud pressure/height (e.g. Menzel et al, (1983, 1992)). If all of the channel pairs
are considered inappropriate, for example, if Lops(v) - Ler (V) is within the noise of
the instrument for all the channels used, then many methods assume that cloud is
opaque and compare the brightness temperature measured by the instrument at
11 pum to an atmospheric temperature profile to obtain an alternative cloud height
(e.g. [Menzel et al.| [1983]|1992; |Zhang and Menzel, 2002} Menzel et al., [2008)).

The issue of multiple solutions is further complicated for hyperspectral instru-
ments as these can have hundreds of channels within the CO5 absorption band.
Some methods apply a weighting function based on each channel’s sensitivity to the
atmosphere (e.g. Smith and Frey| [1990)). However, to avoid a high computational
cost, often there needs to be some prior consideration of the most appropriate
channels. This has included exploring large datasets with known cloud top heights
to select the most appropriate channels (e.g. |Arriagal 2007). Other approaches
include the creation of synthetic channels by averaging the radiances of channels
sensitive to the same portion of the atmosphere (Someya et al., 2016) or CO, sorting
which looks for the point where the clear and cloudy spectra deviate which is the
first point where the instrument can see the cloud layer (Holz et al., |20006)).

The CO, slicing method makes a number of assumptions: (1) the cloud is
infinitesimally thin; (2) in cases where there are multiple layers of cloud, the lower-
level clouds are ignored; (3) the two channels used in Eq. are sufficiently close

that the difference in emissivity between them is negligible - this is particularly
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important to consider when the channel pairs are selected. Multiple cloud layers
have previously been identified as a source of error in the CO; slicing retrieval,
with the extent of this being affected by the channels used and the height of the
underlying layers (Menzel et al., [1992). For example, an opaque cloud close to the
surface is unlikely to affect the height retrieval of a cirrus cloud when using channels
which are not sensitive to radiation from the lower troposphere. In contrast, an
opaque cloud in the middle of the troposphere might lead to the underestimation
of the cloud top height of a higher cirrus layer (Menzel et al., |1992). The effect of
surface emissivity is expected to be minimal as channels within the CO5 absorption
band have weighting functions that peak above the surface, as shown in Fig. [2.1d.

An additional consideration has to be made when applying the CO, slicing
method to volcanic ash. The height that a volcanic ash cloud reaches is largely
dependent on the force of the eruption and the atmospheric conditions (Sparks
et al., [1997), and so this can vary widely. Large explosive eruptions can generate
columns which enter the stratosphere, which can then potentially affect climate
(Robock, 2000d). The cloud pressure function generated using Eq. is temperature
dependent. Within the troposphere, the temperature decreases with height; however,
in the stratosphere the temperature beings to climb again. This leads to a reversal in
the cloud pressure function, which in some cases can result in multiple solutions: one
in the troposphere and one in the stratosphere. Consequently, some prior information
is required to determine whether the plume is within the troposphere and therefore
if the COy slicing technique is appropriate. This might include observations made
on the ground or by pilots. The COs slicing technique has previously only been used

to determine the height of aqueous clouds in the troposphere, and so in this study,
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only the tropospheric solution is accepted. Its use would therefore be inappropriate
for ash clouds from large explosive eruptions into the stratosphere. The technique
has been extended to obtain the height of volcanic ash in the stratosphere in
Richards (2006) and [Tupper et al. (2007), and given that the ash clouds from
explosive volcanic eruptions can enter the stratosphere, this is an important future

development for the adaptation of the retrieval presented here for TASI.

2.3 The Infrared Atmospheric Sounding Interfer-
ometer

The Infrared Atmospheric Sounding Interferometer (IASI) is an instrument on
board three meteorological satellites, Metop A, B and C, launched in 2006, 2012 and
2018 respectively. Each instrument orbits the Earth twice a day. The instrument
scans have a swath width of 2200 km and consist of groups of four circular pixels
which have a diameter of 12 km at nadir (Clerbaux et al., 2009). The instruments
measure across the infrared between 645 and 2760 cm™' (3.62 to 15.5 pum) with
a high spectral resolution of 0.5 cm™! (Blumstein et al., [2004).

The instrument has previously been used to analyse volcanic plumes of SOq
(e.g. [Clarisse et al., [2008; |Walker et all 2012; Carboni et al., [2012; |Clarisse et al.,
2012, 2014; |Carboni et al., 2016} Taylor et al., 2018) and ash (e.g. Clarisse et al.|
2010a; Maes et al., 2016; |[Ventress et al., 2016)) from a number of different eruptions.
Previous methods for determining the height of the plume with spectra measured
by TAST use the optimal estimation method (Maes et al., 2016; Ventress et al., [2016]).
The COq slicing method has previously been applied to TASI spectra to obtain the

cloud top height of aqueous cloud (Arriagal, [2007). The values obtained for the cloud
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pressure and emissivity are often assimilated in numerical weather prediction models
(Guidard et al., [2011} [Lavanant et al., [2011)). The different adaptations of the CO,
slicing technique for TASI use different numbers and combinations of channels and
can therefore give different results (Lavanant et al.,|2011)). In this study, channels are

selected based on the technique’s performance when applied to simulated ash spectra.

2.4 Application to simulated data

2.4.1 Channel selection

IASI has over 300 channels which fall within the COy absorption band, and
so to ensure computational efficiency an appropriate subset of these channels
must be selected. To do this the CO; slicing technique was first applied to 384
simulated ash spectra. These are ‘ideal” test cases, which do not include other
aerosols or aqueous cloud. These spectra include six different atmospheres: high
latitude, mid-latitude day and night, tropical daytime, and polar summer and winter
(including atmospheric profiles created for the Michelson Interferometer for Passive
Atmospheric Sounding, MIPAS; Remedios et al.|2007)). The spectra were modelled
using the refractive indices of samples of volcanic ash from the Eyjafjallajokull
eruption in 2010 (Peters, 2010): the main eruption considered in this study. In the
future different refractive indices could be used, such as those in Prata et al. (2019).
A range of ash properties were explored: cloud heights between 200 and 900 hPa
(going slightly above the tropopause), ash effective radius between 5 and 10 pm,
and ash optical depths between 5 and 15 (referenced at 550 nm). Typically, the
effective radius is less than 8 pum for very fine ash (such as in a distal plume) and

between 8 and 64 pm for fine ash (Marzano et al., 2018)). The range of ash optical
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depths is highly variable. |Ventress et al.| (2016]) and Balis et al. (2016) recorded ash
optical depths of less than 1.2 from dispersed plumes from Eyjafjallajokull in 2010;
however much higher values can be expected closer to the volcano or following large
explosive eruptions. The effective radius and AOD explored here for the channel
selection are in the upper range and above what might be expected: values which
may only be true close to the volcanic vent. The spectrum of an optically thin
plume is more difficult to differentiate from a clear spectrum, commonly leading
to the signal (Ips(v) — I (v)) being within the instrument noise and subsequently
resulting in no retrieval. A decision was made to select the channels used using
idealised optically thick cases, which may only be true close to the vent, for which
the plume should be evident in the majority of the CO, channels. The selected
channels are tested on a wider range of AODs and effective radius, including smaller
values that are more representative of a disperse plume in section [2.4.2]

The CO, slicing method was first applied using every channel combination
between 660 and 800 cm™!, where the reference channel (v5) wavenumber is greater
than the COy channel (r;) wavenumber. In this way, the reference channel is
generally more sensitive to a lower part of the atmosphere than the CO4 channel.
As with existing studies only tropospheric solutions were accepted, and in cases
where the curve of the cloud pressure function resulted in multiple solutions, the
solution with the greater weight (in this case the weighting function is defined as
k = dr[v, p]/dinp) was accepted. The output from each channel pair was only
accepted if it met three quality control criteria: (1) Lops(v1) - Lep(1) must be
greater than the noise of the instrument at channel vy (COy channel; within the

CO, absorption band the noise of the IASI instruments is between 2.55x10~% and
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Figure 2.3: CO, slicing results for simulated ash spectra. The technique has been
applied for each channel pair between 660 and 800 cm™!. A total of 384 spectra were
used which includes six different atmospheres. It also includes ash optical depths
between 5 and 15, effective radius ranging between 5 and 10 pum, and pressures
between 200 and 900 hPa. The first two rows of the plot show the maximum
difference between the known (simulated) pressure and the pressure retrieved with
the COs slicing algorithm. This is divided into each pressure level. The last two
rows show the percentage of successful retrievals. This is again divided into the
eight different pressure levels. In these plots the colour white indicates where no
successful retrieval has been made and off-white indicates channel combinations not
explored in this study.
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3.77x107% W/(cm?.sr.cm™!)); (2) similarly, Lops(v2) - Ler(v2) must be greater than
the noise of the instrument at vy (reference channel); (3) the solution to Eq.
must fall between 0 and 1.05 (following Arriagal 2007)).

The results are shown in Fig. 2.3] The top two rows show the maximum pressure
difference between the true (simulated) and COs slicing retrieved values divided into
each pressure level. In total there are 48 spectra for each pressure level with these
incorporating the different atmospheric profiles and ash properties. The lower two
rows of Fig. 2.3]show the percentage of accepted retrievals. This refers to where there
was an intersection between the two functions shown in Eq. and 2.2] and where
the value retrieved meets all three quality control conditions. This is also grouped
into the eight pressure levels. The equivalent plots for the six individual atmospheres
can be seen in Fig. [A.THA.6]in the appendix. Potentially, the method used in this
study to select the most appropriate channels could be performed for the different
atmospheres to select channels which might be more suited to specific climatologies.

Figure demonstrates that the best-performing channel pairs vary depending
on the height of the plume. For plumes at lower pressures, the maximum pressure
difference between the simulated and retrieved pressures is smaller at lower COq
wavenumbers. For example, for the plumes simulated at 300 hPa, the maximum
pressure difference was lowest (less than 20 hPa) for COy channels between 700 and
710 cm~!. As the pressure of the ash layer is increased, values are no longer obtained
at smaller wavenumbers. For example, for a plume at 500 hPa, solutions are no longer
obtained for CO, channels which are less than 700 cm™!: the maximum pressure
difference between the true and retrieved values is now smaller for slightly higher

wavenumbers. For a plume at 800 hPa the maximum pressure difference is lowest
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(less than 60 hPa) for CO, channels between 715 and 720 cm™!. This observation
reflects what is shown in fig. and c: that the channel’s peak sensitivity shifts
from higher in the atmosphere at lower wavenumbers to close to the surface at higher
wavenumbers affecting the best-performing channel combinations. Notably, at 200
hPa there are far fewer channels which pass the quality control conditions, and
where a retrieval is possible, there is a large difference between the true and retrieved
pressure. It is also possible to identify an increased error closer to the surface.
Previous studies have acknowledged that the COs slicing tool is less successful
at pressures greater than 700 hPa (Menzel et al., |2008) because approaching the
surface there are fewer channels with a distinction between the clear and cloudy
spectra, often leading to Lops(V) - La(v) being within the range of the instrument’s
noise and therefore the channels being excluded. Another observation that can be
made from Fig. is that channels below 700 cm™! often have a low percentage of
accepted retrievals. These channels are shown in Fig. and ¢ to be sensitive to
the heights above the tropopause. This may also be the reason for few accepted
retrievals at 720 cm~!. Additionally, for channels greater than 750 cm~!, which
are no longer in the CO, absorption band, the difference between the true and
retrieved pressure is usually greater than 100 hPa.

Figure shows a similar plot between 700 and 750 cm™!. In this case, the
spectra were also grouped into three categories: high cloud (300-400 hPa), mid-level
cloud (500-600 hPa) and low-level cloud (700-800 hPa). Note that the simulated
spectra at 200 and 900 hPa have been excluded. Also, the maximum pressure
difference is only shown where it is less than 75 hPa and where the percentage of

successful retrievals is greater than 50%. This plot has been used to manually select
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Table 2.3: The channel ranges selected for the final application of the COj slicing
technique. In total 57 channels are used. Following Arriagal (2007), 900.50 cm™? is
used as the window channel used to calculate the effective emissivity.

CO, Channel Reference Peak Number
Range (cm™!') Channel Sensitivity of
(inclusive) (cm™1) Range (hPa) Channels
700 - 703.5 715 110.25 - 314.00 15

706 - 710.5 715 328.75-478.00 19

713 - 713.5 725 442.00 - 496.75 3

718.25 - 719.5 728 133.75 - 441.75 6

720.5 - 721.5 728 21.00 - 496.50 5

729.75 - 731.75 735 535.25-639.25 9

the most appropriate set of channels. The best selection of channel pairs will be
representative of the entire atmosphere (channels which peak at different heights
should be selected, Fig. ), while minimising the difference between the simulated
and retrieved pressures and maximising the acceptance rate (Fig. 2.4). Another
consideration is the assumption that the change in emissivity between the channel
pairs is negligible. The emissivity ratio for a sample of ash from the Eyjafjallajokull
eruption (the main eruption considered in this study) for all channel combinations in
the 680 and 800 cm ™! range is shown in Fig. For this assumption to hold true,
the emissivity ratio should be as close to 1 as possible. This is usually the case for
channels which are close together. Given these criteria, appropriate channel ranges
have been selected. These channel ranges and the reference channels are shown in

table 2.3l The weighting functions for the selected channels are shown in Fig. [2.1d.
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Figure 2.4: CO, slicing re-
sults for RTTOV simulated ash
spectra. The plots show the
maximum difference between
the true (simulated) pressure
and the pressure obtained with
the COq slicing algorithm. The
results are split into three pres-
sure levels: (a) high cloud
(300-400 hPa), (b) mid-level
cloud (500-600 hPa) and (c)
low-level cloud (700-800 hPa).
Note that, in this plot, results
for 200 and 900 hPa are ex-
cluded. Results are only in-
cluded where the maximum
difference is less than 75 hPa
and the percentage of success-
ful retrievals is greater than
50%. This was used to inform
the choice of channels for the
final CO, slicing algorithm.
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Figure 2.5: Emissivity ratio for chan-
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2.4.2 Simulation results

Following the selection of channels, the final pressure values (P) were computed

by taking a weighted average of the results:

S kW)
=" rw

(2.4)
where p. is the pressure retrieved for channels v and k refers to the weighting function
based on the derivative of atmospheric transmittance computed for each pressure
level with RTTOV with respect to the log of atmospheric pressure (dr[v, p|/dinp).
On this occasion, the retrieval was applied to 1344 simulated ash spectra including
those with lower ash optical depths (ranging from 0.5 to 15) and smaller effective
radius (ranging from 1 to 10 pum). This includes spectra representative of thinner
ash clouds which were not considered during the channel selection.

The results are displayed in Fig. —f which plots the true (simulated) pressures

against the final weighted pressures obtained with the COs slicing technique. The

different atmospheres are displayed separately and the percentage of accepted
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retrievals are indicated below each plot. Table reports the root mean square
error (RMSE) for each atmosphere. These results suggest that the technique does
have merit for obtaining the height of ash clouds but that it performs better in
some atmospheres (e.g. mid latitudes) than others (e.g. polar winter).

Figures [2.0g-i give some indication of where and why the retrieval was unsuc-
cessful. Figure [2.6g-h show there are slightly more failed cases for ash spectra
with the lowest optical depth (0.5) and effective radius (1 gm). These low values
are representative of thinner ash clouds whose spectra are more similar to clear
atmospheric spectra. Subsequently, these cases are likely to fail the signal to noise
quality control tests (Menzel et al., 1992, [2008). For example, an ash cloud at 500
hPa only has 7 channels which pass the Lops(v1) - Leir(v1) quality control condition
when the ash optical depth is 0.1. However, the number of channels passing this
criterion increases to 38 at an ash optical depth of 2.3. This observation is supported
by Fig. 2.6j-k, which show the number of cases where the difference between the
simulated and retrieved pressure is less than 0.5 km, which is slightly lower for
a smaller effective radius and ash optical depth.

The majority of failed cases are shown to be at the pressure extremes (Fig. ).
Similarly, Fig. indicates that there are fewer cases where the pressure difference
between the simulated and retrieved pressures is less than 0.5 km at these pressures.
Close to the surface this can again be attributed to less distinction between the
clear and ashy spectra (Menzel et al., 2008). For example, for the RTTOV default
atmosphere, an ash plume at 900 hPa fails the signal to noise condition for all the
channels used regardless of the optical depth and effective radius of the simulation.

The lowest simulation pressure (200 hPa) is close to or above the tropopause for all
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six atmospheres, and for this example the COj slicing method was allowed to retrieve
up to the height of the reversal of the temperature profile (which is slightly above
the tropopause). At these heights, the temperature gradient (d7'/dp) is relatively
stable, causing a similar effect in the cloud pressure function (best illustrated in
Fig. and subsequently a greater number of unsuccessful retrievals: the CO,
slicing technique has previously been shown to perform poorly in isothermal regions
of the atmosphere (Richards et al., 2006). This may also be the reason for the
poor performance of the COs slicing technique when applied to the polar summer

atmosphere for which the technique only retrieved values for 29% of cases.

Figure Final COs slicing pressure results for RTTOV simulated ash spectra (a
total of 224 spectra per atmosphere). Panels (a)-(f) show the true (simulated)
pressure plotted against the COy slicing retrieved value for the six different
atmospheres. (a) RITOV default atmosphere (high latitude), (b) mid-latitude day,
(c) mid-latitude night, (d) tropical day, (e) polar summer, and (f) polar winter. In
this case, the simulated spectra include the following ash properties: ash optical
depth ranging between 0.5 and 15, ash effective radius ranging between 1 and 10 pm,
and pressure values between 200 and 900 hPa. Below each plot is a value indicating
the percentage of successful retrievals (where a height value can be obtained and all
quality control conditions have been met). (g) The frequency of ash optical depths
for which the COy slicing technique was unable to return a height value. (h) Same
as (g) for the effective radius. (i) Same as (g) for the ash cloud pressure. (j) The
frequency of ash optical depths for which the difference between the simulation and
COs slicing height is less than 0.5 km. (k) The same as (j) for effective radius. (1)
The same as (j) for ash cloud pressure. Related statistics can be seen in table 2.4

The equivalent plot, where the quality control was not applied, has been included
in the appendix (figure [A.7)).
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The RMSE and the percentage of accepted retrievals for the COs slicing
technique, without the quality control criteria applied, are shown in table [2.4]
Figure shows the equivalent plot to Fig. without the quality control. The
addition of the quality control compromises the number of successful retrievals for
an overall reduction in the RMSE. Overall, the reduction is around 200 m but in
individual cases by up to 1.4 km (e.g. tropical atmosphere). Figure[A.7indicates that
the addition of the quality control is particularly advantageous for lower-level ash
layers which without the quality control are often overestimated. Overall, the results
show that this adaptation of the CO; slicing technique has promise for obtaining
the height of volcanic ash clouds within the troposphere, although its use is limited

in cases of low-level or thin clouds or where there is a steep temperature gradient.

Table 2.4: Summary of the percentage of accepted retrievals and the RMSE

describing the difference between the true (simulated) and retrieved values

No quality control With quality Control

Atmosphere RMSE Success RMSE Success

(m) Percentage | (m) Percentage
RTTOV Standard 706 91 424 64
Mid-Latitude Day 635 100 282 84
Mid-Latitude Night | 635 100 282 84
Tropical Day 1483 100 141 72
Polar Summer 1271 95 T 29
Polar Winter 565 100 1553 97
All 988 97.7 7 71.9
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2.5 Application to scenes containing volcanic ash

The COg slicing method has been applied to scenes containing ash from the
Eyjafjallajokull (63.63°N, 19.63°W; 1651 m) and Grimsvotn (64.42°N, 17.33°W;
1725 m) eruptions in 2010 and 2011 respectively. The plumes from both eruptions
were closely monitored using a variety of instrumentation which included ground-
based remote sensing, airborne measurements and the use of satellite products
(e.g. |Gudmundsson et al., |2010; |Weber et al., [2012). The ash and gas clouds
from these eruptions have since been extensively studied (e.g. |Kerminen et al.
2011} [Tesche et all [2012; Flemming and Inness, 2013} |Cooke et al., 2014; Ventress
et al., 2016)). They are commonly used to demonstrate the utility of new remote
sensing developments (e.g. Mackie and Watson, [2014a; Taylor et al.l |2015; |[Ventress
et al., 2016; |Western et al., 2017)) and similarly are often used in modelling research
(Matthias et al., 2012; |Webster et al., [2012; Moxnes et al., [2014a; Wilkins et al., 2016)).
This makes them the ideal first candidates for the CO, slicing technique. Another
reason for choosing these eruptions is that, in both cases, the ash clouds were confined
to the troposphere, making them an appropriate target for the COs slicing technique.

In this application of the retrieval, it has only been applied to pixels which
are flagged as containing volcanic ash by a linear ash retrieval developed for TASI
(Ventress et al.|2016; Sears et al.|2013; following the method developed for SOy by
Walker et al.|2012). This method compares each IASI spectra against a covariance
matrix formed from pixels which contain no volcanic ash, thereby representing the
spectral variability associated with interfering gas species or clouds, and also the

instrument noise. A least-squares fit is performed for three ash altitudes (400, 600
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and 800 hPa) to retrieve a value for ash optical depth. A pixel is then flagged if it
exceeds a threshold at any height. As SO, can, with caution, be used as a proxy for
volcanic ash (Carn et al.; 2009; [Thomas and Pratal 2011)) the retrieval has also been
run for pixels flagged for SO, using the same approach (Walker et al., 2011}, 2012;
Carboni et al., 2012, [2016)). For the COj slicing, values for L), were obtained using
the radiative transfer model RTTOV using the European Centre for Medium-Range
Weather Forecasts (ECMWF') atmospheric profile as an input and using the default
ocean emissivity within RTTOV. The effect of surface emissivity is thought to be
minimal as for the channels used the weighting functions peak above the surface,
Fig. 2.Id. The temperature and humidity profiles needed to calculate the Planck
radiance and 7 were acquired from the ECMWEF'. The closest ECMWF profile to each
individual TASI pixel was used. RTTOV was used to compute the transmittance
values. Another point to note is that, in section [2.4] the maximum height that could
be retrieved was defined as the height at which the temperature profile inverts and
has a positive gradient. This is slightly above the tropopause, which is defined by
the World Meteorological Organisation (WMO) as the point at which the lapse rate
is less than 2°C/km, and remains lower than this for at least 2 km. This was done
to demonstrate how the COy slicing method performs above the troposphere where
the atmospheric temperature does not vary significantly: the atmospheric lapse
rate here approaches zero. Figure demonstrates that the COy slicing method
performs poorly in these cases, and so in the application to real data the COs slicing

method is only able to retrieve values up to the tropopause as defined by the WMO.
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2.5.1 Methods used for comparison

2.5.1.1 Optimal Estimation Scheme

The COs slicing plume altitude results have been compared against the plume
altitude obtained using the optimal estimation (OE) retrieval scheme developed by
Ventress et al.| (2016). The retrieval scheme combines a clear-sky forward model
with a (geometrically) infinitely thin ash layer to simulate atmospheric spectra,
using ECMWF data as input atmospheric parameters. The simulated spectra are
compared to the satellite measurements and, using the cost function (a measure
of retrieval fit), the spectrum that most closely matches the spectrum obtained
with TASI is used to determine the ash plume properties. This method retrieves
the effective radius and ash optical depth, which can be used to calculate the
mass of ash within the plume. For more information on this technique, refer

to [Ventress et al. (2016)).

2.5.1.2 CALIOP

While a comparison against another TASI retrieval is useful, such comparisons have
limitations. All retrieval techniques make assumptions and have different limitations
and so it is not expected that the results would be the same, or even similar, in
all cases. An additional comparison is made with the Cloud-Aerosol LiDAR with
Orthogonal Polarization (CALIOP) instrument, on board the the Cloud-Aerosol
LiDAR and Infrared Pathfinder Satellite Observation (CALIPSO) satellite. This
active sensor was launched in 2006 and forms part of NASA’s afternoon constellation
(A-Train) of satellites. The instrument has a 30 m vertical resolution and 335 m

spatial resolution, and orbits roughly every 16 days (Winker et al. [2009; [Hunt et al.,
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2009). The backscatter profile obtained with LiDAR instruments can be used to
obtain the vertical structure of the atmosphere, providing information on the height
and thickness of different scattering layers, including both ash and cloud. CALIOP
and other LiDAR instruments are commonly used as a tool for the validation of
cloud heights, including previous studies with the COs slicing technique (e.g. Smith
and Platt), |1978; [Frey et al., [1999; [Holz et al., 2006}, |2008), and a number of ash
retrievals (e.g. Stohl et al., 2011} Ventress et al., 2016]).

To conduct a comparison between the heights obtained using the COs slicing and
OE techniques with CALIOP the data from the two instruments were first collocated.
CALIOP overpasses which intersected with the ash plumes were identified using false
colour images from the Spinning Enhanced Visible and Infrared Imager (SEVIRI)
(Thomas and Siddans|, 2015). The backscatter profiles were then averaged vertically
to a 250 m resolution. The CALIOP data were smoothed to TASI’s spatial resolution
of 12 km and collocation was identified where measurements made by the two
instruments fell within 50 km and 2 hours of each other. If multiple CALIOP
pixels were matched to an TASI pixel then the CALIOP pixel which was closest
in distance was selected for comparison. A cloud top height is obtained from the
backscatter profiles allowing a comparison with the COs slicing and OE methods.
This was done by (1) calculating the mean backscatter above 15 km and subtracting
this from the total backscatter, (2) calculating a cumulative backscatter for each
pixel, and (3) determining where the atmospheric extinction exceeded a specified
threshold. Where the threshold was exceeded was taken as the cloud top height.
This threshold has been manually set for each scene, chosen to obtain the best

match to the cloud top height shown in the CALIOP backscatter images.
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2.5.2 Comparison of results

The CO, slicing technique was applied to TASI ash flagged pixels from 13 and
3 days from the Eyjafjallajokull and Grimsvotn eruptions respectively. Maps of
these results, with the orbits divided into morning and afternoon, are shown in Fig.
2.7 For each map there is a histogram showing the distribution of the retrieved
heights. Encouragingly, initial examination of the maps shows that the retrieved
values are spatially consistent with only a few outliers. These outliers are usually
individual pixels whose altitudes are higher than those surrounding them. Below
each map are numbers indicating the total number of pixels in each plot and the
number of pixels for which the COs slicing technique was unable to obtain a height,
either because there is no intersection between the two functions shown in Eq.
and [2.2] or because of the failure of one or more of the quality control measures
outlined in section Overall, the CO, slicing technique was able to obtain a

height value for 88% of pixels from the two eruptions.

Figure 2.7: [On the following page] Maps of the COs slicing output (with quality
control applied) for the Eyjafjallajokull and Grimsvétn eruptions. Each plot consists
of multiple orbits, divided into morning and afternoon. On each plot is a histogram
showing the distribution of heights for each scene. Beneath each plot are numbers
showing the total number of pixels in each image and the number of pixels for which

the COy slicing method was unable to return a value
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The CO; slicing results have been compared against those obtained with an
optimal estimation (OE) scheme. Distributions of the heights obtained for all pixels
from the two eruptions are shown in Fig. and b. In both cases, the peak of the
distribution for the CO; slicing heights is higher than for the OE scheme. Figure
shows how the average height obtained with the two retrievals has changed over
the 13 days studied from the Eyjafjallajokull eruption. This plot shows that on

5" May the CO, slicing method retrieved an average altitude of roughly 7 km and
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Figure 2.8: (a) Distribution of the CO; slicing and optimal estimation (OE)
retrieved ash heights for all pixels from the Eyjafjallajokull eruption. (b) Same
as (a) for the Grimsvotn eruption. (¢) Comparison of the CALIOP heights with
those obtained with the CO; slicing and optimal estimation techniques for a subset
of pixels (where measurements fell within 50 km and 2 hours of each other) from
the Eyjafjallajokull eruption. (d) Same as (c) for the Grimsvotn eruption. Related
statistics can be seen in table
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Figure 2.9: Time series showing how the average retrieved height for the COq
slicing and optimal estimation techniques varies during the Eyjafjallajokull eruption.
The shaded polygon represents one standard deviation from the mean.

that this then fell throughout the remainder of the study period. This corresponds
to observations made about the volcano’s activity. Activity at the volcano became
more explosive on 5 May 2010 with increased emission of ash and SO,, with
plumes rising to greater than 8 km. This was followed by a fall in the plume
height to 6-7 km, interspersed with higher plumes during more explosive activity
(Petersen, 2010). The average COj slicing heights shown in Fig. are probably
lower because these are values for the entire plumes including further away from the
source. However, it does capture the changing elevation of the plume throughout
the eruption. By contrast, the OE average heights are less variable: between 3 and
4.25 km throughout the period studied. Some example maps of the OE heights are
shown in Fig. to [2.13p, alongside the ash mass (panel c) calculated from the
OE retrievals of AOD and effective radius, assuming an ash density. The maps of

ash mass show that in general the ash mass falls with transportation away from
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the vent: the plumes become more disperse. The different design, assumptions
and limitations of the two techniques mean that it is not expected that the two
retrievals will return the same or even similar values. The optimal estimation
scheme uses only 105 channels between 680.75 and 1204.5 cm ™! (~ 8.3 - 14.6 ym)
to improve computational efficiency. This includes 14 channels within the CO,
absorption band, only one of which is in common with the CO, slicing. However,
unlike the CO; slicing method presented here, the channels used by the optimal
estimation scheme have not been optimised for retrieving the height of the ash
layer. |Ventress et al. (2016) noted that the optimal estimation retrieval could be
further refined by altering the channels used. For example, channels with more
height information could be selected. Similarly, Ventress et al|(2016)) suggested
that channels could be selected to minimise the effect of the underlying cloud layers
following observations that the OE method can underestimate the cloud top height
in cases of multiple cloud layers (Ventress et all 2016)). In the current application
of the optimal estimation scheme, where there is not sufficient information about
the height of the ash layer within the channels used, the retrieval height output will
tend to the a priori height which in this case is around 3.5 km. This is potentially
the reason for the persistently lower average height shown in Fig. which suggests
a strong dependence on the a priori. In future applications of the OE scheme, the
COs slicing results could be used as the a priori if the one COy channel that the
two retrievals have in common was removed from the optimal estimation scheme.
Other differences in the results may arise from the nature of the two techniques.
The OE scheme returns values for the ash optical depth, effective radius and height

by fitting simulated spectra to those obtained with TASI. |Ventress et al.| (2016)
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Figure 2.10: (a) CO, slicing results for 6 May 2010 during the Eyjafjallajokull
eruption. Overplotted on this is the CALIPSO track. (b) The optimal estimation
scheme heights. (c) The ash mass obtained with the optimal estimation scheme.
(d) The CALIOP backscatter plot, with the CO, slicing results and the optimal
estimation scheme heights plotted on top. Indicated on the top left-hand side of
the plot is the time of the CALIOP overpass. The dashed line indicates the height
of the tropopause.

identified that in some cases the retrieval underestimated the altitude of the plume
and obtained a high ash optical depth in order to fit the measured spectra when in
reality the ash layer might have a lower optical depth and higher altitude.

A comparison has been made against backscatter profiles and cloud altitudes
obtained with CALIOP to assess how successfully the two retrievals perform. These
backscatter profiles are shown in Fig. [2.1042.13d. The heights obtained from the
OE and COs slicing methods for pixels which fall within 2 hours and 50 km are
overplotted, along with the heights obtained with CALIOP and the tropopause
height. In these plots it is possible to observe that both methods are capable of

capturing the height of the ash layer, but there are clear cases where one technique
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Figure 2.11: Same as figure for 9" May 2010 during the Eyjafjallajokull
eruption.
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Figure 2.12: Same as figure for 2274 May 2011 during the Grimsvotn eruption.

outperforms the other. In Fig. which shows the backscatter plot for 6/ May
2010, the COs slicing method places the ash cloud between 5 and 7 km between

57.5 and 60.5°N. This is shown to be higher than the CALIOP heights (4-5 km)
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Figure 2.13: Same as figure for 237 May 2011 during the Grimsvétn eruption.

to which the OE results are a closer match. In the same image, between 63 and
64°N the COs slicing results are again higher than the OE results but this time are
closer to, but lower than, the heights obtained from CALIOP. The lower heights of
both the CO, slicing and OE scheme relative to CALIOP might be related to the
thick underlying cloud layer. Figure shows another example from 9" May
2010. Here between 51 and 53°N the heights obtained with both methods match
those obtained with CALIOP. However, further north, between 56 and 60°N, the
COq slicing results agree more closely compared to those from the OE scheme. At
66°N, the CO4 technique obtains a value close to the cloud top height, whereas
the OE scheme obtains a value which is more representative of a lower layer of
cloud. Figures and shows examples from the Grimsvotn eruption and in
both cases both height retrievals are shown to resemble the shape of the ash cloud
layer shown by CALIOP. There are cases where both retrievals underestimate the

cloud top height which may be due to multiple layers of cloud.
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Table 2.5: Statistics describing the comparison of the CO, slicing and optimal
estimation scheme against the heights obtained with CALIOP.
CC = correlation coefficient.

COs slicing Optimal Estimation
Volcano Number CC RSME | Number CC RSME
of (km) of (km)
pixels pixels
Eyjafjallajokull | 53 0.2 2.2 67 -0.1 3.2
Grimsvotn 65 0.5 2.1 69 0.3 24
All 118 0.4 2.2 136 0.1 2.8

Pearson’s correlation values and the root square mean error (RMSE) were
computed to compare the two retrieval methods against the heights obtained with
CALIOP. These are shown in table and scatter plots comparing the retrieved
values are shown in Fig. and d. The Pearson correlation values are greater
for the COy slicing than for the OE scheme, while the RMSE values are lower: 2.2
and 2.1 km for the Eyjafjallajokull and Grimsvotn eruptions respectively for the
COy, slicing technique, compared to 3.2 and 2.4 km obtained for the OE method.
This implies an improved height retrieval from the CO, slicing method.

Although comparisons against LIDAR backscatter profiles are a common way
of validating retrievals of ash and aqueous cloud height, these comparisons can
be limited. CALIOP and IASI measure different things. The first measures
backscattering while the latter measures thermal emission. Measurements are made
with significantly different horizontal spatial resolutions (335 m compared to 12
km for CALIOP and IASI respectively) and in different locations (a maximum
difference of 50 km). Clouds can also vary significantly in very short spaces of

time. Although only pixels with a difference of 2 hours have been considered in
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this comparison, this is still sufficient time for changes in the cloud’s position both
vertically and horizontally. These may account for some of the differences seen
between the CALIOP profiles and the results obtained with the CO; slicing and
the OE scheme. The cloud heights obtained from the CALIOP profile are not
always a perfect representation of the cloud top height which may also contribute
to the differences observed. Although these limitations exist, comparisons against
LiDAR instruments are still one of the best methods for validating cloud heights
and in this case demonstrate that the CO, slicing technique has potential as a

tool for obtaining the cloud top height of volcanic ash.

2.6 Conclusions

The COs, slicing technique is an established method, used for decades, for retrieving
the cloud top height of aqueous cloud. Although it has previously been acknowledged
that it can be applied to volcanic ash, it is not commonly used for this purpose,
and it has only been applied to MODIS. In this study, the technique was adapted
for TASI using simulated ash data to select the most appropriate channels and
then demonstrate the technique’s capability. When applied to the simulated data,
the technique was shown to perform well in five out of six atmospheres. However,
an increased failure rate was seen above and close to the tropopause and close
to the surface. This was also true of ash with lower optical depths and effective
radius. Similar observations have been made by previous COs slicing studies. In
this application, three quality control criteria have been applied which successfully

remove the majority of cases where there are large differences between the true
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and retrieved pressures. When applied to ash scenes from the Eyjafjallajokull and
Grimsvotn eruptions, the COs slicing results compared well against the CALIOP
backscatter profiles. It was also demonstrated that the CO, slicing method obtained
heights which more closely matched CALIOP than the optimal estimation scheme
used for comparison.

This is the first application of the CO4 slicing technique to obtain the height
of volcanic ash from TASI spectra, and the results are very encouraging. One
advantage of this algorithm is that it can be run fairly quickly (taking several
seconds per pixel) and so it could be applied to get a first approximation of the
height, which could then be used to help assist hazard mitigation. It can also
then be used as an input parameter into models of ash cloud propagation or as
an a priori in other retrieval schemes. There is also potential for the further
development of this technique in the future. Previous applications to cloud have
created synthetic channels (multiple channels averaged together) which could be
used to further improve the algorithm and its sensitivity to lower-level clouds
(Someya et al,|2016]). It would also be possible to explore other options for selecting
channels or obtaining the final cloud height. The channel selection in this study
was based on simulated data in six different atmospheres; another avenue to explore
would be the selection of atmospheric specific channel pairs. Further work would
also help appreciate the strengths and limitations of this technique and therefore

where its use is most appropriate.



Exploring the Utility of TASI for
Monitoring Volcanic SOy Emissions

Abstract: Satellite remote sensing is a valuable method for detecting and quanti-
fying sulphur dioxide (SO2) emissions at volcanoes. The use of ultra-violet 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 SO,. 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

59
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with a more processing intensive iterative retrieval which can quantify the SO,
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 three or four months in each year.
It is therefore suggested that IASI could be used alongside other instruments for

evaluating changes in volcanic activity.

3.1 Introduction

Geochemical observations provide insight into the magmatic, volcanic and hy-

drothermal processes at volcanoes and consequently, play a fundamental role in

understanding and monitoring their behaviour (Symonds et al., |1994} |Scaillet et al.,

11998; [Edmonds, [2008; Oppenheimer et al., 2014)). Sulphur dioxide (SOs) typically

comprises only 5% of the total gas emission but as the atmospheric background
abundance of the gas is low, and because SO, 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)). Ground-

based UV instruments, such as the COSPEC (Moffat and Millan| [1971} [Malinconicol

11979; [Stoiber et al., [1983; |Casadevall et al., [1983), and then the smaller mini-DOAS

(Galle et al.; 2003; McGonigle et al., 2002) and Flyspec (Horton et al., [2006; Elias

et al] [2006) instruments, have enabled numerous field campaigns and facilitated

the installation of automated SOy monitoring networks at several volcanoes (e.g.

Edmonds et al. 2003} [Galle et all, [2003; McGonigle et al., [2004; [Galle et al.
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. 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 SO, 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 behaviour from space,
including the detection and retrieval of SO, emissions from volcanoes across the

globe. Volcanic SO, was first observed with the Total Ozone Mapping Spectrometer

(TOMS) following the eruption of El Chichén in 1982 (Krueger, 1983; Krueger et al.,

2008)). Since then numerous satellite based sensors have been used to detect and

track SO9 emissions including the Moderate Resolution Imaging Spectroradiometer

(MODIS) (e.g. [Watson et al., 2004; Novak et al.| 2008; Corradini et al., 2009, 2010);

the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)

(e.g. [Urail, [2004} |[Pugnaghi et al., 2006; Campion et al., 2010); the Atmospheric

Infrared Sounder (AIRS) (e.g. |Carn et all 2005; Prata and Bernardo| 2007; |Carn|

and Prata, [2010); the Ozone Monitoring Instrument (OMI) (e.g. Carn et al., [2008,

2013; [McCormick et al., 2013; Theys et al., 2013} [2015}; |(Carn et al., 2016} |2017)); the

Spinning Enhanced Visible and Infrared Imager (SEVIRI) (e.g. Prata and Kerkmann,

2007; |Prata et al., 2007; |Corradini et al., 2009); the Infrared Atmospheric Sounding

Interferometer (IASI) (e.g. Clarisse et al., [2008; Walker et al., 2011, 2012; |Carboni|

et al. 2012; Clarisse et al., 2012; |Carboni et al.,[2016)); the Global Ozone Monitoring

Experiment (GOME-1 and GOME-2) (e.g. Eisinger and Burrows, 1998; Rix et al.,
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2009); and Ozone Mapping and Profiler Suite (OMPS) (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 SOs, such as smaller eruptive events, non-eruptive

volcanic degassing and anthropogenic emissions (e.g. |Fioletov et all 2015, |2016;

(Carn, [2016; Koukouli et al., [2016]). Subsequently measurements of volcanic SOy

made by satellite instruments have been used in conjunction with ground-based

observations to interpret volcanic activity (e.g. Rix et al., 2009; Surono et al.|

2012; McCormick et all [2013)).

Within the infrared there are three SOy absorption features, vy, 3 and vy + v3

(centred at 8.7, 7.3 and 4.0 um respectively), which can be used to obtain information

on the gas (Thomas and Watson|, 2010)). Of these the v; 4+ v3 band is the weakest

feature and so it is only used when large quantities of SO, 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 all [2010). The v band has been widely used to retrieve SO, properties (e.g.

Prata et al., 2003; Carn et al.| [2005; [Prata and Bernardol [2007)). It is the strongest

feature; but it is collocated with strong water vapour absorption, which reduces
its sensitivity to emissions in the lower part of the troposphere if there are high
levels of water vapour. In contrast, the 1 feature is situated within an atmospheric

window making it the most appropriate method for monitoring emissions into the

lower troposphere (Realmuto et al., |1994] 1997; Realmuto, 2000), although it can in

turn be affected by volcanic ash and sulphate aerosol (Thomas and Watson| 2010)).

The Infrared Atmospheric Sounding Interferometer (IASI) is on-board two of

EUMETSAT’s meteorological satellites, MetOp A and B, launched in 2006 and
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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 fifty minutes between them, and both achieve near global coverage
every 12 hours. Each scan has a swath width of 2200 km comprised 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 2760 cm™! (3.62 to 15.5 pm)
spectral range with a high spectral resolution of 0.5 cm™! (Blumstein et al., |2004;
EUMETSAT] 2017)), meaning it is possible to better resolve spectral features. This
range incorporates the three previously mentioned SO, absorption features, and a
number of techniques have been developed to exploit these (e.g.|Clarisse et al., 2008
Carboni et al., 2012; Walker et al., 2012; Clarisse et al., 2012). These retrievals have
been successfully applied to a number of different eruptions, summarised in table
3.1, however, most of these studies are applications to large explosive eruptions
which emit substantial quantities of SO, into the atmosphere: the majority of the
eruptions listed in table 3.1 have a Volcanic Explosivity Index (VEI) of 3 or above.
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
non-eruptive 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 SO, in Ecuador and Kamchatka, the aim of this being to demonstrate,
for the first time, that there is some utility for using these retrievals to capture

long-term changes in volcanic activity.
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3.2 Linear Retrieval

3.2.1 The Algorithm

The ‘fast’ linear retrieval developed by Walker et al.| (2011}, 2012) works by separating
the signal of the target species (SO3) from that of the spectral background. To
do this, a covariance matrix is formed from an ensemble of SO, free pixels which
represent variability in the spectra due to the parameters which are not being
retrieved. The spectra of pixels containing SO, deviate from this background so
allowing them to be quickly distinguished. The speed of this technique (which takes
a few seconds to process an entire orbit) facilitates its use for scanning large datasets
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 14 or v3 absorption
bands (in this study the v5 was used), it has been shown to be more sensitive to the
presence of SO, 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 to 6 km, more similar to the height of volcanic plumes
from smaller or non eruptive activity (Walker et al., [2012).

The output of the linear retrieval is an ‘effective’ SO, column amount under the
assumption of a standard atmospheric profile and that the SO, 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
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the North Atlantic and Europe in May 2009: this was originally created for the
Eyjafjallajokull eruption in Iceland but has been shown to perform well globally. This
can produce systematic errors in areas with notably different climatologies. Future
research may wish to consider the creation of new covariance matrices, both local

and global, and different seasons, to investigate the impact this has on the results

3.2.2 Linear Retrieval Results

To enhance the SO signal, and particularly to emphasise 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 [3.1]
Alongside this, monthly average results are displayed in the animation in appendix
(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 SO, emitted, the rate of SO, decay and transportation, and the

atmospheric state at the time of the instrument overpass.

3.2.2.1 Volcanic Emissions Across the Globe

The linear retrieval yearly averages, shown in figure (3.1}, 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 SO, emissions
previously explored with IASI (listed in table 3.1) can be identified within the yearly

averages and all can be identified in the monthly averages shown in SM1.
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Figure [3.1} Global averages of the linear retrieval ‘effective’ SOy 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 SO, 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 is an artefact of the retrieval. Figure 3.2 shows the location of the volcanoes

discussed in this chapter.

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 (Grutter et al., |2008; [Delgado Granados
and Cardenas Gonzalez, 2013). 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.

3.2.2.2 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 |3.3 These offer more detail on

the activity occurring within these regions. In this figure, (a) and (c) are yearly
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Figure 3.2: Maps showing the position of volcanoes discussed in this chapter. (a) Global
map showing the location of some of the volcanoes mentioned. (b) Volcanoes in Central
and South America which have been active since 2007. (¢) Volcanoes in Kamchatka which

have been active since 2007.

averages computed for the regions, and (b) and (d) show monthly averages for
each region, displayed with a colour bar that ranges from one standard deviation
below the mean to three standard deviations above it, computed separately for
each region and month.

Figure and b shows the expanded view over Central and South America

for 2008. In both the yearly and monthly averages, low SOy column amounts
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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
SO, 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
SO, 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 [3.3b. From April 2008, emissions
can be easily seen at Nevado del Huila in Colombia, which was active throughout
2008 (GVP, |2012a). Signals are also commonly seen at Tungurahua in Ecuador
(e.g. January-May, December 2008). Alongside this, elevated levels of SO, can
be identified in Northern Ecuador in November 2008 which is likely to be from
eruptions at Reventador (GVP, [20098). Reventador entered a period of explosive
activity in July 2008 which continued to October 2009. During this episode there
was an increase in the number of explosions which occasionally generated ash clouds
that rose to 6 km, which was accompanied by dome building and lava flows (Naranjo
et al., 2016)). Further emissions can be seen in Peru and Chile. In the south of
Peru this is coincident with the volcano Ubinas which 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 SOy (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
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Figure : Regional linear retrieval output. (a) 2008 yearly average effective SOy
column amounts over Central and South America. (b) Monthly average effective
SO, column amounts over Central and South America in 2008. These are displayed
with a colour bar that ranges between one standard deviation below the mean to
three standard deviations above it. These values have been computed for the region
and each month separately. This helps emphasise SO, sources in the region. (c)
2010 yearly average effective SO, 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 north-east with prevailing winds. (d) as (b)
for Kamchatka in 2010.

active volcanoes, a strong and persistent plume of SO, can be identified in each
month in 2008. This is consistent with the location of the La Oroya multi-metal
smelter which was studied with OMI in |Carn et al. (2007), who demonstrated that
it emitted roughly 0.07 £ 0.03 Tg of SO, annually in 2004 and 2005.

The Kamchatka region in Eastern Russia is displayed in figure [3.3c and d
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 and Dehn| [2015)). In this region, high background
levels in the yearly average may be associated with pollution transported north-east
from China. Volcanic SOy 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, 20104,
2013b). Shiveluch was also active during this period (GVP} 2010¢,d) and may be
a contributor to the plumes seen. Elevated signals can also be observed towards

the south of the Kamchatka peninsula (for example, in March and December) and
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can be attributed to activity at Karymsky volcano, which experienced vulcanian

and strombolian eruptions throughout 2010 (Neal et al. [2014).

3.2.2.3 Anthropogenic Emissions

As already noted it is possible to detect SOy emissions from anthropogenic sources
with TASI. Numerous studies have been conducted looking at these emissions with
OMI (e.g. |Carn et al., |2007} Fioletov et all 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 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 north eastern coast of the country. Despite air quality
policies, China remains the largest emitter of SO,; 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, 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 SO, 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.
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3.3 Iterative Retrieval

Emissions were commonly identified with the linear retrieval in Ecuador and
Kamchatka and these regions were selected for further study with the iterative
retrieval to quantify SO, emissions from volcanic activity at the two arcs. Additional

reasons for the selection of these two regions are given below.

3.3.1 The Algorithm

The spectra measured by IASI are a function of a number of atmospheric constituents
such as meteorological cloud, H,O, CO,, CO, O3, N,O, CH4 and SO,, each with
different concentrations and vertical atmospheric distributions, alongside additional
variations caused by temperature, atmospheric pressure and instrument viewing
geometries. The problem of retrieving SO, can be simplified by representing the
spectral variability generated by other parameters within a covariance matrix,
allowing SO, 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 Centre for Medium-Range Weather
Forecasts (ECMWF) data (including temperature and water vapour vertical profiles)
within the fast radiative transfer model RTTOV with the addition of SO, coefficients,
to forward model a clear (i.e. free of meteorological cloud) TAST atmospheric spectra.
A range of SO, plumes are simulated for the established clear sky atmosphere, for
the entire v; and v3 bands. The modelled spectra which best matches the observed
spectra, determined with a cost function, is taken as the SOy column amount and

altitude solution, together with the surface temperature (Carboni et al., 2012). In
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this case, where the iterative retrieval is being applied to pixels containing low
concentrations of SOy from small explosive eruptions or degassing, there is not
enough information within the TASI spectra to obtain both the SO, altitude and
column amount, and therefore the plume altitude has been set at 500 mb (~5600 m),
based on the height of volcanoes in the regions studied, table 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 SOs 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 modelled and observed
spectra in scenes free of SOy, 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 SO5 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 SOy column amount to be underestimated. For example, an ash layer
with an optical depth of 2 would cause the SO, amount to be underestimated

by around 50% and an ash layer with an optical depth of 5 would mask the SO,
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entirely. Meteorological cloud has a similar effect. In both cases, this would be
distinguishable in the cost function which would increase. The iterative retrieval is
slower than the linear retrieval taking a few tens of seconds per pixel to produce
an output making it important to restrict the area to which it is applied. This
means that this retrieval is more suited for analysing plumes of SO, and areas

of interest identified with the linear retrieval.

3.3.2 Ecuador and South Colombia

3.3.2.1 Background

There are a number of active volcanoes in both Ecuador and Colombia and these are
monitored by the Instituto Geofisico of Escuela Politécnica Nacional (IGEPN) and
the Servico Geoldgico Colombiano (SGC) 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 SO; flux measurements for volcanoes in
the region is reported in table [3.2] The availability of this ground-based dataset
and previous satellite studies of volcanic emissions of SO5 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.
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3.3.2.2 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 (for example, figure [3.4). 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 other factors are influencing the result. As seen in figure
the bulk of the negative values are 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 SO, 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 (CIMSS) Infrared
Emissivity Database (IREMIS) have been incorporated into the RTTOV model,
leading to a reduction of the bias by 20-30%. However a significant offset remains.

Ideally, new localised covariance matrices would have been formed; however, this
process in not straightforward. A large number of pixels are required to represent
background variability in the covariance matrix however, these must be free of SO,.
In both regions studied there are continuously degassing volcanoes and frequent

eruptions, making it difficult to select appropriate pixels. This is further complicated



82 3.3. Iterative Retrieval

in Kamchatka (discussed in more detail in section |3.3.3.2]) where SO, has been
carried into the region from other eruptions (e.g. Kasatochi and Sarychev Peak,
SM1- frames 2.8, 3.6) and from pollution in China.

Previous studies have corrected for negative values by adjusting the output using
an area free from SOy (Carn et al., 2008; |McCormick et al., 2014). In this case,
the spatial variability of the negative values, coupled with the close proximity of
volcanoes emitting varying degrees of SOy (making it difficult to determine which
boxes are truly SO, free) makes this method inappropriate. Instead, the following
steps were implemented to remove the majority of the bias: (1) data was 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 SOy column amount were computed for the periods before and after

May 2010, during which there was a calibration change to the instrument which

Figure Bias correction over Ecuador and Kamchatka. (a) Distribution of
the uncorrected (blue) and corrected (red) monthly average SOy column amounts
for a single grid box in the Ecuador region. Solid line shows the mean and the
dashed line shows one standard deviation from the mean. The lowest value, for
each grid box, which fell within one 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
SO, column values over Ecuador in January 2010. (d) Corrected values for January
2010. (e) Distribution of SO column amounts in the northern Kamchatka region for
September 2010. The uncorrected values are shown in blue. The dashed black line is
the average of the uncorrected grid boxes after pixels which contain SOy have been
removed. This is used to correct the bias. The distribution of corrected values is
shown in red. (f) Uncorrected monthly average SO column amount for September
2010. (g) Uncorrected monthly average SOs column amount for September 2010
excluding pixels that contained SO,. (h) Corrected values for September 2010.
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caused a jump in the magnitude of the bias. (3) The lowest value, for each grid box,
which fell within one standard deviation of the mean was used to correct the total
column amount. Figure [3.4b 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 and d which show the average SO, 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 [3.4b,
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
SO, 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 SOs.

3.3.2.3 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 SO, column amounts
are presented in figures in appendix [B] 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 are presented in
figure [3.5] 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.
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Figure 3.5: Maps of monthly average SO, column amounts from the IASI and

OMI retrievals over Ecuador and Kamchatka

This could result in a difference of 15% compared to the retrieval if it had been run

using the same plume height assumed in the TASI retrieval (roughly 5.6 km).

Figure shows that plumes identified with the OMI DOAS procedure are

larger and more defined than those seen with TASI. For example, three substantial

plumes can be seen in figure [3.5d, but in the TASI monthly averages the plumes
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are not so clearly defined. Similarly, in November 2008, plumes can be seen at
Reventador and Galeras in figure but only at Reventador with IASI. Also, a
much larger plume is seen at Tungurahua in figure than in figure [3.5c. There are
a number of possible explanations for these results. Firstly, 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 SOq
column amounts. Ultra-violet measurements by comparison, are less sensitive to the
assumed 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 (Deeter et al.,
2007; Bauduin et al., [2014)). 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 SOy 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 non existent in the OMI output. This corresponds to a
period of elevated activity including increased gas and ash emissions (GVP, 2009a).

As mentioned in the previous paragraph, infrared retrievals are limited in the
lower part of the troposphere due to the requirements that there is a temperature

contrast between the surface and the layer above it, and when using the v3 band
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due to water vapour. This increases the detection limit closer to the surface. The
influence of the height of the volcano and subsequently, the height of the plume
on the frequency of detection with the Walker et al.| (2011} 2012)) linear retrieval is
explored further in chapter ] However, it is important to note here, that the height
of volcanoes in Ecuador aids the retrieval and that it may not be as well suited for

examining smaller emissions from lower altitude volcanoes in other regions.

3.3.2.4 Activity at Tungurahua

As shown in figures [B.I}B.7] 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 ground-based
DOAS network set up 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, summarised in table [3.3] Average total
masses of SOy at Tungurahua were calculated from the monthly average SOy column
amounts, shown in figures [B.IB.7 in appendix [B] using the area shown in the
map in figure [3.6p. The results, figure [3.6h, demonstrate that there is generally
good agreement here between the OMI and TASI results, and that these match
periods of activity at the volcano (shaded in grey). One notable difference in the
timeseries 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 SOy mass. Average total
SO, masses obtained with the TASI iterative retrieval and OMI DOAS procedure

have a high correlation coefficient of 0.91 for June 2007 to May 2010. Following
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this there was a change to IASI’s calibration, resulting in a generally higher total
average SOy 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 SO, reported in figure at Tungurahua is computed for a small
region shown in the map in figure 3.6k, which is where SO, is typically seen with the
[ASI iterative retrieval, and the same area is used for the OMI data for comparison.
However, as seen in figure [3.5] the plumes as seen with OMI are much larger and
so these values are not a true representation of the absolute magnitude of SO,.
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, 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 SO, flux measurements made by the DOAS network, shown in figure [3.6p.
It is important to emphasise 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 over a small footprint throughout daylight hours
and averaged for each month, while the second is a measure of the total SO; in

tons across a wider region obtained through daily (OMI) or twice daily (IASI)



89

626 F 0871 79 8¢ | £102/80/S0 | €102/L0/¥1 X
LE9T F TLST IGT 0°Z | €102/S0/91 | €102/%0/L¢ X
fy1anoe weroquonys | 48) F 9811 STT z'T | €102/€0/L1 | €102/€0/10 X1
jo soseyd anog | 1601 F 1¥C1 eGy 8'Z | £10%/10/01 | 2102/21/¥1 | 1IIA i
josu0 oY} ye oyids dieys yim
AJIATIOR  SHONUIJUOD  TBON 6821 F 928 761 ¢¢ | 210g/¥0/60 | 1102/11/L¢ - ¢
GOCT F 1991 79 ¢¢ | T102/20/92 | T102/%0/0C A
9LTT F 6911 11 LT | 1108/10/€0 | 0102/11/2¢ IA
QGET F 99%1 TGET 6°C | 0T0Z/80/€0 | 0102/S0/92 A
P6ET T LOST 126 ¢z 6002/21/0¢ Al
£)1A1900 TRI[OQUIOT)S 769 T 76 4K €T 6002/€0/8¢ 111
jo seposide 110Us XIS | 62ZT F GLIT LLE 9°Z | 6002/£0/10 | 800Z/21/91 11 z
A1A1900
utr dop ® Aq pamo[[o} ‘00T
Areniqoy ur wsAxored yim
AYAIOR  SNONUIFUOD  TBON L99 F 7.9 €9L1 L'g | 8005/80/%0 | L00%/50/¥¢ I I
(un)
(seuuoy) JI9jeI)
xniq t0S suoIs aAOqQVY
Areq | -ordxg  jo YSPH
uonydraosa(q ANAIOY 93RIoAY Jaquun N 93RIoAY Puy 1Ielg | eseyd |poried

3. Ezxploring the Utility of IASI for Monitoring Volcanic SOy Emissions

SoSRIOAR O} WOIJ UOIJRIADD PIRPUR)S -RIRP oY) Ul AJ[I(RLIRA 9} SMOUS Os[e pue oseyd pue pord owr) yoes 10 USALS
ST XN €0Q 9L, “(410) | T8 32 OS[ePIH| WOy PAYIPOIN "€T0% PUE 00T UeomIaq BNeINSUN], 18 A)IAT)OR Jo ATRWUNG :g°¢ S[q¥L



90 3.8. Iterative Retrieval

B

Period 2 [Period 3| Period
v \2 Vi Vil I { 7

Period 1
[

2
3
]

—— IASI
—— OMI
Ground based DOAS

@
3
3

's)

N
3
3

Q
8
3

N
8
3

Total average SO,at Tungurahua (ton

tal
3
8

NN

o

2007 2008 2009 2010 2011 2012 2013
(b) 1ASI-OMI © 1ASI-DOAS (d) OMI-DOAS
250 / 2500 ? 2500 AR
y = 1.08x + 3.82 ’ y = 16.2x + 94.2 ’ y = 14.5x + -21. ,
p =091 i p=082 ’ p=082 ,
- . = Y2 =
200 ¥ =0.61x +-14 ’ y=52gx + 162 y=78%+119. ¢ .

p =087 ., 520000 5 _ 052 ’ 520001 15— 067 4 L7
& . B o 7 7 ’ P
5 ‘ s ’ s ’
& . 2 »® g ., e
£ 150 . . 8 1500 , 4 £ 1500 .
3 . . = o o e = - )/ .
g ‘ . 3 ¢ . 3 ’ .
< P4 .7 = LA 4 »” = e 4° ¢
o 100 N . o] e © [} LY ’
? 3 L @ 1000 o 2” @ 1000} 9 ¢
s R . 2 (AR . 2 Q¢ 2 7
H %~ . . < ABRY
o DN ¢ Q . . Q « v 7

50 R 8 ’ . 8 ,
3 - 78 _n O 7,8 o
22, > sof 0% . 500 A
x' 2 , 2% . %
0 ",‘” B o La2? . ° A
e o BSee 0 ke
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
1ASI SO, Amount (tons) 1ASI SO, Amount (tons) OMI SO, Amount (tons)

Figure 3.6: (a) Timeseries of total monthly average of SO, around Tungurahua
from IASI and OMI for June 2007 to December 2013, and the monthly average
SO, flux recorded with a ground-based DOAS network and published in
. Average total masses of SOy at Tungurahua were calculated from the

monthly SO, column amounts using the box area shown in the map. Shaded in

grey are episodes of activity noted in the Hidalgo et al.| (2015) paper, described in

table [3.3] The error bars on the TASI average total SOy masses incorporate the
instrumental error, and errors associated with the forward model, meteorological
data and non-perfect representation of gas absorption and errors due to the presence
of a cloud. In this plot it is possible to identify an increase in the IASI baseline
SO, amount in May 2010. This is following a change to the IASI instrument. A
notable difference between the IASI and OMI values can be seen in April 2011: here
the TASI average total SO, is significantly higher. This is likely to be due to an
incorrect assumption of the plume height. (b) Comparison of IASI and OMI total
monthly averages of SO, 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
IAST and ground-based flux measurements averaged for each month. (d) Same as
(b) for OMI and ground-based DOAS measurements



3. Ezxploring the Utility of IASI for Monitoring Volcanic SOy Emissions 91

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 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 SO, lifetime of one
day were assumed at Tungurahua it would be expected that the average total SOq
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 SO, mass obtained with the satellite retrievals and the average flux.
In this case, however, the area used to calculate the total monthly average SO, mass
at Tungurahua does not always represent the full extent of the plume and this may
be one reason why the total SO, mass is lower than the emission rate. Given this, a
closer match between the monthly average total SO, mass obtained with OMI and
TAST 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 which
carry the gas away from the vent and the area being used to calculate the SOq
mass, and SO, depletion and dissipation away from the source leading to it being no
longer detectable by the satellite instruments. It is also possible, that in Ecuador’s
tropical climate, the lifetime of SO, in the region is less than one 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
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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 which note an increase in activity with elevated levels of seismicity, increased
strombolian explosions and ash emissions beginning on the 6th October 2013 (GVP},
2013¢) and continuing throughout the month with a maximum SO, flux of 725
tons per day in the last week of October (GVP| 2013d). Activity remained high
in November, primarily characterised by ash clouds, some rising a few kilometers

above the vent (GVP, 2013¢), before activity subsided mid way through the month.

3.3.3 Kamchatka

3.3.3.1 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 and 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 SOy budgets (Andres and Kasgnoc, 1998; Halmer
et al., 2002) and field campaigns such as Arellano et al.| (2012) and Melnikov,
et al.| (2014) (results summarised in table only represent a snapshot of ongoing
activity. Using UV satellite sensors, the latest global volcanic SO, budget better
represents volcanic SOy 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
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[ASI. Here the TASI iterative retrieval is run over the northern Kamchatka region for
a seven year period during which activity was reported at five volcanoes: Shiveluch,

Klyuchevskoy, Bezymianny, Tolbachik and Kizimen.

3.3.3.2 Bias Characteristics and Correction

As with Ecuador, negative SOy 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 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 SO,
by the linear retrieval, figure [3.4k. (2) For each individual month, an average SO,
free column amount is calculated for the northern Kamchatka region and this is
used to correct for the bias in that month: shifting the SO, free distribution for
the month to be centred at 0. An example from September 2010 is shown in the

histogram in figure [3.4e: the blue histogram shows before the correction value has
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been applied and the red shows the distribution following the correction. A before

and after of the average SOy column amounts is shown in figure and h.

3.3.3.3 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 figures [B.8B.14] in appendix [B] 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.

The results for three months, October 2007, June 2010 and July 2011, are
presented in figure [3.5-1 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 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 centres. The discrepancy between the results
for the two instruments could be related to the different detection limits of the

two instruments. The TASI iterative retrieval may also underestimate if the gas
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Figure 3.7: (a) Timeseries of average total SO in the northern Kamchatka region
calculated for IASI (assuming plume heights of 500 and 700 mb) and OMI. Eruptive
periods as defined by the GVP are displayed at the top. (b) Scatter plot comparing
the average total SO, mass obtained with the IAST and OMI retrievals, with the
TASI retrieval assuming a plume height of 500 mb. (c¢) Same as (b) with the TASI
retrieval assuming a plume altitude of 700 mb

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 3000 m to closer to 5000
m, see table . Therefore, the altitude assumption of 500 mb (~5600) 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 SO, average total

mass values as seen in figure 3.7 It is also possible for the OMI DOAS retrieval
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to overestimate the SOy mass, if for example, there was a highly reflective surface,
such as snow, ice or cloud, beneath the SOy plume.

Despite the discrepancy between the TASI and OMI results, reasonably high
correlation coefficients of 0.78 and 0.75 were obtained for ITASI-OMI combination
with the 500 and 700 mb plume height assumption for the IASI retrieval respectively,
and while the average SO, mass magnitudes may not be the same, looking at figure
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)
2012d). During these months, OMI, and other UV sensors, are unable to obtain
data due to the lack of sunlight. It is therefore recommended that TASI should
be used to complement existing UV retrievals, particularly during winter months,

to better understand ongoing activity.

3.4 Conclusions

Previous applications of retrievals developed for IASI have been to larger eruptions,
while few studies exist looking at smaller emissions of SO, into the troposphere,
such as those from smaller explosive eruptions, non-eruptive 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 SO, in different regions.
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The linear retrieval applied here, is a fast method for scanning large datasets
for elevated levels of SO5. 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 SO, plumes
in near real time or to highlight regions for further study. The results presented
here are by no means a full catalogue of emissions which are detectable with TASI
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 (as
employed by |Carn et al.| 2017 and explored further in chapter [4) to enhance the
result and improve source detection.

Following the identification of SO5 emissions with the linear retrieval, a slower,
but fully quantitative iterative retrieval can be applied to compute the SO, 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
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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 SO, 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 SOy masses differs between
TAST 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 TASI instrument is capable of obtaining data in winter and so could
be used to complement 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 TASI 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 SOy 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
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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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A systematic global analysis of a decade
of TASI SO9 measurements

Abstract: Measurements of volcanic plumes of sulphur dioxide (SO) can give
valuable insights into volcanic behaviour and are important for understanding the
impacts of volcanism on the atmosphere. There are considerable advantages to
studying them with satellite instruments. A number of SO, retrieval schemes
have been developed for the Infrared Atmospheric Sounding Interferometer (IASI)
and previous studies have demonstrated their value for studying volcanic plumes.
However, the instrument has been underutilised for the study of SOy plumes from
smaller sources and for the assessment of ongoing emissions. Building on work done
by [Taylor et al.| (2018]) this study takes a systematic approach to explore volcanic
SO, emissions globally with this instrument. It applied a linear SO, retrieval over
166 volcanoes from 2007 to 2017. The output was rotated so that the plumes always
aligned to the north, thereby isolating the SO, signal. The signal was then enhanced

by averaging over monthly, annual and multi annual periods. A simple comparison of

101
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the upwind and downwind column amounts indicated when and where the retrieval
was able to identify emissions, and a rough magnitude. This approach highlighted
where the use of this retrieval was most appropriate. Fewer emissions were seen at
lower altitude volcanoes for example. Whereas, emissions were commonly identified
at higher altitude volcanoes in Central and South America: here a simple comparison
of upwind and downwind values showed changes in activity which matched well
with SO flux measurements from the Ozone Monitoring Instrument, thermal alerts
and observations made in literature. The advantage of using IASI (or other infrared
sensors) during high latitude winters, when UV levels are low, was also highlighted:
of the 166 volcanoes studied, 34 are at latitudes where UV retrievals are limited in
the winter months. Overall, this study illustrates some of the advantages of using
this instrument and retrieval. It has also generated an extensive dataset which

could be used to complement other studies of volcanic activity.

4.1 Introduction

Advances in satellite technology over the past few decades mean that it is possible to
get a global perspective of volcanic activity (e.g. Biggs et al., 2014; McCormick Kils
bride et al., 2016; Carn et al., [2017; [Furtney et al., 2018; Ebmeier et al., [2018)).
This is enabling the study of volcanoes which have little or no continuous ground
based monitoring, whether this be due to limited funding to purchase equipment or
inaccessibility because of remoteness or political instability (Sparks et al., 2012).
This global picture of volcanic activity is particularly important for the study
of volcanic plumes. These present a health hazard to local communities (e.g.

Hansell and Oppenheimer} 2004) and affect the environment around the volcano
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(e.g. Delmelle, 2003)). Making measurements of gas emissions helps to understand

these impacts and can help interpret some of the processes taking place within the

magmatic system (Malinconicol 1979, |1987; Symonds et al., [1994; Scaillet et al.)

11998; [Sparks, [2003a; [Edmonds), 2008; Oppenheimer et al., 2014). Volcanic plumes

can also stretch considerable distances from their source, subsequently presenting a

hazard to aircraft (Bernard and Rose, [1990; (Carn et al., [2007) and having wider

impacts on the environment and climate (Robock, [20008; Grainger and Highwood,

2003; [Mather} 2015). Satellite data offers an opportunity to track these plumes as

they are carried across the globe, better estimate the total contribution of volcanic
emissions to the atmosphere and establish long-term trends and background activity
at different volcanoes worldwide.

Sulphur dioxide (SOs) is the most common gas species targeted with remote

sensing instruments on the ground (e.g. COSPEC, DOAS and Flyspec instruments;

Moftat and Millan|[1971}; |Galle et al.|[2003; McGonigle et al. [2002; Horton et al.|

2006) and with satellite borne instruments (Thomas and Watson| 2010; |Carn et al.|

2016). This is despite it not being the dominant gas species emitted from volcanoes:

generally water vapour (H,O) and carbon dioxide (CO2) are emitted in greater

quantities (Edmonds, 2008; Oppenheimer et al., 2011). This is because of the

low background abundance of SOy away from volcanic and anthropogenic sources,

and sensitivities to this gas species within the UV and infrared regions of the

electromagnetic spectrum (Oppenheimer, [2010; Oppenheimer et al., |2011]).

Satellite data has been used to study SO» emissions from volcanoes for over 30

years (Carn et al., 2016), with an early example being the eruption of El Chich6n in

Mexico in 1982 with the Total Ozone Monitoring Instrument (TOMS; 1983;
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Krueger et al.[2008)). Since then technology has advanced significantly, and increased

spatial and spectral resolutions mean that it is now possible to make measurements

of smaller quantities of SO,; for example, from small explosive eruptions, non-

eruptive volcanic degassing and anthropogenic sources (e.g. |Fioletov et al., 2015,

2016; Koukouli et al., [2016; |Carn et al., 2017). These developments mean that it is

now possible to use satellite data, alongside ground based instruments, to monitor

volcanic activity (e.g. Rix et al. [2009; Surono et al. 2012). Comparisons have

been made with other satellite measurements which give indications of volcanic

unrest and activity such as deformation using InSAR (e.g. McCormick Kilbride|

2016) and thermal anomalies (e.g. MODVOLC and MIROVA, e.g.

and Carn|2015). This allows inferences such as whether a volcano can be classified

as being in an open or closed system state or if transitions between these two end

member states can be observed (Reath et al. 2019).

Measurements of SOy have been more commonly made with UV instruments such

as the Ozone Monitoring Instrument (OMI) (e.g.|Carn et al., [2008, 2013; McCormick]

et al. 2013; Theys et al 2013, [2015} |Carn et al., 2016, [2017)) and more recently,

exciting results have been seen with the newer TROPOMI instrument launched in

2017 (e.g. Theys et al 2019; |Queifier et al., 2019). However, there are advantages

to using infrared instruments. For example, they can make measurements at night
and during high latitude winters when UV levels are low. This means they can fill
some of the gaps in the UV record and are a powerful complementary tool. There

is also greater sensitivity to the height of the SO, within the infrared meaning that

this information can be extracted from the satellite data (e.g. |Carboni et al., 2012,

2016)): an important factor for assessing the hazard presented by these plumes and
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their impacts on the environment and climate. These instruments exploit three

absorption features within the thermal infrared (Thomas and Watson, [2010). The

first of these is the 11 + v3 absorption located at 4 um. This is a weak absorption

feature which is not commonly used except where very high levels of SO, cause

saturation of the other two absorption bands (Karagulian et al. [2010). The v

band, at 7.3 pum, is the strongest of the absorption features and subsequently has

been used in many infrared retrievals of SOy properties (e.g. [Prata et al., 2003;

(Carn et al., 2005 Prata and Bernardo, 2007 Clarisse et al., [2012). It is colocated

with a water vapour absorption feature which reduces its sensitivity in parts of the
atmosphere with high levels of water vapour. The final SOy absorption feature,

the v band, centred at 8.7 um, is smaller than the 3 but is less affected by water

vapour (Realmuto et al. 1994, 1997; [Realmuto, 2000) and is sensitive down to the

surface, potentially allowing it to be used for lower level emissions such as those

from anthropogenic sources. It can be affected by volcanic ash, sulphate aerosol,

and the surface temperature and emissivity (Thomas and Watson, 2010; |Clarisse|

2012). All three bands require there be a temperature contrast between the

surface and the temperature at the height of the plume (Clarisse et al. 2012]).

The Infrared Atmospheric Sounding Interferometer (IASI) described in further

detail in section has been used to study the plumes from large eruptions (e.g.

Clarisse et al., 2008} [Haywood et al., 2010} [Karagulian et all, [2010; [Clarisse et al.|,

2012}, [Surono et al., 2012} [Clarisse et al.| 2014} [Cooke et al., 2014} Moxnes et al.,

2014b; (Carboni et all 2016) and more recently, the instrument has been shown

to have the capability for observing emissions from smaller volcanic (Moussallam

et al., 2017; |Taylor et al., [2018) and anthropogenic (Bauduin et al., [2014; Boynard|
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et al., [2014; Bauduin et al.| 2016]) sources. There has been no global systematic

study of continuous volcanic emissions with this instrument. With over ten years

of TASI data now available, this paper builds on a study by [Taylor et al,| (2018))

to demonstrate the strengths of this instrument for making measurements of SOs.
Over ten years of IASI SO, data at volcanoes across the globe are evaluated using an
algorithm described in section [£.2.3] This is used to assess where the instrument’s
use is most appropriate (section and to identify changes in volcanic activity

over different timescales (sections and |4.5]).

4.2 Methods

4.2.1 TIASI

The IASI instrument is a Fourier transform spectrometer coupled with an infrared
imager and is on-board three of EUMETSAT’s meteorological satellites, Metop
-A, -B and -C, launched in 2006, 2012 and 2018 respectively. Each instrument
achieves near global coverage twice a day. The instruments have a swath width of

2,200 km and the instantaneous fields of view consist of four circular pixels each of

which is 12 km in diameter (Clerbaux et al.,2009). The instruments measure in

the infrared between 645 to 2760 cm™! (3.62 to 15.5 um) with a spectral resolution

of 0.5 ecm™! (Blumstein et al., 2004). This spectral range covers the three SO,

absorption features mentioned in section and so a number of retrievals have

been developed for this gas species (e.g. |Clarisse et al., [2010b; [Walker et al., 2011}

2012; |Clarisse et all, 2012 (Carboni et al., 2012).
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4.2.2 TASI SO, linear retrieval

The retrieval used in this study is the ‘fast’ linear retrieval developed by Walker
et al. (2011}, 2012). This method works by separating the signal of the target species
(SO2) from the spectral background by representing the variability of the spectral
background within a covariance matrix which is formed from pixels containing
no volcanic plumes of SO,. Pixels which contain SO, deviate from this spectral
background allowing them to be distinguished. The technique uses the full spectra
within either the v; or v3 absorption bands which gives it greater sensitivity to SO-
than techniques developed for TASI which use just a few channels (Walker et al.|
2011}, 2012). One of the advantages of this technique is that it is fast, meaning that
it can be used to identify plumes of SO, in near real time or to identity regions of
interest for further study with the quantitative iterative retrieval (Carboni et al.,
2012; Taylor et al., 2018). In this application of the linear SO, retrieval, the v3 band
is used and the covariance matrix is formed from pixels over the North Atlantic
and Europe in May 2009. The technique uses a standard atmospheric profile and

assumes that the SO, gas is evenly distributed between 0 and 20 km in height.

4.2.3 The rotation algorithm

To systematically evaluate the performance of the TASI linear retrieval for the
detection and monitoring of SO, emissions from volcanoes across the globe, the
upwind and downwind SO, signal averaged over different time periods was compared
at each volcano. To do this, the linear retrieval for each IASI orbit has been rotated

using wind direction data from the European Centre for Medium-Range Weather
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Figure 4.1: Flowchart sum-
marising the method used to
rotate the SO, linear retrieval
output. Further detail on how
this is done is outlined in sec-
tion [4.2.3] Example plots can
be seen in figure [4.2]

LR = linear retrieval;

The plume angle is the an-
gle between north and the
mean latitude and longitude of
flagged pixels within 200 km of
the source.

T, = mean effective SO5 col-
umn amount (Dobson Units,
DU) within the downwind di-
rection

T, = mean effective SOy col-
umn amount (DU) in the up-
wind direction

o, = standard deviation of the
effective SO, column amount
(DU) in the upwind direction.

Month,
year,
volcano

Start

Setup

Read IASI
LR data

A 4

4.2. Methods

Read closest
ECMWF profile

Y

Rotate with vent
wind direction

y

Rotate with
plume angle

Get monthly average
(no flagged pixels)

\ 4

Get monthly
average (all pixels)

Determine if there is
an elevated signal
Xg = Xy +20,
Calculate emission

index:
Xg — Xy

Save
output

h 4

End

Forecasts (ECMWF). Other studies have taken a similar approach to enhance the

signal (e.g. [Ebmeier et al., 2014; Fioletov et al., [2016; |Carn et al., 2017

Figure [4.1] summarises the algorithm applied to the SO, linear retrieval output

to systematically assess whether or not an elevated signal is present. To start the
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Figure 4.2: Examples of the rotations performed by the rotation algorithm outlined
in figure (a) TASI linear retrieval output over Popocatépetl for 10" May 2013
1614 UTC. (b) TASI output rotated using the wind direction at the volcano’s vent.
(c) SO, flagged pixels. Marked in red is the average point of flagged pixels within
200 km of the volcano. The angle between north and this point is used to rotate
the TASI data giving the results shown in (d). Here the results look very similar to
those shown in (b) implying that the assumption that the plume is roughly at the
height of the vent is correct. (e) IASI linear retrieval output for Popocatépetl on
the 17" April 2013 1530 UTC. (f) TASI output rotated with the vent wind direction.
Here the plume does not align to north implying that the assumption that the
plume is at the height of the vent is incorrect. (g) SO. flagged pixels, showing the
average latitude and longitude. (h) Flagged pixels rotated with the plume angle.
This produces a better result than using the vent rotation.

linear retrieval output was reduced to a box around the volcano with a width and
height of 12 degrees. Following this the closest ECMWEF atmospheric profile (in
time and space) to the volcano was identified. These profiles had a spatial resolution
of 0.75° and are available in 6 hour intervals. Therefore, the maximum difference in
time and space from the IASI overpass time is 3 hours and 0.375°. The ECMWF
wind profiles include u and v vector components from which the wind speed and
wind direction can be computed. Future applications of this approach could consider

using radiosonde data. Two types of rotation are then performed (summarised
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in table [4.1). (1) Vent rotation: the linear retrieval output is rotated with the
wind direction at the altitude of the vent of volcano, as shown in figure and
b. This is most appropriate for non-eruptive degassing and plumes from smaller
explosive eruptions which do not rise substantially above the volcano’s vent. Where
the assumption that the plume is emitted at the vent height does not hold true,
the rotation angle may be inappropriate as demonstrated in figure . (2) Plume
rotation: A plume is identified in the linear retrieval output where five or more
pixels are flagged within a 200 km radius of the volcano, figure [4.2c,g. A positive
detection is defined as where the linear retrieval output exceeds a threshold of 0.49
effective DU, which was set by [Walker et al.| (2012) based on the standard deviation
of the column amounts obtained for the background atmosphere. If a plume is
identified then the angle between the north line and the centre of the flagged pixels
(obtained by taking an average of the latitudes and longitudes of the flagged pixels),
is used to rotate the plume around the volcano so that the plume is always aligned
to the north, figure [£.2d,h. Where no plume is identified then the linear retrieval
output is rotated with the wind direction at the vent. The unrotated and the rotated
data were then gridded to a 0.125° latitude by 0.125° longitude grid, following
which monthly, annual and multi-annual averages of these grids were calculated.
Averaging the grids helps to smooth the signal and remove background noise.

In addition to the two rotations mentioned above, a third grid type is obtained.
Pixels which have been flagged within the vent rotated data (again using the
threshold set by Walker et al.|[2012)) were removed before monthly, annual and
multi-annual averages are computed from the remaining data. This is referred to as

the passive emission rotation. This is perhaps more reflective of emissions from
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non-eruptive or passive degassing, and is more similar to Carn et al. (2017)) which is
used for comparison (see section . Doing this can be useful for assessing the
relative amounts of SOy emitted from explosive and passive activity, establishing
baseline emissions rates and assessing the impacts of emissions during quiescent
periods on the environment and climate. The results are included in this study and
are briefly discussed in section but are not the main focus of this paper, which
will primarily focus on the results from the plume rotation method. This is for a
number of reasons. Firstly, the threshold used to flag elevated SO, column amounts
is not necessarily a good distinguisher between passive and eruptive emissions (not
having been designed for this purpose). This study also aims to assess the overall
performance of the TAST SO, linear retrieval for detecting and monitoring changes in
SO, and the removal of large emissions of SOy would detract from this. Excluding
higher column amounts also removes a critical part of the eruptive cycle. Further
study on the topic of passive and explosive emissions is encouraged in the future.
Such a study would first be required to set a more appropriate threshold which is
likely to differ between volcanoes, and potentially at a single volcano over time.
An example of the unrotated, vent rotated and plume rotated averaged grids, at
Popocatépetl in 2015, are shown in figure [£.3] This figure shows how the elevated
signal is isolated in the downwind (to the north of the volcano) and emphasises
the difference between the vent rotation and plume rotation. The vent rotation
approach here is successful but is more dispersed, whereas the plume rotation is
narrower and elongated. This suggests that the assumption made by the vent
rotation approach, that the plume is emitted at the height of the vent, is not always

correct meaning that the rotation angle is not always appropriate. To some extent
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the uncertainty in the angle used is reflected in the width of the plume seen in the
averaged grids. A wider plume (e.g. figure ) indicates that the uncertainty is
greater. However, the width is also controlled by the magnitude of the emission
and the wind speed. In addition to the monthly, annual and multi annual grids,
the average effective column amount of the linear retrieval output and number of
flagged pixels within 200 km of the volcano, and within 200 km of the volcano
in the upwind and downwind directions are saved for each orbit. These are not
discussed in this paper but could be explored further in the future.

Rotating the linear retrieval output helps to isolate and enhance the SO, signal

in the monthly and annual averages which can then be used to determine if there

is an elevated SO, signal at the volcano. This is is defined as where:

Table 4.1: Description of the different rotation methods

Method | Description Limitations
Plume If more than five pixels within | This does not differentiate be-
rotation | 200 km of the source are | tween sources. If the flagged
flagged, then the angle between | SO, emissions are from another
north and the mean flagged | source (e.g. a near by volcano)
latitudes and longitudes is used | then these will be incorrectly
to rotate the plume. Where | attributed to the current vol-
this is not the case the vent | cano.
rotation is applied.
Vent ro-| The linear retrieval output is ro- | This only works if the plume is
tation tated using the wind direction | emitted at the vent height.
at the height of the vent.
Passive | Pixels which are flagged as con- | The threshold used may not
emis- taining SO, are removed and | be an appropriate differentiator
sion then the vent rotation is ap-| between emissions from quies-
rotation | plied. cent degassing and emissions
from explosive activity. This
method will not detect emis-
sions from explosive eruptions.
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Figure 4.3: (a) Unrotated annual average at Popocatépetl for 2015; (b) Vent
rotated annual average; (¢) Plume rotated annual average. In (b) and (c) the two
boxes used to calculate the upwind and downwind means and standard deviations
are shown. These are used to determine whether there is an elevated signal and to

compute the emission index.

Tg > Ty + 20, (4.1)

where T is the mean SO; effective column amount in the upwind (u; 50-150 km
in the upwind and 100 km in width) and downwind (d; 0-100 km in downwind
and 100 km width) and o is the standard deviation of the SO, effective column
amount. The boxes used to compute this are shown in figure £.3] An emission

index (EI) is defined as:

El =74,—-7, (4.2)

This was computed for each month, year and for the entire study period and can
give some indication of the relative amounts of SO, and be used to infer changes in
activity. This approach does not allow for direct comparisons with other volcanoes
because the retrieval does not account for the different heights of the SO, emissions

and this method looks at quite a tight region around the volcano which does
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not necessarily reflect the full extent of the plume. In addition, the wind speed
at the volcano affects the dispersion which could also affect inter-comparisons.
Experimentation with the distance and angles used to compute the emission index
and to assess whether there is elevated activity can be seen in appendix [C|

One of the main limitations of this approach is potential contamination from
plumes from other volcanoes: either when these are in close proximity to the volcano
in question (e.g. Kamchatka) or where there are plumes from large explosive
eruptions which travel significant distances (e.g. Nabro, 2011). Cases of false
alerts are more common using the plume rotation method but are also possible
when the vent and passive emission rotations are performed. Volcanoes where
false classification are possible due to multiple volcanoes in close proximity are
highlighted in the results. Despite the chance for falsely elevated signals at individual
volcanoes, regions with elevated activity can be identified. At this stage, manual
inspection of the averaged grids may help distinguish the source. Alternatively,
investigation of the linear retrieval output for each IASI orbit could be considered
to help identify the source of the plume. In addition to this, other data sources
could be used to help inform the results; for example, data from OMI or thermal
emissions. A few cases of false classification are highlighted in sections and
[4.4] and the implications discussed further.

An additional output of this rotation algorithm is potentially the height of
the SOq layer. A schematic illustrating how this is done is shown in figure [4.4]
Essentially, where the linear retrieval output has been rotated using the angle
between north and the identified plume, this angle can be compared against a wind

profile to obtain a possible height of the plume. It should be noted that for a single
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Figure 4.4: A schematic summarising how the height of the plume might be quickly
inferred from the wind direction atmospheric profile. An examples from Etna can
be seen in figure [4.5

6 = angle between north and the mean latitude and longitude of flagged pixels

i = incremental layer of atmospheric profile
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orbit there may be multiple height solutions as there may be multiple intersections
between the calculated angle and the wind direction profile. This can be seen in
an example from Etna (8" September 2011, 0932 UTC) shown in figure . This
method is similar in some aspects (although significantly simpler) to |Pardini et al.
(2017) which obtains the height and flux from volcanoes. It can be applied very
quickly using whatever atmospheric profile and satellite data (this method is not be
restricted to the linear retrieval or IASI) is already available, making it a potentially
useful tool immediately following an eruption. Its use is not restricted to SOq
emissions; for example, it could also be applied to volcanic ash and again this could
be with any simple detection tool or satellite instrument. Further validation of this
approach is required and improvements could be made by using higher resolution
meteorological data (both horizontally and vertically) such as the ERA5 ECMWF
or radiosonde data. The dispersion of the plume could also be considered to help
distinguish which solution is correct: a high wind speed would generate a narrower

plume, whereas a low wind speed would cause the plume to be more dispersed.

4.2.4 Datasets used for comparison

The TASI emission index has been compared against the Carn et al.| (2017) OMI
emission database and thermal anomalies detected using the MODVOLC algorithm
(Wright et al., 2004; Wright, 2015)). Further description of these two databases is
given below. There are fundamental differences between the datasets which means
that while they can be used to help the interpretation of the results, it is not

necessarily expected for the results to be correlated. In addition to these databases
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Figure 4.5: An example of how the height of the volcanic plume can be inferred from
the wind direction atmospheric profile. (a) Flagged linear retrieval pixels at Etna on
8 September 2011 at 0932 UTC. (b) Rotated flagged pixels. (c) Atmospheric wind
direction profile from the closest (time and spatially) ECMWF profile. The plume
angle is marked in blue. This is compared against the wind profile to estimate the
height. The algorithm returns a height at around 5, 11, 15 and 20 km. The dashed
red lines indicate the plume heights obtained from ground based (upper limit = 9
km) and SEVIRI measurements (Scollo et al., 2014). In this case one of the outputs
from the rotation heights matches closely to that obtained with SEVIRI.



118 4.2. Methods

reference has been made to the Smithsonian’s Global Volcanism Program’s reports

(GVP| 2013f) and other literature.

4.2.4.1 OMI Emission Database

The Ozone Monitoring Instrument (OMI) has been widely used to study the emission
of SO, from volcanoes and anthropogenic sources (e.g. |Carn et al., 2007, |2008;
Fioletov et al.l 2013, 2015, 2016} Flower et al., 2016b; Krotkov et al.l 2016; [Koukouli
et al., [2016)). (Carn et al.| (2017) produced a global SO, emission inventory which
estimated the emissions from passive degassing (i.e., no coincident eruption of
magma) at 91 volcanoes worldwide between 2004 and 2015 (since extended, this can
be downloaded at https://so2.gsfc.nasa.gov/measures.html; MEaSURES|[2019)).
This dataset has been compared against the emission index computed for TASI.
The OMI data was processed using a principle component algorithm developed
by |Li et al.| (2013)). This excludes pixels where the solar zenith angle is greater than
70° which avoids noise in high latitudes where there is limited sunlight during the
winter. This is a significant advantage of using IASI or other infrared instruments
which can make measurements at these times. The OMI retrieval also excludes
pixels where the cloud fraction is greater than 20% and if they are affected by the
OMI row anomaly (for further information see |McCormick et al., [2013): another
advantage of using IASI (or other instruments unaffected by this) to complement the
OMI record. A wind rotation based on the height of source was then applied to the
output from the OMI retrieval. A flux was then computed using a method developed
by Beirle et al. (2011}, 2014) which fits an exponentially modified Gaussian function

to the annual or multi-annual averages of the rotated data. An air mass correction
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factor was applied based on the height of the volcano to account for the different
emission heights. As this study aimed to investigate the passive emission flux, data
with column amounts greater than 5-15 DU were removed. This was based on
measurements usually made by OMI in plumes from both explosive and passive
activity. This method to compute the flux was previously applied to anthropogenic
sources (e.g. Beirle et al., 2011} [Lu et al., |2015; Fioletov et al. [2016).

The emission indices computed for IASI in this study have been compared
against the emission dataset produced by (Carn et al.| (2017). It should be noted
that while there are some similarities in the techniques applied, there are also
fundamental differences which is important to remember when comparing the two
datasets. Notably, the exclusion of plumes with high column amounts in the |Carn
et al. (2017)) emission inventory will lead to different trends when compared against
the plume rotated and vent rotated results generated from the IASI linear retrieval
data. Even a comparison against the passive emission rotation results may produce
different results as the thresholds used are not necessarily equivalent: having been
defined in different ways and applied to different dataset types. For example, the
linear retrieval gives an effective SOy column amount which indicates the relative
amount of SO, with respective to the background rather than quantifying the mass.
The emission index is also a measure of the relative amount of signal compared to
the background, rather than a flux. A future study could compute fluxes from the
rotated TASI data to get a quantitative estimate of the emissions seen with TASI.
This however is beyond the scope of this current work as it would benefit from
using the |Carboni et al| (2012) iterative retrieval which also quantifies the height of

the plume and uses local atmospheric profiles (rather than a standard atmospheric
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profile). This retrieval is more computationally expensive and therefore would be
better suited to individual case studies rather than been applied globally. It is
suggested that some of the most commonly identified volcanoes in this study be
selected for long term studies with the iterative retrieval. An advantage of doing
this is its ability to retrieve the plume height which could possibly be a differentiator

between emissions from explosive and passive activity.

4.2.4.2 MODVOLC

The IASI emission index dataset has also been compared against the outputs from
the MODVOLC algorithm developed for MODIS (Wright et al., 2002, 2004; Wright),
2015). This data can be easily downloaded at http://modis.higp.hawaii.edu/.

A number of different algorithms have been developed for the detection and
monitoring of thermal emissions from volcanoes and this has been performed using
many satellites (Oppenheimer| 1998; Harris, |2013)). The extreme temperatures
(200-1100°C) that are associated with lava flows, domes and lakes cause a significant
increase in the radiances measured within the shortwave infrared relative to the
thermal infrared and so this can be exploited to detect thermal anomalies (Wright
et al., 2004). This includes thermal emissions from volcanoes but can also be
used to detect elevated thermal emissions from wildfires (Kaufman et al. |[1998;
Dehn et al., 2000} |Justice et all 2002; |Giglio et al., 2003; [Wright et al.l [2004;
Wright and Flynnl 2004).

The MODVOLC algorithm was developed by Wright et al.| (2002, 2004) for
the Moderate Resolution Imaging Spectroradiometer (MODIS) on-board the Terra

and Aqua satellites launched in 1999 and 2002 respectively. This instrument offers


http://modis.higp.hawaii.edu/

4. A systematic global analysis of a decade of IASI SOy measurements 121

relatively low spatial resolution (1 km at nadir to 2x5 km at the edge of the swath)
but can make daily measurements if the scenes are cloud free. The algorithm
computes a normalised thermal index for MODIS bands 22 (3.929 - 3.989 pm) and
32 (4.020 - 4.08 pm), alternatively using band 21 (3.929 - 3.989 pm) if band 22
is saturated. A threshold is applied to distinguish pixels within which there is a
thermal anomaly. This threshold has been set to ensure reliable detection while
minimising the number of false detections. This means that this algorithm is more
reliable for detecting larger thermal increases such as those associated with active
eruptions. A different threshold is applied to daytime measurements which are
also discarded if there is sunglint. Further information about MODVOLC can be
found in |Wright et al.| (2002, 2004); |Wright| (2015)).

For this study, thermal anomaly data has been downloaded for each of the
studied volcanoes. The region size varies between volcanoes but is the default set
on the MODVOLC website. The total number of thermal anomalies was then
computed for each month and year. This was then compared against the emission
index computed from the IASI linear retrieval output. As already mentioned the
MODVOLC data is a good indicator of active eruptions (e.g. ones with lava flows
and lakes etc.) and so can tentatively be used to indicate successful detections in
the TASI dataset. However, it will most likely only indicate successful /unsuccessful
detections from active eruptions rather than where there are increases in the SO,
emissions associated with strong degassing. Thermal detections may be missed in
cloudy conditions and so the results should be interpreted with caution.

MODVOLC was selected for comparison because it is a simple indicator of

activity with a long record of thermal emissions which are easily accessed online.
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Future studies, might want to consider using the output from the MIROVA
algorithm which was also developed for MODIS (Coppola et all 2016a). This
has previously been used to monitor thermal emissions at a number of different
volcanoes (Coppola et al, 2015, |2016b,c) and has been shown to have a greater
accuracy than MODVOLC and also a greater sensitivity to smaller thermal emissions

due to the use of both spectral and spatial filtering (Coppola et al., [2016a)).

4.3 Global Perspective of SO, emissions seen with
IASI

4.3.1 Comparison of different rotation approaches

Figure shows the location of the 166 volcanoes to which the rotation algorithm,
outlined in section was applied. All of these volcanoes have been listed as
having activity since 2007 (the first year for which data is available from TASI)
within the Volcanoes of the World database (GVP, 2013f). The rotation scheme was
applied to the IASI linear SO, retrieval output from August 2007 to October 2017.
The number of elevated SO, signals which are detected at each volcano during this

time period, using the ‘plume’; ‘vent’ and ‘passive emission’ rotation methods, are

Figure 4.6: (on the following page) (a) Volcanoes to which the rotation algorithm,
described in section [4.2.3] was applied. These were all listed as having been active
since 2007 in the Volcanoes of the World database (GVP| [2013/). (b) The number
of elevated signals which are identified with the plume rotation algorithm. (c¢) The
number of detections at each volcano using the vent rotated algorithm (d) The
number of elevated signals which are identified with the passive emission rotation.
For each case, an elevated signal is defined as T, > T, + 20,. (e) The volcano
heights.

Statistics summarising the results for each volcano can be seen in table 4.2.

A summary of the different rotation techniques is given in tables .
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shown in figure [£.6b, ¢ and d respectively. Each volcano was ranked according to
the number of times an elevated signal was identified. These rankings and number
of elevated signals for the plume rotated approach are included in table 4.2. The
rankings for all three approaches can be seen in table in appendix [C]

For each of the three rotation types applied, the volcano with the greatest
number of detections was Popocatépetl in Central Mexico. At this volcano, there
were a total of 122 detections with the plume rotated technique meaning it was
flagged for all but one month studied. Etna was the next most flagged volcano with
an elevated signal in 118 out of the 123 months analysed (using the plume rotation
approach). After this, the rankings of the three rotation approaches differed (seen in
table . Figure shows that the greatest number of detections at each volcano
are identified with the plume rotation approach and that the number of elevated

signals falls when the vent or passive emission rotation methods are applied: with
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the greatest difference seen with the latter. This is due to the removal of falsely
elevated signals (and potentially also true signals). These can occur with the plume
rotated technique if flagged pixels are identified within 200 km of the volcano but
these are actually from another source. This may be due to emissions from a near
by volcano or another strong source of SO, or a large plume emitted during an
explosive eruption which has been transported away from the original source.
The vent rotation approach can reduce the number of falsely detected signals
where the elevated emissions are from another source. When this occurs, in plots
of averaged results a ring of elevated SO can be seen around the source (see for
example figure . This increases the value for 7,, and subsequently, the chance of
an elevated signal is reduced. However, taking this approach will lead to no detection
where the plume from the volcano being analysed is emitted at a height above the
vent where the wind direction is different. This may mean that when the plume is
rotated it is not aligned to the north of the source, as was demonstrated in figure [4.2]
Unsurprisingly, the lowest number of detections is seen with the passive emission
rotation approach because this removes all SO, flagged pixels. Overall, using
the passive emission rotation method, there are 22 volcanoes where there are no
detections during the ten year study period. Again, although this does reduce false
classifications, it also removes true detections. A quick inspection of figure and
e shows that volcanoes with a higher altitude are detected more frequently. This
is expected as the height of the plume effects the detection limit of the retrieval.
At volcanoes where elevated emissions are identified less often with this approach,
it is likely that the emissions from degassing increased for a short duration before

falling beneath the detection limit again.
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There is a fundamental limitation with the passive emission rotation approach,
in both this study and the paper by |Carn et al|(2017)), which is setting the threshold
between what is considered non-eruptive degassing and eruptive plumes. In this
study, the threshold applied to the IASI linear retrieval output is the one used
by Walker et al| (2012) to flag SO, pixels. This is set fairly high to avoid false
alerts and may not be the best differentiator between plumes from more explosive
activity and quiescent degassing. This is something which could be considered
further in the future, but it is likely that the most appropriate threshold will differ
between volcanoes, depending on their background state, and potentially also over
time. Such a study could be interesting for assessing the relative amounts of SO,
from eruptive and non-eruptive states, assessing the tropospheric burden caused
by the conversion of sulphur to sulphate aerosol, and potentially for characterising
the background emission at individual volcanoes; which might have implications
for hazard assessments. Assessing this would benefit from the use of multiple
instruments (e.g. both UV and infrared sensors) and as such it would be important
to select an equivalent threshold to separate passive and eruptive SO, for each
instrument and technique applied.

Given the removal of true detections with the vent and passive emission rotations,
the remainder of this paper will focus on the results from the plume rotation
technique, sometimes drawing on the vent rotation output to indicate where there
are falsely elevated results. This is inline with the main aim of this study which
is to investigate how the TASI instrument can be best be used for monitoring
changes in emissions at volcanoes across the globe, which includes emissions

from larger eruptions.
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4.3.2 Assessment of global emission detections

It has already been noted that the most frequently identified volcanoes, using the
plume rotation technique, are Popocatépetl and Etna. Both volcanoes are known to
be significant degassers and were ranked as 9 and 6 respectively in the emission
dataset produced by (Carn et al. (2017). Both are ideal candidates for this rotation
approach because of their height and significant levels of degassing. Both are near
to other sources of SO,, for example the Talu Industrial Complex (Mexico) and
Stromboli (Italy), but both of these are small emitters by comparison and the
latter is limited by the usual height of emissions.

Overall there is a poor agreement between the ranking based on the number of
detections with IASI (using the plume rotation) and the OMI emission ranking from
Carn et al.| (2017) which is based on the average flux obtained for each volcano (the
ranks from Carn et al.|2017 are included alongside those from this study in table 4.2).
For example, using the plume rotated techniques applied to the IASI linear retrieval
data, after Popocatépetl and Etna, the next most frequently detected region is
Kamchatka in Eastern Russia. Of the top 30 volcanoes, ranked using the number of
detections with the plume rotation approach, 15 of these are in this region; whereas
the first of the Kamchatka volcanoes to appear in the Carn et al.| (2017) emission
inventory is Karymsky at rank 17. Overall, in |Carn et al.| (2017) only 5 volcanoes
in this region feature in the top 30: although two of these are treated as the same
point source due to their close proximity. This close proximity is the primary
reason for the high rank of the volcanoes in Kamchatka using the plume rotation

approach applied to TASI data. Plumes emitted within this region are likely to be
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falsely attributed to multiple volcanoes, as this adaptation of the rotation technique
searches for flagged pixels within 200 km and uses this to perform the rotation.
The Kamchatka and Alaska region is shown in more detail in figure 4.7} The first
row of this plot shows the multi annual average of the linear retrieval output over
the region. In this, the plume tracks from large explosive eruptions in Alaska persist
despite the averaging: demonstrating the significance of these eruptions. Elevated
emissions from pollution in China and persistent degassing in Kamchatka are also
visible. The chart beneath this shows when a signal was identified (using equation
and the intensity of this (equation . Immediately evident from inspecting
this plot is that the signal is commonly elevated at multiple neighbouring volcanoes.
As the volcanoes have been sorted by region and then by latitude, where proximate
volcanoes have been flagged in a single month, this suggests that some of the alerts
may be triggered by emissions from a different source. In some cases, the elevated
emissions may also be caused by larger plumes from eruptions in Alaska and the
Kuril Islands (e.g. Okmok and Kasatochi, Redoubt and Sarychev Peak in July-
August 2008, August 2008 and June 2009 respectively) and Iceland (e.g. Holuhraun
eruption in 2014-2015). This highlights the importance of investigating the data
further or using multiple data sources. This could be done, for example, by looking
at the TASI linear retrieval SOy output for individual TASI orbits or plume data from
other instruments (in particular geostationary instruments with a high temporal
resolution) which may help identify the plume sources. Thermal emission data from
algorithms such as MIROVA or MODVOLC, or records of deformation from InSAR,
could be particularly beneficial in these cases because these indicators of activity

are usually limited to the flanks of the volcano. If using a rotation based approach
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Figure 4.7} A more detailed look at Kamchatka, the Kuril Islands and Alaska.
The top row shows the multi annual average (2007-2017) of the linear retrieval
output over the region. The chart beneath shows the months in which a signal has
been identified and the intensity of the emission index. The volcanoes are sorted
first by region and then by latitude. Where multiple volcanoes, in close proximity;,

are flagged in the same month this may indicate false alerts.

to study long term emission trends at volcanoes, it is particularly important to
consult other data sources in order to extract the true signal from the emission data.
This problem is less likely in the OMI dataset because they applied a threshold
to remove high SO5 column amounts and so do not see large emissions of the gas.
However, Carn et al.| (2017) treated some volcanoes as one source (volcanoes less
than 50 km apart; e.g. Bezymianny and Klyuchevskoy in Kamchatka), highlighting
the difficulty of differentiating between some emission sources.

One of the advantages of using an infrared instrument like IASI is that these
instruments are able to make measurements at night (meaning that there are
multiple measurements each day) and during high latitude winters. Figure
shows the number of detections across the globe with the plume rotation algorithm
in each month grouped by latitude. The results show that there are frequent
detections in the high northern latitudes (50-60°) where there are a large number
of very active volcanoes in close proximity (e.g. Kamchatka). Marked on figure
are where the solar zenith angle at 13.30 UTC (the approximate time of OMI
overpass) exceeds specified thresholds (70 and 90°) in each month. Where the solar
zenith angle is greater than 90° there is no sunlight and therefore no results from
UV instruments. This affects latitudes greater than 70°: which in this study only

includes one volcano, Erebus. Note that, detections at Erebus are likely to be
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false positives caused by an artefact in the linear retrieval. There is also a greater
amount of noise in the UV data when the solar zenith angle is greater than 70°,
thus increasing the detection limit (Carn et al., 2013; McCormick et al., 2013]).
Subsequently, the retrieval used in the (Carn et al.| (2017) paper removes all pixels
where the solar zenith angle is greater than 70°. This then affects 34 of the 166
volcanoes considered in this study. Notably this includes those in Kamchatka,
Alaska and Iceland: all regions where there is potential for significant disruption
to aviation (Alexander] [2013; Dean and Dehn) 2015 and where the tropopause
is lower meaning that emissions may reach the stratosphere where they can have
climate impacts. The eruption of Bardarbunga in Iceland in 2014-2015 is a good
example of where there is a significant gap in the UV record and the advantage
of using TAST alongside other instruments (Carboni et al., 2019). In total there
are 3733 detections during the study period, 465 of which occur in high latitudes
when the solar zenith angle exceeds 70°. This suggests that roughly 12% of the
detections made with the plume rotated IASI linear retrieval data would have been
missed by UV satellite instruments: although it should be emphasised that this
does not take into account false detections or emissions missed by IASI. Given
this, it is essential to use multiple instruments (including both UV and infrared
sensors) together for the monitoring of volcanic plumes.

Elevated signals are also commonly identified in the tropics (roughly 23°S-23°N).
Within this latitude band are a number of very active volcanic areas including
Central America, Ecuador, Colombia and Peru, Central Africa, the West Indies,
Indonesia, the Philippines, Papua New Guinea and Vanuatu. Although there are

commonly detections within these latitude bands, there are fewer than at high
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Figure 4.8: (a) The number of detected signals using the plume rotated approach
for each month in the study period grouped by latitude. Marked on this are where
the solar zenith angle at 13.30 (rough time of the OMI overpass) exceeds 70 and

90°. (b) The number of volcanoes in each latitude band.

northern latitudes, despite a larger number of volcanoes, something supported by

figure [4.6] This region includes some of the most prolific degassers: 15 of the top

20 degassers in |Carn et al. (2017)) are within the tropics and yet many of these

volcanoes are seldomly detected using the rotation detection scheme presented here.
This reflects the different sensitivities of the two instruments used. The UV has
a greater sensitivity to SOy emissions in the lower part of the troposphere than
an infrared instrument using the v5 absorption band. At altitudes of 14-18 km
the detection limit for the IASI linear retrieval using the r3 band is around 0.3

DU. However, this increases significantly (around 17.0 DU) closer to the surface

(0-2 km) (Walker et al., 2012)). This reflects the sensitivity of the retrieval to the

difference between the surface temperature and the temperature of the atmosphere
at the height of the plume. In addition, this application of the linear retrieval uses

the v3 absorption band, which has some sensitivity to water vapour which can

increase the amount of noise in the background atmosphere. Clarisse et al. (2012)

notes that due to this retrievals using the 3 band are unlikely to perform well at
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altitudes of less than 3-5 km. This to some extent explains the global distribution of
detections shown in figure A lower number of detections are seen in Indonesia,
Papau New Guinea and Vanuatu, and where these occur they are often associated
with large explosive eruptions such as the 2010 eruption of Merapi, which eject
large quantities of SO, at higher altitudes. Similarly, signals are rarely detected
at Kilauea in Hawaii (1222 m), which is reportedly emitting an average of 5019
t/d between 2005 and 2015 (Carn et al., [2017). An increase in the IASI emission
index can be identified following the onset of increased activity and the emergence
of the summit lava lake in April 2008 (see figure in appendix . However,
after 2008, there is an overall fall and stabilisation of the plume rotated emission
index (equation , and fewer detections. It is likely that the magnitude of gas
emitted during 2008 was sufficient to be visible with IASI but that as emissions
decreased it fell beneath the detection limit.

The effect of height on the number of detections is partially demonstrated in
figure which compares these two values. The correlation coefficient describing
the relationship between volcano height and the number of detections with the
plume rotated algorithm is only 0.48. Figure [£.9d shows that there is a cluster of
points where there are a low number of detections (fewer than 20): many of these are
volcanoes which have lower levels of activity and are seldomly detected due to this.
Despite this, the plot indicates that a greater number of detections are identified
at volcanoes with higher altitudes. At these heights, the SOy emission is likely to
be above the majority of the water vapour, and there will be a greater difference
between the atmospheric and surface temperature. This may explain the greater

number of detections identified at volcanoes in Central and South America, where
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Figure 4.9: (a) Comparison of the number of detections with the IASI emission
index against the flux obtained with OMI for each year. Highlighted in blue are
examples where the OMI flux is high (greater than 2100 t/d) but the number of
detections in the IASI plume rotated data are low (less than 6). (b) Comparison
of the number of detections with the IASI emission index against the number of
thermal anomalies detected with MODVOLC in each year. Highlighted are where
there was a low number of detections within the plume rotated IASI linear retrieval
data (less than 6) but the number of detections with the MODVOLC algorithm are
high (greater than 2000). (c) The OMI flux compared against the number of thermal
alerts detected with MODVOLC. In blue are examples where the number of thermal
anomalies detected with MODVOLC are high (greater than 2000) but the OMI
flux is fairly low (less than 2000 t/d). (d) Comparison of the IASI emission index
against volcano height. The correlation coefficients describing these relationships
are shown in table [£.3l The volcanoes which the labels refer to can be seen in table
4.2.
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there are a number of high altitude volcanoes. For example Sabancaya and Ubinas
in Peru peak above 5000 m. A summary plot for this region is shown in figure 4.10]
The top row of this plot shows the multi-annual averages of the linear retrieval
output over Central America, and the northern part of South America (2007-2017).
This shows the strong emissions from some of the volcanoes in this region. It is
possible to identify likely false detections at some neighbouring volcanoes, although
far fewer than for Kamchatka and Alaska (figure[4.7). At some volcanoes, interesting
trends can be seen in the emission index, some of which are explored in section [4.4]

Table [4.3] summarises the correlation coefficients describing the relationship
between the metrics used in this section of this paper: the number of detections
identified using the plume rotation algorithm applied to the IASI linear retrieval
dataset, the OMI flux, the number of thermal alerts from MODVOLC and the
height of each volcano. Figure plots the number of times a signal was identified
at each volcano in each year (using the plume rotation technique applied to the
IASI linear retrieval data) against the OMI flux. This and table 4.3| confirms that
there is a poor correspondence between these (a correlation of just 0.31), most likely

for the reasons already mentioned in this section. Within this figure, a few cases

Table 4.3: Correlation coefficients describing the correspondence between the
number of detections using the plume rotation technique applied to TASI SO, linear
retrieval data, the OMI SO, flux, the number of thermal anomalies detected with
MODVOLC and the height of the volcanoes studied.

Volcano

TASI (?}\g flux | \JODVOLC | Height
(km)
TAST _ 0.31 0.2 0.48
OMI (t/d) : 0.2 0.16
MODVOLC _ 0.16




147

4. A systematic global analysis of a decade of IASI SOy measurements

LTI0C
] ]

"RDLIOULY INOG PUR [RINID)) 10f[LF 0SBy Sy :0T°F 9nSig

50 0

910¢ S10¢ P10C €10

ERREREERR NEEEE 0N Ll |
[TT1 [ {111 [ P BT

(4514

(N} ¥3apUl UOISSILID PRIEI0S BWN|d
£°0 Z°0 0 00

T10g 010¢ 600C 8002 L00¢

LAV D]
el
L N—

AEDUES

==
[=
=¥

ENYEIMDUN
TX

SE19] mm

B[

I
SBO,
—L p—

OO0 O

Bl W

INNRNERRRRNRANNRNRRNEAN

TR

[eNBIA UBS I

BAEIE]

oo

BB CIUes

HRENEN

NERENN N EENNENENE SEEN

_uwnwﬁuonom

(NQ) uUNoWy UWnjod NOm SANIBN3
010 S0°0 00°0

M=08 M06

NEIZ ¥R

S.0T

0

niad pue Jopenl3 ‘eiquojo)

M08 M:06

ejlaWy |eJjuld)

NeOT

N=0Z



148 4.3. Global Perspective of SOy emissions seen with TASI

where the OMI flux is high (greater than 2100 t/d) but the number of detections
with TASI is low (less than 6) are highlighted in blue. Of these 12 highlighted
points, 9 are at Ambrym in Vanuatu: the strongest SOs source seen in |Carn et al.
(2017), emitting an average of 7356 t/d between 2005 and 2015. This volcano is
in a tropical location and has a low altitude of 1334 m. It is therefore likely that
the SO5 emission is not normally sufficient to exceed the linear retrieval detection
limit. This is also likely to be the cause of the low number of detections at Kilauea
(Hawaii) in 2009 and 2013. Both Ambrym and Kilauea have basaltic magmas and
lava lakes: the effects of these characteristics on the quantity of gas emissions is
something that should be explored further in the future.

Figure [4.9b indicates that there is also a poor correspondence between the
number of emission detections using the plume rotation technique and the number
of thermal alerts from MODVOLC at each volcano. The number of thermal alerts
detected with MODVOLC is also shown to correlate poorly with the OMI flux (-0.16
correlation coefficient). Figure and c highlight some of the cases where the
number of thermal alerts are notably high (greater than 2000 detections) compared
to the number of detections using the plume rotation algorithm applied to the TASI
linear retrieval (less than 6 detections) data and the OMI flux respectively (less
than 2100 t/d). Common to both is the Erta Ale eruption in Ethiopia in 2017,
during which there were extensive lava flows and a lava lake (GVP, 20174d)), leading
to a high number of thermal alerts (greater than 6500 alerts in 2017). Figure
in appendix [C] shows a summary plot for this volcano. Within this an increase
in the OMI flux is seen within 2017. However there is no change in the TASI

emission index timeseries. Given the height of this volcano (613 m) it is likely



4. A systematic global analysis of a decade of IASI SOy measurements 149

that the SO, emission was not strong enough for it to be identified in the lower
part of the atmosphere. The other highlighted examples in the comparison of the
number of elevated signals identified with the plume rotation technique and the
number of MODVOLC thermal alerts are all from volcanoes with lava lakes (Erebus,
Kilauea, Nyiragongo) which explains the greater number of thermal alerts. The
2008 eruption at Etna is highlighted in the comparison of the number of thermal
alerts and the OMI flux (figure ). The May 2008 eruption was characterised
by extensive lava flows and fire fountaining leading to the increased thermal alerts
(GVP| 2008; Bonaccorso et al., 2011). The significant amounts of SO, from this
eruption (an increase can be seen in this month using the IASI plume rotation
in figure in the appendix) will have been removed in the |Carn et al.| (2017)
analysis which removes all SO emissions above a threshold. The other highlighted
volcano in figure is Klyuchevskoy (2010, 2016) in Kamchatka. Again, it is
likely that this is because of removal of SO, flagged pixels reducing the magnitude
of the flux, relative to the number of thermal alerts.

Overall the results in figure suggest that there is a poor correspondence
between the different metrics used. The correlation coefficients describing the
correspondence between the emission index computed using the plume rotated
approach for the IASI linear retrieval data and the OMI flux, and with the number
of thermal alerts from MODVOLC, for each volcano are listed in table 4.2. This
indicates that these vary significantly between each volcano. A histogram showing
the distribution of these results can be seen in figure This implies that these
metrics are difficult to compare globally but that there are strong agreements at

individual volcanoes. It is important to remember that the three datasets compared
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Figure 4.11: (a) Distribution of the correlation coefficients describing the relation-
ship between the annual TAST emission index (plume rotation, equation and the
yearly OMI fluxes for each volcano. (b) Distribution of the correlation coefficients
describing the relationship between the TASI emission index (plume rotation) and
number of thermal anomalies detected using MODVOLC. Comparison of yearly
values are shown in gray and a monthly comparison shown in blue. (c) Distribution
of the correlation coefficients describing the relationship between the yearly OMI
flux and the number of MODVOLC thermal anomaly detections in each year.

here are all measures of different things. Each has its own strengths and limitations
and it is therefore unsurprising that the correlation coefficients describing the
correspondence between them can be quite variable. Future studies would benefit
from combining the results from these datasets, other satellites products and ground

based measurements to get a comprehensive view of volcanic activity.

4.4 Case Studies

In the previous section it was demonstrated that there is not necessarily a good
agreement between the number of detections with the TASI plume rotation algorithm
and the flux values obtained with OMI across the globe, but that there were
individual cases where there is a strong correspondence. This section explores the
trends observed at a few volcanoes. Figures [£.12] to [4.17 summarise the results

for the rotation algorithm for 7 volcanoes in Central and South America: one
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of the regions where elevated emissions were commonly identified in section [4.3]
Equivalent plots for 36 volcanoes (including the top 20 most frequently detected
volcanoes with the plume rotation technique and any others discussed in this

paper) are available in the appendix [C]

4.4.1 Popocatépetl, Mexico

The volcano where elevated emissions were most frequently identified was Popocatépetl
in central Mexico. In fact, a signal was observed in almost every month studied (122
out of 123). This is likely to be because Popocatépetl is one of the highest targets in
this study at 5393 m and it is one of the most active volcanoes in the region (Grutter
et al.; 2008; Delgado Granados and Cardenas Gonzalezl, |2013} |Campion et al., 2018)).
Previous flux estimates have suggested emissions vary between 3000 and 5000 t/d
for degassing, but rise considerably (25000 t/d) during eruptive episodes (Delgado4
Granados et al., 2001 |Grutter et al., 2008; Campion et al., [2018; Taquet et al., 2019).
It is perhaps the ideal target for this technique as it is far from other significantly
degassing volcanoes. There are some pollution sources in the region, for example a
power plant and oil refinery at the Tula industrial complex, roughly 60 km northwest
of Mexico city. A small increase in the effective SO, column amount can be seen to
the north east of the volcano in the annual and multi-annual unrotated averages in
figure [£.12], which is the rough location of this industrial centre. Between 2007 and
2017 the OMI SO, flux database indicates that the emission from the Tula industrial
complex was between 136 and 295 t/d (Fioletov et al.l |2016; MEaSURES, [2019)).
This is fairly insignificant compared to Popocatépetl where the flux reportedly

ranges from 325 to 1180 t/d (and this value excludes higher column amounts and
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therefore the larger eruptions at Popocatépetl). Given this it is unlikely that this
source would greatly effect the IASI emission index computed for Popocatépetl.
Figure 4.12 summarises the activity at this volcano during the studied period.
Here a close match can been observed between the TASI emission indices, the flux
obtained with OMI and the number of MODVOLC thermal alerts with correlation
coefficients of 0.86 and 0.85 respectively. Such a close match between the emissions
seen with TASI and OMI, implies that despite applying a threshold to remove large
column amounts of SO, before computing a flux, the approach taken by [Carn et al.
(2017) may not always be accurately distinguishing between plumes from eruptive

and passive activity. This problem was acknowledged by Carn et al.| (2017) and

Figure [4.12} Annual summary plot for Popocatépetl, Mexico. The first row shows
a map of the region used for the initial processing (a 12° box around the volcano).
The number of volcanoes, which have been active since 2007, within specified
distances are listed to the right of the map (these are also plotted on the map in
the corresponding colours). This gives some indication of the potential for false
classifications and contamination of the computed emission index. In this case,
there are no volcanoes within 300 km making it unlikely that there is contamination
from other volcanic sources. To the right of this are plots showing the multi-annual
average (2007-2017) for the unrotated (UR; included as these help identify other
SO, sources in the region), unrotated without SO, flagged pixels (UR - PE), passive
emission rotation (PER), vent rotated (VR) and plume rotated grids (PR). Note
that these have been reduced to 200 km from the volcano to better show the plumes.
Beneath this are the equivalent plots for each year (years going across, and the
different grids going down). The third plot shows the vent (blue) and plume (red)
rotated emission index (equation for each year along with the flux obtained with
OMI (right axis) and the number of thermal anomalies identified by MODVOLC in
each year (2" axis on the right). The chart beneath this shows the emission index
computed using passive emission, vent and plume rotated methods respectively.
An increase in colour intensity implies an increase in SO, emission. The final line
shows the number of MODVOLC thermal anomalies for each month studied.
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Figure 4.12: Caption on previous page

highlights the difficulty of accurately setting a threshold for this purpose.

Activity is shown to increase from 2009, peaking in 2012, before falling again,

with a second peak in activity seen in 2015. The monthly emission index shows

gradual increases and decreases in the amount of SO,. For example, the SO,

emission is shown to climb slightly from the end of 2011 to a peak in April and
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May 2012, which corresponds to the frequency of plumes noted in the May 2012
GVP bulletin report (GVP, [2012¢). A slow decrease in emission is seen throughout
2012 and remains low in 2014. A similar behaviour is seen in the MODVOLC alerts.
The GVP bulletin report for February 2015 (GVP, [2015@) note that throughout
2014 there were a lower number of alerts of ash plumes issued by the Washington
VAAC, although these still occurred almost every month. A second peak in activity
can be identified in 2015, with a greater emission seen at the beginning of the year.
A slightly seasonal trend may be visible: with both the emission index and number
of thermal alerts increasing in November to February each year. It is possible
that both the TASI linear retrieval and MODVOLC may be exhibiting a seasonal
bias. With the IASI linear retrieval this might be related to the use of a standard
atmospheric profile (which does not vary seasonally) and covariance matrix which
may not perfectly represent conditions in this region. It is possible that both the
[ASI linear retrieval and MODVOLC thermal detections, may have a seasonal bias
due to cloud cover obscuring plumes or hot spots. For the linear retrieval the use of
the upwind mean within the emission index should reduce a seasonal bias to some
extent but further bias correction (e.g. |Taylor et al., 2018) could be considered in
the future. A seasonal bias in the linear retrieval output is not something that is
immediately obvious at other volcanoes and should be explored further.

It would be interesting to explore the emissions at this volcano further using
the [Carboni et al| (2012)) iterative retrieval which can quantify the amount of
SOs. In general, it would be expected that there would be an increase in SO,
with an increase in the extrusion of lava; although, at times obstructions in the

vent may suppress gas emissions. To truly capture the pulses in and the nature
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of lava extrusion and subsequent effects of gas emissions, it would be essential to
consider the IASI gas data and the thermal anomalies at a finer temporal resolution
(weekly, daily, sub-daily). Potentially, it would also be better to use the more
sensitive MIROVA algorithm. The success of the plume rotation technique here
also makes it an ideal test case for investigating the heights of plumes using the
method outlined in section [£.2.3] for which a comparison against the iterative

retrieval heights would be a good first step.

4.4.2 Sabancaya and Ubinas, Peru

Ubinas and Sabancaya are volcanoes in Southern Peru which are just over 120
km apart. They are both significant emitters of volcanic gases, and TASI data
has previously been used to complement ground based measurements at these two
volcanoes (Moussallam et al., |2017)), demonstrating an increase in activity in late
2012 and late 2013 respectively. The annual summary plots for Ubinas, figure [4.13]
shows that between 2007 and 2009 the SO5 emission from the volcano fell. This
corresponds to observations of the volcano’s activity outlined in [Rivera et al.| (2010,
2014)): eruptive activity beginning in March 2006, intensifying between April 2006
and September 2007, and then activity declining until the end of 2009. Between
2009 and 2013, the annual TASI emission index for Ubinas remains fairly constant,
with only a few alerts in the monthly analysis. This is followed by a significant rise
in 2014, which is also apparent in the OMI annual flux. This is accompanied by
an increase in the number of thermal anomalies detected with MODVOLC. This
corresponds to a new eruptive phase which began in September 2013 (as can be

noted by the increase in the emission index seen in this month) with activity peaking
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Figure 4.13: As figure for Ubinas, Peru

in April 2014 (Coppola et al., [2015). Following 2014, a departure is seen between

the trends in the OMI flux dataset and the plume rotated IASI emission index.
This is following an increase in activity at the nearby Sabancaya volcano, whose
activity also increased in 2014. As the plume rotation technique identifies plumes

within 200 km of the volcano in question it can be affected by other emissions in
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the area. When this occurs (i.e. if two volcanoes within a close distance of each
other are both flagged as having an elevated signal) then it is important to consider
other data sources. This is avoided in the OMI dataset by removing pixels with
elevated SOy amounts from the analysis; however, this then removes emissions from
explosive eruptions. In this case, a better representation of the trend in activity
can be observed in the IASI vent rotated emission index, which following the peak
in activity in 2014 shows a decrease in the SO, amount, closer to the trend seen
with OMI and with activity noted in literature.

By contrast, the impact of Ubinas on the emission index trend of Sabancaya
is smaller, although some false alerts can be seen in the monthly emission index
between 2007 and 2010. The annual average plots for 2007-2009 clearly reveal a
second emission source in the region encouraging wariness when interpreting the
results. Despite this, the yearly emission index is shown to be fairly constant between
2007 and 2012. In December 2012, activity at Sabancaya increased after fifteen
years of quiescence. Two phreatic eruptions occurred in August 2014 (Moussallam
et al., [2017)) resulting in a slight intensification in the monthly emission index.
Moussallam et al.| (2017) also notes that ash plumes were emitted in November 2012:
a month which is again associated with an increase in the monthly emission index.
The yearly and monthly emission index (both plume and vent rotated) shows an
intensification of the SO, signal at the volcano between 2013 and 2017, peaking
in 2017 when thermal alerts were also reported at the volcano. MIROVA, which
has a greater sensitivity to thermal emissions than MODVOLC, indicated the first

thermal emissions in November 2016, which is the month with the greatest monthly
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Figure 4.14: As figure for Sabancaya, Peru

plume rotated emission index. Overall, the plume rotated emission index agrees
well with the OMI flux measurements with a correlation of 0.97.

The results at these two volcanoes are very encouraging implying that the
emission index is capturing the changing activity levels at both volcanoes. Like

Popocatépetl, the measurements here are helped by the high elevation of the two
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volcanoes, both having vents above 5.5 km.

4.4.3 Nevado del Ruiz and Nevado del Huila, Colombia

Figures and show the annual summaries for Nevado del Huilia and Nevado
del Ruiz in Colombia. Figure shows that elevated emissions were detected at
Nevado del Huilia for the first half of the study period. Emissions are shown to
increase between 2007 and 2009, before falling and then remaining fairly constant
for the remainder of the study period. This is fairly similar to the trends seen with
OMI and the thermal anomalies with correlations of 0.85 and 0.82 respectively. A
small increase in the plume rotated emission index is seen in 2015, while the vent
rotation emission index remains low. This is likely to have been influenced by the
eruption of Wolf volcano in the Galapagos in May. Wolf produced a 15 km high
SO, cloud, with an estimated mass of around 200 kt (GVP, 2015b). This travelled
eastward across northern South America and led to false detections at a number
of volcanoes in this region as can be seen in figure [4.10] This again highlights
the importance of manual interpretation of the results. Where multiple volcanoes
in the same region are flagged at the same time, or there are differences in the
plume and vent rotated emission indices, the data should be carefully evaluated
to ensure that the results are understood correctly.

Nevado del Ruiz exhibits an opposite trend to Nevado del Huila. For the first
few years of this study, only a few months have flagged emissions and these are likely
to be false alerts caused by plumes from other volcanoes. From December 2011,
an elevated signal is detected in every month to the end of the study period. The

gas emission is shown to increase significantly in 2012. The GVP bulletin report
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for Nevado del Ruiz in August 2012 , notes that there was steady
increase in SO, emissions between 2010 and 2012, measured with ground-based
DOAS instrument, with a dramatic increase in activity in February 2012 (when
emissions are first detected with IASI), with SO, emissions peaking in May and

June 2012 at 33,000 t/d, again reflected in the monthly emission index computed
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Figure 4.15: As figure for Nevado del Huila, Colombia
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Figure 4.16: As figure for Nevado del Ruiz, Colombia

from the TASI linear retrieval data. Following 2012, there is a slight decrease in the
[ASI emission index. This is in contrast to the OMI flux which sees an increase in
emission. This may reflect the different nature of the two techniques: with the IASI
rotation including all activity types and the OMI flux reflecting passive emissions

only. Despite this the correlation coefficient with the TASI plume rotation method is
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high at 0.93. A much lower correlation coefficient (0.33) is obtained when compared
against the number of thermal anomalies which only begin in late 2015, four years
after the gas emissions increased. This could possibly be related to the extrusion of
a lava dome in the latter part of 2015 for which there is some seismic evidence as well

as an increase in the number and magnitude of thermal anomalies (GVP} 20178).

4.4.4 Pacaya and Fuego, Guatemala

Figure shows summary plots for Fuego and Pacaya in Guatemala. These
volcanoes are within 35 km of each other and so have been considered together,
as they were in |Carn et al.| (2017)). The annual averages show a peak in activity
in 2010 with the strongest signal being seen in May. This corresponds to an
explosive eruption at Pacaya during which there was significant ash emission and
extensive lava flows (GVP} 20108), thereby causing a considerable increase in the
number of thermal alerts. Following this a steady increase in the emission index
can be observed culminating in 2017. This reflects an increase in activity at Fuego
volcano as noted by Naismith et al| (2019). In their study they suggest that a
new eruptive regime began in 2015 after which there were a greater number of
paroxysmal eruptions usually preceded by lava effusion. This changing activity is
captured well in the IASI plume rotated emission index and the OMI flux data.
The two agree reasonably well with a correlation of 0.6. This value is lower than for
other volcanoes explored in this section, but highlights one of the main differences
between the TASI and OMI datasets: the OMI flux removed high column amounts
to get a number more indicative of the emission from non-eruptive degassing, which

would remove the significant eruption from Pacaya. The vent rotated emission
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Figure 4.17: As figure for Fuego and Pacaya, Guatemala. Due to the close
proximity of these volcanoes they have been treated as one source. The number of
thermal alerts in each year is indicated for both volcanoes. However, the monthly

number of thermal alerts (final line) is for Fuego.
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index departs from the plume rotated index in 2017. This implies that the plume

is emitted at heights greater than the volcano.

4.5 Decadal changes in volcanic emissions

In the previous section it was shown that at a few volcanoes it is possible to observe
changes in volcanic activity with the emission index (equation computed from
the plume rotated data. It is a useful exercise to consider how emissions have varied
over the decade studied, and if these changes are the same as those identified in
the UV flux dataset. This was done by applying a linear fit to the plume rotated
emission index for each volcano studied. The standard deviation of the upwind
column amounts (o, ), which represents the background variability, was used as the
error within this computation. There were few volcanoes for which the linear fit is
considered a good representation of the data (based on there being a probability of
0.1 or greater that the computed goodness of fit has at least a value of chi-squared).
This is not surprising. Firstly, because the error used to perform the linear fit
is very small (the error with respect to the signal, T4, is usually less than 5%),
making it unlikely that the model will fit the measurements. In addition, there
are spikes in the timeseries which mean that the linear fit may not be applicable.
There is also the question of whether or not a linear trend is really appropriate for
describing changes in gas emissions at volcanoes. At Sabancaya, for example, the
increase in SO, with the plume rotated approach is shown to be exponential. In
contrast, a step change can be see at Nevado del Ruiz in 2012. As a result, the

values computed here are simply used as an indicator of whether there has been
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an overall increase or decrease in SOy emissions during the studied time period
and should not be interpreted as a linear change in emissions.

A linear fit was applied to all volcanoes for which the linear correlation coefficient
(r; describing the strength of the linear relationship) was greater than 0.5 or less
than -0.5, as in (Carn et al.| (2017). Of the 166 volcanoes studied, 11 exhibited a
positive trend (r > 0.5) and 28 showed a negative trends (r < -0.5). A subset of these
volcanoes, chosen because they were included in the Carn et al. (2017)) trend analysis
or because of their inclusion in section [£.4] are shown in figure [4.18h. These plots
show the changing plume rotated emission index and the computed linear fit and
are colour coded based on the gradient of the linear fit: which gives an impression
of whether there has been a positive or negative change in SO, over this period.

In their analysis Carn et al.| (2017)) found 32 volcanoes for which a linear fit
could be applied (r > 0.5 or r < -0.5). This linear fit has been recomputed, using
the same routine applied to the IASI emission index, from the MEaSURES| (2019)
dataset available online, which contains the annual fluxes for each year considered
in the current study (2007-2017). Note that this excludes volcanoes which were
not listed as having being active since 2007 in the GVP| (2013/) database. The
linear fit gradients computed from the OMI fluxes and IASI emission index are
compared in figure [4.19, This is divided into four boxes which indicate whether the
two techniques are observing the same positive or negative trends. First inspection
of this plot suggests that for the most part this is the case. However, of the 23
volcanoes analysed, only four had values for r which exceeded 0.5 or were less than
-0.5 in both datasets. Of these, a downward trend is observed in both the OMI

fluxes and TASI emission index at Nevado del Huila and Miyakejima. However, this



166 4.5. Decadal changes in volcanic emissions

Ubinas - Ub Nevado del Huila - NH Galeras - Gal Kilauea - Kil
0.4 0.08 0.030 0.030
3 03 0.06 0.025 0.025
x 0.2 0.020 0.020
s 0.04
2 oos : 0.015 0.015
S 0'0 0.02 0.010 0.010
2 0.005 0.005
E-01 0.00 0.000 0.000
02 200820102012 2014 2016 -0.02 200820102012 20142016 -0.005 200820102012 2014 2016 -0.005 200820102012 2014 2016
Miyakejima - Mi Barren Island - Bal Montagu Island - MI Manam - Man
0.04 0.010 0015 ——————— 0.025
8 0.03 ppont 0.010 0020
= 0. .01
% 0.006 0.015
° 0.004
= 0.02 5 = o ) 0.005 0.010
s 0.0 0.005
8 0.01 0.000 0.000
£ -0.002 0.000
0.00 200820102012 2014 2016 -0.004 200820102012 2014 2016 -0.005 200820102012 2014 2016 -0.005 200820102012 2014 2016
Fuego - Fue Nevado del Ruiz - NR
0.04 0.15
S
2 003 010
< §
3 0.02
£ 0.05
_5 0.01
@
g 0.00 0.00 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003
g Gradient (DU/yr)
0.01 -0.05

200820102012 2014 2016
Years

60°N

30°N

0°N

30°s

90°E 120°E 150°E 180°E 150°W 120°W 90°W 60°W

Figure 4.18: The graphs show how the plume rotated emission index varies over
the 11 years studied for 10 volcanoes. These have been colour coded according to
the gradient computed with the linear fit. Overplotted on this is the linear fit. The
map shows the location of these volcanoes and again the symbols are colour coded
by the computed gradient. The volcanoes are labelled with the codes listed in table
4.2 and can also be seen in the titles of the graphs above.
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is not the case at Montagu Island (a positive trend is seen with IASI and not with
OMI) or Kilauea (positive trend seen in the OMI fluxes but not in the IAST emission
index). At Montagu Island this is due to a spike in the emission index in 2016: it
is unclear if this is a true signal as there are no reports of activity in this month.
At Kilauea, it is possible to identify a downward trend in both datasets (figure
[C.15), following an increase in the SO, flux in 2008. The linear trend computed for
OMI has been greatly affected by the increased emission between 2007 and 2008:
highlighting a limitation of using a linear trend when there may be jumps in the
dataset used. If removed a downward trend would also be observed.

There are many volcanoes for which a strong correspondence (r > 0.5 or r <
-0.5) could be seen in the OMI fluxes but not in the TASI emission index. Figure
indicates that many of these cluster around where the gradient of the linear fit
describing the TASI data is around 0. This implies that the IASI emission index is
showing little change. This is related to some of the limitations noted in section
[4.3], primarily the height of the emitted plumes. For example, Yasur and Dukono
have altitudes of less than 1300 m. Another reason why trends can be observed
with the OMI fluxes and not in the IASI emission index (and vice versa) are the
different natures of the two techniques: the OMI fluxes emitting large plumes while
the TASI emission index incorporates these. This affects the appropriateness of
fitting a linear line to the respective datasets. For example, at Sabancaya (Peru),
there is an exponential increase in the IASI emission index which is more extreme
than that seen in the OMI fluxes due to the inclusion of large plumes. Similarly,
at Ambae (Vanuatu) a sudden step increase is seen in 2017 in the IASI emission

index following a large eruption (GVP, 2018). This increase is amplified by few
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Figure 4.19: A comparison of the gradients computed with a linear fit applied to
the IASI plume rotated emission index and the OMI fluxes from Carn et al.| (2017).
The filled circles indicate where r <0.5 or r > 0.5 for both techniques. Squares

indicate where this was only the case for the OMI fluxes and triangles indicate

where this was only true for the IASI plume rotated emission index. The plot is

divided into four rectangles (clockwise from the top left): negative trend seen with

the TASI plume rotated emission index, positive trends seen with both, positive
trend seen with OMI but not IASI and negative trend seen with both. Each point
is labelled with the codes listed in table 4.2.
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detections prior to the eruption in 2017 (due to the height of emissions) and the
inclusion of high SO, column amounts in the data. For both Sabancaya and Ambae
a linear fit is not an appropriate descriptor of the emission index timeseries.
Applying a linear trend is a useful tool for assessing broad changes in activity.
This could be useful for comparisons against other datasets which show changes
in volcanic behaviour. In some cases there may be potential to identify precursory
signals. However, as mentioned before, the results from a linear trend should be
considered very carefully, as it is not expected that volcanoes behave linearly. An
interesting future direction would be to look at cycles and trends in the monthly
emission index or even finer temporal resolutions. Comparisons of this with a similar
product from UV instruments, and other satellite and ground based indicators of

volcanic activity, might give greater insight into volcanic processes.

4.6 Conclusions

This study investigates how the linear retrieval developed by Walker et al.[ (2011,
2012) can be used to monitor emissions of SOy across the globe. It takes a similar
approach to [Ebmeier et al.| (2014)), [Fioletov et al| (2016]) and |Carn et al.| (2017)
by rotating the linear retrieval output so that the plume is always aligned to the
north. A simple comparison of the upwind and downwind signal can then be used to
indicate when and where there are elevated emissions, and can show changes in the
magnitude of these. Unlike the paper by (Carn et al. (2017), this study investigated
finer time scales, thereby offering more information on how the emissions varied

over time. Also, the main rotation approach taken in this paper did not discount
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emissions from large eruptions where measurements are crucial for understanding
the impacts of these plumes. This also avoided the difficulty of defining a threshold
between passive and eruptive degassing. It did however, come at the cost of a
greater number of false detections, which was a particular limitation in regions
with lots of volcanoes in close proximity.

Applying this method systematically to volcanoes across the globe demonstrated
the strengths and weaknesses of the IASI linear retrieval. For example, it highlighted
that the retrieval, which is using a part of the infrared which is also sensitive to
water vapour, does not generally perform well at volcanoes at lower altitudes. That
is, unless these volcanoes erupt explosively so emitting large quantities of SO higher
up in the atmosphere. This observation is inline with previous studies. Where the
technique did perform well was at high altitude volcanoes, such as those in Central
and South America. Here there were regular detections, and a simple difference in
the mean upwind and downwind column amounts revealed changes in emissions
that matched closely with the fluxes produced from OMI data, thermal alerts and
observations made in literature. In addition, there is a considerable advantage to
using infrared instruments such as IASI for monitoring in low UV conditions. In
this paper, there are gaps in UV monitoring for 34 of the 166 volcanoes studied.

There is considerable potential for further study using this technique. Adapta-
tions could be made to the rotation algorithm such as the inclusion of tests which
can evaluate the likelihood that the rotated plume originated from the volcano in
question. An obvious future direction would be to apply the rotation tool to the
the |Carboni et al| (2012) retrieval, after which it would be possible to compute

a flux: which is more directly comparable to the results from Carn et al. (2017)).
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Future studies might also want to utilise the comprehensive dataset produced here
alongside other data products (both SOy and other indicators of volcanic unrest) to
further investigate activity at individual volcanoes and across arc settings.
Retrievals developed for the IASI instrument have been underutilised in studies
of long-term emission trends at volcanoes. This study builds on that by [Taylor et al.
(2018) to demonstrate that while this tool has some limitations, it can address some
of the weaknesses of other instruments. Ultimately, the use of multiple satellite

tools together will ensure the most reliable understanding of volcanic activity.
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Conclusions

5.1 Overview of results and future work

This thesis explored a number of different ways in which the TASI instrument can

be used to monitor volcanic activity.
CO, Slicing

Chapter 2 demonstrated that the CO, slicing technique, which has been extensively
used to obtain the height of meteorological clouds, could also be successfully
applied to volcanic ash. When applied to simulated ash spectra, the technique
was shown to successfully obtain the ash heights. However, it was noted that it

did not perform so well for ash with low optical depths or close to the surface
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because of a low signal compared to the instrument noise. It was also shown to
perform badly in isothermal conditions. Having demonstrated that the technique
performed well for the simulated cases, the technique was applied to scenes from
the Eyjafjallajokull and Grimsvotn eruptions. The technique was shown to perform
better than the Ventress et al.| (2016]) optimal estimation scheme when compared
against the backscatter profiles from CALIOP.

Further work is encouraged to fully appreciate the strengths and limitations
of the CO; slicing technique presented here. In particular it should be applied to
volcanic ash plumes from different volcanoes. However, the results are promising
and given the fast nature of the technique it could be used to obtain the ash
cloud height which could then be used as an input into the optimal estimation
scheme. Alternatively, the channels selected for the CO; slicing technique, which
have been shown to be sensitive to volcanic ash clouds in the troposphere, could
be incorporated within the optimal estimation scheme to improve the retrieval’s
height estimate. A further adaptation could be to extend the use of the technique
to ash clouds in the stratosphere which has previously been done by [Richards

(2006) and [Tupper et al. (2007).

IASI SO,

Chapters 3 and 4 explored the use of the SO, retrievals developed for TASI in Oxford
for monitoring emissions of SOy from volcanoes across the globe. In chapter 3, the
linear retrieval was applied globally and revealed numerous different sources of SOs.
This includes large explosive eruptions and also smaller eruptions and persistent

non-eruptive degassing, and anthropogenic sources. One of the strengths of this
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technique is that it is fast and so can be applied in real time. This also meant that it
could be relatively quickly applied to a ten year dataset to evaluate its performance.
This was done in chapter 4. Here the linear retrieval output for each orbit was
rotated to align the plume to the north. The rotated data was then averaged for each
month and year. A comparison of the upwind and downwind signal for each year and
month allowed an assessment of when and where emissions are detected with TASI.
SO, from large explosive eruptions were usually identified and very often caused
false alerts at other volcanoes because the rotation technique searches for flagged
pixels within 200 km of the source. It was also noted that the technique performed
well for volcanoes in central and south America which have fairly high altitudes,
and at many of these volcanoes long-term trends could be observed. In contrast,
little was seen at low altitude volcanoes unless it was from explosive activity. One
notable benefit of using IASI (or other infrared sensors) is the detection of emissions
during high-latitude winters, which was demonstrated in this study.

Two regions where plumes were commonly identified with the linear retrieval
were Ecuador and Kamchatka. The |Carboni et al.| (2012) iterative retrieval was
run over these regions to quantify the amount of SO,. Initial results showed a
negative bias over the regions which first had to be corrected. Once the correction
was performed it was evident that the plumes seen with TASI were smaller and less
well defined than those seen with OMI, primarily related to the different detection
limits of the two instrument’s retrievals. Despite this, a comparison of the total
average SO masses at Tungurahua showed good agreement with OMI and ground
based flux measurements. The trend in the total average SO, mass computed

over the Kamchatka region also showed similar trends compared to OMI even



176 5.1. Overview of results and future work

if the magnitudes differed. Again, the ability for infrared instruments to make
measurements during high latitude winters was demonstrated and it is suggested
that TASI be used as a complementary tool to OMI.

These studies have opened up a number of potential avenues for further work.
Chapter [4] identified a number of volcanoes where the linear retrieval performed well.
These could be selected for further study with the Carboni et al.| (2012) iterative
retrieval which could give a greater appreciation of the strengths and limitations of
this technique, and how it can be best used to monitor volcanic activity. Further
improvements could be made to the rotation algorithm, for example, the inclusion
of tests which can assess whether the plume originates from the current source
being explored. In addition, it would be beneficial to apply the rotation technique
to the [Carboni et al.| (2012) iterative retrieval. From this it would be possible to
quantify emissions and compute a flux which can be directly compared against
those obtained for OMI. The height retrieval from Carboni et al.| (2012) would also
allow testing of the height output from the rotation scheme.

Additional comparisons with ground based emission data could further highlight
the strengths and limitations of the TASI retrievals. Comparisons against SO4 fluxes
from DOAS and/or Flyspec instruments could help establish if the same patterns
are being observed. In addition, comparisons against FTIR instruments could
be interesting. Ground based FTIR instruments are able obtain estimates of the
emission rates of different gas species (e.g. COy, HoO, HCI). The ratio of these gases
(e.g. SO3/CO3) can then be used to get an estimate of the emission of other gases
from the satellite measurements of SO,. There are obvious similarities between the

ground based FTIR and TASI (which is an FTIR instrument) which means that the
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optimal estimation retrievals developed for IASI could be adapted for the ground
based FTIR spectra in the future to obtain further information on ash and SOs.

Chapters [3| and {| primarily focused on identifying the strengths and weaknesses
of the IASI instruments for the long term assessment of volcanic emissions and
activity. This was a useful exercise to demonstrate the instrument’s capability
for making measurements at different volcanoes and hopefully will encourage new
users of the IASI retrievals developed in Oxford. The dataset produced here could
provide a valuable contribution to a number of different studies. Most obviously, if
combined with SOy estimates from other satellite instruments, such as OMI and
TROPOMI, it could help to better constrain global emissions of SOy from volcanic
sources: essential for understanding the environmental and climatic impacts of
these plumes. Utilising measurements of gas ratios made by ground based FTIR
and combining this with satellite data, would then make it possible to get global
estimates of the other gas species emitted during eruptions (e.g. CO,, H,O). A
considerable benefit of using IASI alongside the UV instruments is the potential to
estimate the height of the plume (using either the rotation approach or the iterative
retrieval height estimate): a factor which can greatly affect the impacts of these
plumes. Further knowledge can be obtained by subdividing these emissions into
different categories. (Carn et al.| (2017)) for example divided them into eruptive and
passive emissions. Based on observations made in chapter 4, future studies could
subdivide these further. For example, it would be interesting to assess the relative
emissions from non-eruptive activity, effusive eruptions (e.g. lava flows and lakes)
and explosive eruptions, and from this evaluate the different impacts. Another

suggestion would be to subdivide the emissions into magma type or arc setting.
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Not only can these long term, global studies benefit our understanding of the
effects of volcanic emissions on the atmosphere and surrounding environment, but
they also have potential to better understand volcanic processes. The division
into groups such as magma type, arc setting and eruption types could potentially
help to identify commonalities and differences between volcanoes worldwide. While
care should be exercised when making such intercomparisons, these could help to
further develop models of the processes happening beneath the surface. This could
then potentially help to understand and mitigate against the hazards presented by
volcanic activity. It would be unrealistic to develop such models based off satellite
measurements of gas emissions alone. Instead it would benefit from utilising
satellite measurements of gas emissions, thermal anomalies and deformation, as
well as ground measurements of the same, and laboratory analysis. A recent study
by Reath et al.| (2019) compared satellite measurements of gas emissions, thermal
anomalies and deformation across Latin America. Part of this study looked at
whether these volcanoes could be characterised as open (gas rises easily through the
system resulting in little deformation and fairly constant gas emission) or closed (gas
does not easily leave the system resulting in a build-up in pressure and subsequently
more surface deformation) system. While some volcanoes could be classified as such,
others exhibited characteristics of both, while some displayed neither. Synoptic
studies like this begin to improve and challenge current understandings of volcanic
processes and there are exciting possibilities for further work which uses data from
multiple sources, which could include results from IASI. One interesting area to

explore could be to look at how the openness of the conduit and ease of degassing
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effects the heights of volcanic plumes which is something that retrievals developed

for TASI could help to contribute to.

5.2 Future Perspectives

The work in this thesis has demonstrated that IASI has the utility for studying
volcanic ash clouds and emissions of SO from multiple sources. With the launch of
Metop-C last year, there are currently three IASI instruments in orbit, and this
instrument ensures the continuity of these measurements for at least another ten
years (based off the current of lifespan of TASI-A; 12 years). Inevitably there will be
other explosive eruptions during this time which will provide opportunities to further
test the retrievals used in this thesis, and learn more about volcanic emissions and
their impacts. For a short time, until the inevitable failure of IASI-A, there will be
three TASI instruments in orbit, orbiting roughly 40 minutes apart, increasing the
temporal resolution, and if used together could potentially give greater insights into
plume dynamics. This thesis has demonstrated that the instrument can also be
used for monitoring the plumes from smaller eruptions, particularly in central and
south America. It is therefore possible that IASI could be used as a monitoring tool
in this region. Equally, the use of TASI in high latitude regions such as Kamchatka,
Iceland and Alaska in winter is incredibly valuable.

Future studies would benefit from using the TASI retrievals alongside those
for other instruments such as the new UV sensor TROPOMI, which is currently
on-board Sentinel 5p, launched in 2017. TROPOMI offers a higher spatial resolution

(7 x 3.5 km) and achieves global coverage once a day. This will offer new and exciting
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insights into volcanic activity that are not possible with previous satellites including
both OMI and TASI. However, these older instruments will still provide crucial
information. Critically they can provide a longer record of volcanic activity which
can be used to understand baseline emissions and to observe patterns in activity,
making them complementary to newer instruments. In addition, TASI can be used
to obtain coverage during the night and during high latitude winters. Infrared
instruments are also more sensitive to the height of volcanic SO, emissions. The
heights retrieved with TASI could be useful a priori information for UV retrievals of
SO, and could be used for validation of new UV methods for obtaining the heights.

The next generation of Metop satellites is planned for launch in 2022. On-board
will be a new ITASI instrument (IASI-NG, EUMETSAT! 2019a)). This instrument
will have a higher spectral resolution of 0.25 cm™! which is expected to reduce
radiometric noise and so could improve future retrievals. The retrievals (optimal
estimation scheme and COs slicing) used in this thesis could be adapted for this
instrument. This is an exciting opportunity to continue measuring SO, and ash.
Any work done over the next few years should consider the context of this new
instrument and the new opportunities that it will present. On-board the Metop
next generation satellites will also be Sentinel 5 (similar instrument to Sentinel
5p; TROPOMI). This will allow direct comparisons of plumes with these two
instruments. In addition to this, it is possible that the two instruments could be
used together, for example, using height information obtained with TASI-NG as
an a priori in the retrievals done by Sentinel 5.

In addition to this, there is the planned launch of the Meteosat third generation

instruments, planned for launch in 2021 (EUMETSAT), 2019b). These will be
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geostationary platforms. On-board will be a flexible combined imager (to replace
SEVIRI) with a spatial resolution of 1 km and and a very high temporal resolution.
It will have bands for each of the SO, absorption features and within the broad
spectral range affected by ash. On the same platform there is a lightning sensor
and an infrared sounder. The latter will have a 4 km spatial resolution and covers
the 680 to 1210 cm™! (8.26-14.70 pm) spectral range. While it is disappointing
that this does not cover the stronger SO, v3 absorption feature it does include
the 14 absorption feature and has sensitivity to volcanic ash. It will also measure
within the CO, absorption band. The COs slicing technique could therefore be
adapted for this instrument, and combined with an ash retrieval, it could offer
higher frequency ash measurements. With ever improving satellite measurements

there are lots of exciting opportunities to explore.
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CO9 Slicing - Appendix

This appendix includes additional figures from the COs slicing study (chapter .
Figures to show the maximum difference between the true (simulated)
and retrieved pressures for the six investigated atmospheres for all the channel
combinations between 660 and 800 cm~!. The plots are divided into the different
pressure levels. The figure also includes the percentage of successful retrievals (where
there is an intersections between the two functions shown in Eq. and and all
quality control conditions are met). This is out of a total of 8 simulations (for each
pressure level) with ash optical depths ranging between 5 and 15, effective particle
radius ranging between 5 and 10 um. These could be used to select channels which
are appropriate for specific climatologies. Figure [A.7] shows the final simulation

result for each atmosphere without the quality control applied.
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220 A. COy Slicing - Appendix

Figure Simulation results for the RT'TOV default, mid-latitude day, mid-
latitude night, tropical, polar summer and polar winter atmospheres respectively.
The top two line shows the maximum difference between the true (simulated) and
retrieved pressures grouped into the different pressure levels. Each level consists of
ash optical depths ranging between 5 and 15 and effective radius between 5 and
10 pm. The bottom two lines show the percentage of accepted retrievals (i.e. the
percentage of cases where there is an intersection between equation and
and where all quality control criteria are met)
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Figure A.3: Simulation results for a mid-latitude night atmosphere
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Monitoring SO9 Emissions with TASI -

Appendix

Included within the appendix is an animation (SM1) showing each of the global
monthly averages of the linear retrieval output. This can be used to identify further
eruptive activity and assess the persistency of signals. In the main text, each month
is referred to by its frame number. Also included are monthly averages of the bias

corrected iterative retrieval output over Ecuador and Kamchatka.
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226 B. Monitoring SOy Emissions with IASI - Appendix

SM1: Animation of the global linear retrieval output averaged for each month
between June 2007 and December 2014. This can be accessed at https://doi.org/
10.1002/2017JD027109 within the supplementary information (Taylor et al.| 2018).

A copy is also included on a memory stick attached to the back of this thesis.


https://doi.org/10.1002/2017JD027109
https://doi.org/10.1002/2017JD027109
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SO9 rotation study - additional
information

This appendix contains some further information related to the study of volcanic
SO, emissions using the rotation scheme outlined in chapter [ applied to the TASI
SO, linear retrieval developed by Walker et al.| (2011} 2012). Section discusses
how the area used to compute the emission index was selected. Section contains
tables showing the rankings of volcanoes based on the number of detections using
the three rotation approaches applied in this study. Finally, section contains

annual summery plots for 36 of the studied volcanoes.

C.1 Computing the emission index

An elevated emission at a volcano was defined by equation and the emission
index which shows the changing magnitudes of emissions at volcanoes was defined
by equation [4.2] These require the mean and standard deviation of column amounts
in the upwind and downwind of the volcano. These regions had to be defined and

so a couple of tests were done at a few volcanoes to find the most appropriate
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Figure C.1: Experiments with the regions used to calculate the upwind and
downwind signal. (a) The unrotated and rotated annual averages for Popocatepetl.
(b) the emission index (Z4 - T,,) computed for sectors with angles 25, 35 and 45°
from north. This has a set distance from the source of 100 km. (c¢) The emission
index computed for each month for boxes with widths of 100 and 200 km. (d) the
number of thermal anomalies detected with MODVOLC in each year and the OMI

flux.

areas to use. A variety of distances from the volcano in the upwind and downwind
were explored. In addition to this, the use of a box or a sector to compute the
emission index was also investigated.

An example is shown in figure [C.1] In this it is possible to see the unrotated and
plume rotated annual averages at Popocatepet]l and the emission index computed
using different areas: (b) using sectors with different angles and (c) using different
box sizes. Little difference in the computed trends can be seen. Based on the plume

rotated annual averages seen in figure [C.Th, it was decided it was more appropriate



C. SOy rotation study - additional information 237

to use a box instead of a segment as the plumes are fairly elongated.

A downwind box length of 100 km was selected. This is fairly small compared
to the length of the plumes seen in figure [C.1h. This is so that a smaller plume
would still affect the computed emission index: the mean in the downwind might
be diluted by calculating this over a larger area. The width of the box was also
shown in figure to not significantly affect the trend observed. 100 km was
selected partially based on the width of the plumes seen in and again taking
into consideration the effect on the signal if a larger area was chosen.

An upwind box of the same size was chosen. However, it was offset by 50 km. This
is to avoid any elevated SO, signal that might be seen just upwind of the volcano.

Future studies might want to consider a different approach. One possible
alternative would be to calculate the total mass within the downwind box and

varying the size of the downwind box based on the size of the plume.

C.2 Plume rotation rankings

Each volcano was ranked based on the number of detections for the three rotation

methods described in table .1} These rankings are included in the tables below.

Table C.1: The tables on the next two pages show the ranking of each volcano
based on the frequency with which a signal is detected. R1 = ranking based on
plume rotation; R2 = ranking based on vent rotation; R3 = ranking based on

passive emission rotation.
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Volcano Code R1 R2 RS3
Popocatepetl Popo 1 1 1
Etna Etn 2 2 2
Tolbachik Tol 3 7 7
Klyuchevskoy kly 4 4 4
Bezymianny Bez 5 5 7
Sheveluch She 6 1 9
Nyiragongo Nyi 7 3 3
Zhupanovsky Zh 8 12 12
Koryaksky Kor 9 15 14
Nyamuragira Nya 10 6 5
Kizimen Kiz 11 25 28
Karymsky Kary 12 20 20
Sabancaya Sab 13 10 10
Nevadodel Ruiz NR 14 8 6
Ubinas Ub 15 15 11
Lascar Las 16 9 15
Gorely Gor 17 26 18
Chikurachki Chi 18 28 28
Ebeko Eb 19 30 28
Tungurahua Tun 20 13 13
Alaid Ala 21 42 49
Etorofu- EY 22 51 46
Yakeyama
Kilauea Kil 23 14 19
Chirinkotan Ch 24 51 43
Akan Aka 25 70 62
Asamayama Asa 26 23 23
Sarychev Peak  SP 27 59 62
Kambalny Kamb 28 54 62
Cotopaxi Cot 29 21 21
Copahue Cop 30 17 34
Shishaldin Shi 31 23 24
Chirpoi Chir 32 79 119
Ekarma Ek 33 59 50
Turrialba Tur 34 18 17
Sangay San 35 21 21
Nevado del NH 36 18 16
Huila
Ambrym Ambr 37 32 39
Lopevi Lop 38 36 43
Semisopochnoi ~ Sem 39 54 50
Kusatsu- KS 40 30 33
Shiranesan
Aira Ai 41 27 34
Semeru Se 42 36 28
Hakoneyama Ha 43 44 39
Bagana Bag 44 39 32
Miyakejima Mi 45 44 39
Asosan Aso 46 53 43
Veniaminof Ve 47 48 50
Tengger TC 48 44 38
Caldera
Poas Poa 49 28 24

Volcano Code R1 R2 R3
Pavlof Pav 50 48 54
Kirishimayama Kir 51 39 54
Galeras Gal 52 32 26
Villarrica Vi 53 32 46
Stromboli Str 54 79 86
Raung Rau 55 32 34
Kikai Kik 56 70 54
Fuego Fue 57 42 73
Okmok Ok 58 54 99
Cleveland Cl 59 79 73
Ulawun Ul 60 44 39
Reventador Rev 61 39 34
Colima, Col 62 54 62
Bardarbunga Bar 63 70 86
Korovin Ko 64 79 119
Eyjafjallajokull Eyj 65 65 54
Ambae Amba 66 70 62
Erebus Ere 67 36 27
Redoubt Red 68 59 73
Llaima 1 69 48 54
Kasatochi Kasa 70 103 119
Kanaga Kana 71 103 99
Grimsvotn Gri 72 65 99
Great Sitkin GS 73 103 119
Bogoslof Bog 74 103 119
Ontakesan On 75 139 145
Pacaya Pa 76 59 99
Yasur Ya 77 90 73
Santa Maria SMa 78 90 119
Soputan So 79 70 73
Kelut Kel 80 90 119
Gaua Gau 81 103 73
Rinjani Ri 82 70 62
Rabaul Rab 83 54 46
KuchinoerabujimaKuc 84 103 86
Arenal Are 85 65 50
Witori Wi 8 59 54
Sinabung Sin 87 65 62
Lokon-Empung LE 88 70 62
Agung Agu 89 119 99
Puyehue- PCC 90 59 62
Cordon Caulle

Dieng Volcanic DVC 91 90 73
Complex

Zubair Group Zu 92 90 86
Jebel at Tair JT 93 119 119
Suwanosejima Su 94 119 99
St. Helens MSH 95 103 99
Merapi Me 96 119 99
Krakatau Kra 97 90 73
Kadovar Kad 98 79 86
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Volcano Code R1 R2 R3
Calbuco Cal 99 79 73
Batu Tara BT 100 79 119
Sangeang Api SA 101 139 119
Nishinoshima Ni 102 103 86
Manam Man 103 90 86
Heard He 104 70 54
Piton de la PF 105 90 73
Fournaise
Erta Ale EA 106 79 119 Volcano Code R1 R2 R3
Egon Eg 107 119 119 Toto Toto 139 139 119
Bristol Island Brl 108 65 62 Dempo Dem 140 139 119
Saunders Sa 109 90 73 Concepcion Con 141 119 86
Ritter Island RI 110 79 62 Tongariro Ton 142 119 119
Paluweh Pal 111 119 145 Rincon de la RV 143 157 145
Montagu Island  MI 112 90 73 Vieja
Manda Hararo MH 113 90 99 Momotombo Mo 144 119 119
Karangetang Kar 114 70 54 Marapi Mar 145 119 99
Iliwerung Ili 115 119 145 Kerinci Ker 146 139 119
Hierro Hi 116 139 119 Karthala Kart 147 139 119
Fogo Fo 117 90 73 Ibu Ibu 148 139 145
Dukono Duk 118 90 86 Hudson Cerro CH 149 103 145
Wolf Wo 119 119 99 Gamalama Ga 150 139 119
Slamet Sl 120 103 99 Fernandina Fer 151 139 119
Sirung Sir 121 139 145 Tinakula Tin 152 157 145
Planchon- PP 122 79 86 Talang Tal 153 119 99
Peteroa San Miguel SMi 154 139 145
Lewotolo Le 123 119 145 Pagan Pag 155 157 145
Krummel- KGW 124 119 99 Negra Sierra SN 156 157 145
Garbuna- Masaya Mas 157 139 119
Welcker Langila Lan 158 157 145
Hunga Tonga- HTHH 125 119 99 Gamkonora Gam 159 139 145
Hunga Haapai Barren Island Bal 160 157 119
Nevados de NC 126 119 99 Cerro Azul CA 161 157 145
Chillan Telica Tel 162 157 145
Chaiten Cha 127 119 99 San Cristobal SC 163 139 145
Anatahan Ana 128 103 99 Karkar Kar 164 139 145
Alu-Dalafilla AD 129 79 145 Bulusan Bul 165 139 145
Zavodovski Za 130 103 86 Kanlaon Kanl 166 157 145
White Island WI 131 119 99
Tofua Tof 132 103 86
Tangkubanparahu Tan 133 157 145
Soufriere Hills SH 134 119 119
Ruapehu Ru 135 103 99
Nabro Nab 136 103 119
Mayon May 137 103 86
Ol Doinyo ODL 138 139 119



240 C.3. Volcano Annual Summaries

C.3 Volcano Annual Summaries

The rotation algorithm, outline in section [£.2.3] was applied to 166 volcanoes
worldwide. Summary plots for 36 of these volcanoes are included here. These were
selected either because they are discussed in the main text or because they fall
within the top 20 volcanoes as ranked with the plume rotation technique. These

plots for any of the other volcanoes can be made available on request.

Figure Annual summary plot for Aira, Japan. The first row shows a map of
the region used for the initial processing (a 12° box around the volcano). The number
of volcanoes, which have been active since 2007, within specified distances are listed
to the right of the map (these are also plotted on the map in the corresponding
colours). To the right of this are plots showing the multi-annual average (2007-2017)
for the unrotated (UR; included as these help identify other SOy sources in the
region), unrotated without SO, flagged pixels (UR - PE), passive emission rotation
(PER), vent rotated (VR) and plume rotated grids (PR). Note that these have been
reduced to 200 km from the volcano to better show the plumes. Beneath this are
the equivalent plots for each year (years going across, and the different grids going
down). The third plot shows the vent (blue) and plume (red) rotated emission
index (equation for each year along with the flux obtained with OMI (right
axis) and the number of thermal anomalies identified by MODVOLC in each year
(2" axis on the right). The chart beneath this shows the emission index computed
using passive emission, vent and plume rotated methods respectively. An increase
in colour intensity implies an increase in SO5 emission. The final line shows the
number of MODVOLC thermal anomalies for each month studied.
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Figure C.4: As for figure [C.2|for Asosan, Japan.
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Figure C.8: As for figure [C.2|for Dukono, Indonesia.
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Figure C.9: As for figure (C.2/for Ebeko, Kuril Islands.
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Figure C.12: As for figure |C.2|for Galeras, Colombia.
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Figure C.13: As for figure |C.2|for Goreley, Kamchatka.
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Figure C.16: As for figure |C.2|for Kizimen, Kamchatka.
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Figure C.17: As for figure C.2|for Klyuchevskoy, Kamchatka.



249

C. SO, rotation study - additional information

SuBle [ewaY) “ON

QI ‘Teoser] 10§z Dl 0mSy 10§ sy 61D 2SI

3unod JT0AAOW (NQ) uone3o JUA - 13
0’7

0E Sz ST R SZ'0 020 ST'0 0T'0 SO0 000
XN INO - = =
UOIIRIOS JUDA e (n@) uonejos swnid - |3 (n@) awnid ou - |3
uonelos dWNY  —— €0 z0 10 00 90°0 $0°0 200 000 20°0-
L10C 9102 S10C 102 £10C (414 1102 0102 6002 8002 00T
DTOAQOW
01 WN|d
301 JUIA
.- awnid oN
0 00 = 000
4 s I —z00
5 | E 3
v = —=| ¥00 &
O+ = g
e —
9 oS0 — — %00 H
£ L 4 &
2 —1800 =
8 I3 ~ —
2 =1 =
ot s L —Joro
o1 1 I L L I L I [ PN
(wy) 2duersiq  (wy) duelsiq  (wx) dueIsiq (W) duelsiq  (wx) duelsiq (W) duelsia  (wx) duelsig (W) Duelsiq (W) duessia (W) duelsia  (wy) duelsia
50°0- OET_0 OFT- OET 0 OFT- OET_ 0 OFT- OET 0 OFT- OET 0 OEI- OET 0 OET- OET 0 OFT- OET 0 OET- OFT 0 OET- OET 0 OET- OET 0 OFT-
oot §
v '] v (] v x (] v v # o i3
m oot §
o 3
o . E - =}
8 000 oot ¢
< 2 <
© v L] L v ¥ L L] % 83
» \ . ’ oot §
ke El
] - §
o oot m e
€ G600 v v v v v v v v v v v o 3o
w oot 3
4 o
m DQTW m
S v v v v v v v v v v v o &7
Z oto w5 ®
g O L ] el el i 4
cl 00T- &
v - - - - v - - - v ® 035
- - - . - - - - s {oor 3
sTO £10Z 910C ST0Z (2014 €107 T10Z Ti0¢ 010¢ 600¢ 8007 £00Z

(W) @dueIsig

(wy) @dueisig (W) @duersiq  (w) 9duelsia  (wf) dueisig

OET .10 - 0€T+.0€T. 0. OET+ (OET  .:0. 0EL: OEL .0 OET~.0ET .0 .. 0EL: Mob9 MBI MoZL
o S:82
00T- & 0w 00€
P v v v - 0 3 0:w 00z SobZ
o
= 7001 W 0 :un 08 S:0Z
Hd YA Y3d 3d - dn dn Jedseq

Sudle [ewsay) "oN

ey jRIPUWRY] ‘AYSYRAIOY HQE 0IN3Y 10J Sy 8T oInSig

WODAOTrC conug
0'¢ o'e

(NQ) uonejos JuA - 13

0'S 0’8 Io0 020 ST'0 010 S0°0 000 S0°0-
XN INO = = =
[TI TR TVEY Np— (NQ) uonejos swnid - |3 (n@) dwnid ou - 13
uonejos dWN|d  —— 70 €0 Z'0 10 00 £0°0 200 100 000 10°0-
L10T 910Z ST0C ¥10C E£T0C 2102 1102 010Z 600C 800C L00T
D10AdOW
101 swnid
01 JUaA
— awnid oN
ot 00 LA — 4 200-
: [ g
3+ —000 o
50 s [ 7 3
= - &
g —wo g
00 oS0 — 5
= | oo §
> B =
50 =T E 2
= |k —Jo00 =
s L i
ot ot I I I L L I I L I L L L T PPN
() 2DUESIQ () DURSIA (W) DURSIA (WD) DURSIA (WH) URISIQ (W) BURISIQ (W) UESIQ (W) dUEISIG (W) BdUEISIQ (W) oULISI (W) 2ULISID
500 OET 0 OET- OET 0 OFT- OET 0 OFT- OET O OFT- OET 0 OFT- OET 0 OFT- OET 0 OFI- OET 0 OET- OET 0 OET- OET 0 OET- OET 0 OFT-

v v v v v v v v v v v o 23
jy oot §
3010 .

5 v v v v v v v v v v v o 2SS
@ oot 3
£ 510 N
& oot &
= v v v v v v v v v v v o 2 R
5 53
= oot §
> 020 o
M oo & <
g5
£ v v v v v v v v v v v o 3
= oot § M
S e El
IS S0 o
oor- &
v v v v v v v v v v v [
n oot §
0€°0 L10C 9102 S10C ¥10Z €102 z1o0e 1102 010z 6002 8002 00T
(wy) @dueysig  (wy) @duesig (W) aduelsiq  (wf) dueisig  (wy) dduessig
OET O OE€T- OET 0 OEl- OET 0 OET- OET O OET- OET O O€fT- 9T 3:09T 3:95T
o No8%
00T- & 9w 00€
£ NoZS
w
v v v v v 0; @ SO0
00T = N:9S
3 T:wW)0S
dd YA d3id 3d-dn un




C.3. Volcano Annual Summaries

250

Lokon-Empung UR UR - PE PER VR PR Manam UR UR - PE PER VR PR
o5 ) s0km:1 € oN ioooi--d s0km:0 E
2N i ~ 100 < 100
@ " [}
on % 200km:2 2 O A o e = e 49 200km:2 2 O & 2 2 A s
®© ®©
3 300km:3  { -100 85 300km:2  { -100
2sh R O =) ) ) a
120°E 124°E 128°E -130 0 130 -130 O 130 -130 O 130 -130 O 130 -130 0 130 140°E 144°E 148°E -130 0 130 -130 0 130 -130 O 130 -130 O 130 -130 0 130
Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km)  Distance (km)  Distance (km) Distance (km)  Distance (km)
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
E o E w0
L 8 o A A A A A A A A A A A 0.18 3] A A A A A A A A A A A 0.18
£ 100 e £ 100 .
e =) Q =
= 0.16 & = 0.16 o
w § 10 e w § 100 =
s o w2 =
o g o A A A A A A A A A A A = 0 g o A A A A A A A A A A A =
2 o 2 o
S £ 0.14 ¢ S £ a0 0.14 ¢
_ < _ <
£ 10 S £ 10 c
« T £ oy =
g g oo A A A A A A A A A A A 0.12 5 g g oo A A A A A A A A A A A 0.12 5
£ 100 S £ 100 S
e ~ e ~
= o z o
£ 100 0.10 ®» £ 10 0.10 »
-3 m o A a a A A A A A A A A g -3 m o A A A A A A A a A A A g
2 100 m 2 100 w
° 0.08 & N 0.08 &
£ 100 = £ 10 =
€8 o0 A A A A A A A A A A A £ ¢ o A A A A A A A A A A A
£ 100 0.06 £ 100 0.06
5 5
<130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 <130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130 -130 0 130
Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km) Distance (km)
0.015 —— T T T T T T T T T T 200 0.020 = 1400
E I I I _ 4 = ] _ 500
E g E g B8
~ 0.010 = ~ 0.015 | E
3 E 5 Esg 3 E 3 zE§
& 0005~ s H” 8 o010 = s Woow
£ E 100 $ S E g E —s0 2 £
$ 0.000 g 2 § 0.005 - ] 3 2
K] E = 5 @ = ] 2 200
£ = s 2 E £ - g 2
0,005 [~ 2 & % 0.000 [~ 7 2 E 100
£ < g 3 =
-0.010 fp 0 0 -0.005 [ o 200 0
No Plume ‘ No Plume
Vent rot _ Vent rot
Plume rot _ Plume rot
MODVOLC| * MODVOLC|
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
e ——— )
-0.010 -0.005_ 0.000 0.005 0.010 0.015 -0.01 0.00 0.01 0.02 0.03 0.04 0.05 —— Plume _‘Onm on -0.01 0.00 0.01 0.02 0.00 0.05 0.10 0.15 0.20 —— Plume wonmn_o_,_
- no plume (DU) - plume rotation (DU) ——— Vent rotation El - no plume (DU) El - plume rotation (DU) ——— Vent rotation
= = - OMiflux < = = - OMiflux
-0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 1.0 15 2.0 25 3.0 25 4.0 0.00 0.05 0.10 0.15 0.20 20 40 60 80
El - vent rotation (DU) MODVOLC count El - vent rotation (DU) MODVOLC count

Figure C.20: As for figure [C.2|for Lokon-Empung, Indonesia. ~ Figure C.21: As for figure |C.2|for Manam, Papua New Guinea.
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Figure C.25: As for figure E for Nyiragongo, Democratic
Republic of the Congo

Figure C.24: As for figure Emg, Nyamuragira, Democratic
Republic of the Congo.
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Figure C.28: As for figure [C.2|for San Miguel, El Salvador.
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Figure C.29: As for figure [C.2|for Sheveluch, Kamchatka.
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Figure C.33: As for figure |C.2|for Tungurahua, Ecuador.
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Figure C.36: As for figure |C.2|for Yasur, Vanuatu.
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Figure C.37: As for figure |C.2|for Zhupanovsky, Kamchatka.
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