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Remote Sensing of Volcanic Hazards and their

Precursors

Andrew HooperSenior Member IEEEFred Prata and Freysteinn Sigmundsson

Abstract

Ash, tephra and gas ejected during explosive eruptionsigeeva major far-reaching threat to
population, health and air traffic. Lava flows, lahars andd®fsom ice capped volcanoes can also have
a major influence, as well as landslides that have a potédiotidbunami generation if they reach into
sea or lakes. Remote sensing contributes to the mitigafitmese hazards through the use of synthetic
aperture radar interferometry (INSAR) and spectroradioynén the case of INSAR, displacements of
a volcano’s surface can be interpreted in terms of magma mere beneath the ground. Thus the
technique can be used to identify precursors to eruptiodd@track the evolution of eruptions. Recent
advances in algorithm development enable relative disph&nts over many km to be measured with
an accuracy of only a few mm. Spectroradiometry on the otlaadhallows monitoring of a volcanic
eruption through the detection of hot-spots, and monitp@md quantification of the ash and SO
emitted by volcanoes into the atmosphere. The tracking lofphismes during eruptions assists in the
identification of areas that should be avoided by aircrafireHve present a review of these two remote

sensing techniques, and their application to volcanic fusza
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I. INTRODUCTION

\olcanic hazards include long-distance ash transportireeffallout, lava flows, pyroclastic
flows, lahars and volcanic gas release, as well as landshdeégheir potential for generating
tsunamis if located close to the sea or a lake. The hazardeasanboth local and global reach;
small eruptions may have devastating effects on their engsirand major explosive eruptions
and their eruptive plumes may have global effects on airetrdwealth and climate. Eruptions
often have precursors in the form of volcanic unrest, redlias increased seismicity, elevated
ground deformation rates, and increased release of volgas and heat [1]. Such unrest, due
to magma movements in the volcanic plumbing system, may ioak@ either in an eruption or
with magma stalling at depth, without reaching the surface.

Various remote sensing techniques can be applied to impyaveinderstanding of volcanic
processes, to detect precursory activity to volcanic ltszand to provide key monitoring data
during volcanic hazards. In fact, remote sensing is chantia field of volcanology, to the extent
that a new field of “general volcanology” is emerging, regton various recent technological
advances. Remote sensing of volcanic hazards and theiurpogs via satellites is of central
importance in this respect. All imagery of eruptive activis important to monitor progress of
activity, but in this paper we address two types of remoteisgrntechniques that have advanced
in recent decades and are important in the new general \altwgy1 synthetic aperture radar
interferometry (INSAR) for evaluating ground deformatianvolcanoes, and spectroradiometry
to detect eruption onset, map eruptive products and quwatiig amount of ash and gas in
eruptive plumes.

Magma movements in the volcano subsurface often lead tatdéle signals prior to eruption.
Increase in seismic activity is a primary signal of such ®aoic unrest, recordable through
a network of seismometers on the ground. In some cases, bulinanagma recharging of
volcanoes leads to surface deformation of volcanic edifioien ranging from several to tens
of centimeters. This important type of precursor to volcaagtivity can be studied by remote
sensing, through INSAR. Observations and interpretatfatetormation fields on volcanoes can
reveal how much, and where, new magma is accumulating in ef@awnic plumbing system.
INSAR measurements can reveal relative deformation wild mm accuracy, providing key

information about the nature of volcanic unrest. There hbeen many successful INSAR



studies, utilizing various radar satellites, of magma audation in the volcano subsurface;
sometimes such events have preceded eruptions and in @bkes oo eruption has followed
[2] and references therein. The challenge remains to utaetsvhen volcanic unrest will lead
to an eruption and when it will not. If an eruption occurs, A5 studies of deformation can
reveal co-eruptive deformation, which can be used to camsthe source of the magma, and
the magma plumbing systems involved.

Satellite images, in the visible or other frequency banelsprd emitted and reflected radiation
from the Earth’s surface and atmosphere. Data are acquretibmeters aboard satellites, many
of which operate over a wide frequency band. They providetspeadiometric observations of
the precursors to volcanic hazards and once they occur,bdeet@ monitor them in near real-
time, sometimes in a continuous manner. Numerous sasetléde be used, all of which provide a
view on the eruption. Those offering a better compromisg/beh spatial, spectral and temporal
resolution are most suitable for contributing to near-rig@le observations of the progress of
eruptive activity. Spectrometry is the topic of the secoatf bf the paper, but we start with an

overview of INSAR theory and its application to volcanoes.

Il. RADAR INTERFEROMETRY
A. Synthetic aperture radar imaging

Synthetic aperture radar (SAR) is a technique that allowb-hesolution radar images to be
formed from data acquired by side-looking radar instrurseoarried by aircraft or spacecraft
[3]. A SAR image has both an amplitude and a phase assigneattoresolution element on the
ground illuminated by the radar. The amplitude of a SAR imege be interpreted in terms of
the scattering properties of the Earth’s surface. Becatiieecability for radar to work at night
and see through clouds, these images can be useful foraisgggtthe location and evolution of
an eruptive site, at a resolution up to 1-2 m (Fig. 1). Timéeseof such images can reveal how
the geometry and size of eruptive craters change throughmoatuption, and how new landscape
is generated. SAR images, if formed in close to real time,pramide critical observations of the
progress of an eruption and the conditions at an eruptiendsiting cloud cover and absence of
day light; such conditions inhibit the use of radiometerst ttean otherwise provide spectacular
images of eruptive activity. In Iceland, SAR images fromfbatrcraft and satellites have been

used extensively to monitor the evolution of eruptive eseartd the formation of ice cauldrons



during subglacial eruptions. A series of SAR images acdubg an airplane of the Icelandic
Coast Guard revealed the evolution of ice cauldrons andtiigeupraters during the initial stage
of the explosive eruption of Eyjafjallajokull volcano ircdland in 2010, under fully cloudy
conditions [4].

By cross-correlating the amplitude between two SAR amgétimages it is possible to
estimate displacements of the ground that occur duringrteeviening period [5]. The accuracy
of this technique is about one tenth of the ground resolutidrich for most sensors is 10s of
cm. Nevertheless, it can be useful for constraining volcanents that lead to large deformation,
such as the 2005 Afar diking episode [6].

The phase value for each pixel in a single SAR image is not &lsatity on its own, as
it contains a pseudo-random phase contribution from thdiguation of scatterers within a
resolution element on the ground. However, the differencghase between two images can be
interpreted in terms of the change in range from the raddrumeent to the ground, as long as
the scattering characteristics of the ground remain apmrabely the same. This forms the basis
for INSAR.

B. Two-pass INSAR

Whereas SAR amplitude images can reveal large-scale chamgeolcanoes, typically during
eruptions or the intrusion of magma to shallow depths, thay carely reveal the ground
deformation in the centimeter range as is typically produbg magma movements deeper
within the volcano. Such small movements can be detected dpsuring the change in range
from ground to satellite using radar interferometry. It e tprocess of multiplying one SAR
image by the complex conjugate of a second SAR image reguhiran “interferogram”, the
phase of which is the phase difference between the image8]4nd can be measured to within
a fraction of the radar wavelength (typically a few mm) foclegixel. An interferogram can
be formed between two images acquired at the same time freradit positions, or between
images acquired at different times from approximately #a®e position. It is the latter scenario
that is of most use in the monitoring of volcanoes, as theltiaguinterferogram contains the
range change due to any deformation of the ground. Suchfenbgrams have in many cases
become an essential tool to evaluate pre-eruptive defavmand the status of volcano unrest,

as well as co-eruptive deformation taking place during eomg. Deformation signals prior to



eruptions can reflect various processes, however, and sdting signals may not be easy to
interpret. The clearest deformation signals are produicethgma accumulates at shallow depth
prior to eruptions.

Interferograms can only be formed between images acquiyetid same sensor, or sensors
with near-identical orbits and operating frequencies [@dh A difference in the position of
the satellite between the two acquisitions leads to a gameintribution to the phase change,
which can be approximately corrected for knowing the posgiof the satellite and the surface
topography. What remains in the interferogram is the disgt@ent of the ground between
acquisitions, plus some other nuisance contributions frarations in the propagation properties
of the atmosphere, errors in the positions of the satelhi the scatterers on the ground, and
changes in the scattering properties of the ground betwegnisitions.

What one sees in an interferogram are phase cyclesrohdians, generally represented by
color “fringes” (Fig. 2). If the nuisance terms are suffidigrsmall, an interferogram reveals a
measure of the change in range (distance) from ground tdlitegten the line-of-sight (LOS)
direction. This LOS range change can then be interpretegfms of subsurface magma accumu-
lation and withdrawal, emplacement of magmatic intrusiamsl the nature of volcanic processes.
SAR satellites operate in approximately polar orbits anu @equire data when travelling from
south to north (ascending) and north to south (descendieg)jting in look directions that are
approximately either to the east or the west (Fig. 2). InSAR itwo-way system” in the sense
that a signal from a radar satellite is scattered back froenBharth and its echo recorded at
the satellite. A change in LOS distance Jof2, where\ is the wavelength of the SAR system,
leads to one full phase cycle change in an interferogram therovords, each additional/2
of range change results in the identical interferometriageh The wavelength of SAR systems
vary, typically 3.1 cm for X-band, 5.7 cm for C-band and 23r6 for L-band systems, with
longer wavelengths suffering less from decorrelation égsee below) but being more impacted
by ionospheric interaction, which generally results ingomavelength errors.

It is not possible to interpret interferometric phase disem terms of absolute range change,
as the absolute number of phase cycles is unknown. Howéneeretative range change between
any two points within an interferogram can be estimated lggrating the number of fringes
between them. The process of estimating the integratedeptifference between all pixels

and a reference pixel is known as phase-unwrapping e.g. AlJffjough most INSAR studies



currently use data acquired from space, it is also possibkctuire data with airborne SARs
[10]. Significant advantages are the potential for shorégreat times in the case of rapidly
evolving deformation and the selection of the optimal loadection for the deformation being
studied.

The first application of INSAR to the measurement of volcateformation was to measure
deflation of Mount Etna in 1995 [11]. For other early volcamipplications see reviews by
Massonnet and Sigmundsson [12] and Zebker et al. [13]. Itaftedecade two-pass INSAR has
been extensively applied to volcanoes. Studies includerghtons of inflation and deflation of
inferred magma chambers, e.g., [14]-[17], sill and dikeusibn, e.g., [18]-[20], faulting, e.g.,
[21] and eruption, e.g., [22], [23]. In the early days of INSAt was generally only possible
to capture an entire eruption in an interferogram, excepthén case of long-lived eruptions,
like Kilauea. Presently, there are more satellite sensamd, their revisit times are generally
shorter, e.g., 11 days for TerraSAR-X and 4 days for the COSBk¢Med constellation. Thus
eruptions can often now be imaged several times during igeupttivity, especially if images
are acquired from more than one viewing geometries (althdbg cost scales with the number
of acquisitions). This can provide a new perspective on dimaed process taking place in
volcano interiors, as in the case of Eyjafjallajokull vaho in Iceland, when two eruptions
occurred in 2010. A small effusive basaltic lava producimgpdon occurred on the flank
of the volcano from March 20 to April 12, followed by a majorpdasive eruption from its
summit from April 14 to May 22, which disrupted air traffic. f@RSAR-X images were acquired
immediately prior to the onset of the flank eruption and eviery days after that. Two of the
many interferograms that span part of the activity are showRig. 3. Together with Global
Positioning System (GPS) geodetic measurements of defemahe interferograms showed a
period of inflation prior to eruption, which could be fit withsaries of sills at 4-6 km depth and
a dike extending almost to the surface, evolving in the vabcaubsurface over three months
prior to the eruption [24]. On March 20th the dike breachezidtirface through a narrow channel
feeding the flank eruption. During the entire duration of flaak eruption, there was almost
no significant deformation, indicating that the magma fegdhe eruption was sourced from
great depth; the volume of magma intruded into shallow degtiring the preceding months did
not deflate. During the subsequent explosive summit emiptidich was preceded by renewed

inflation, there was deflation centered on the summit areecatidg that some of the erupted



magma was sourced from a pre-existing magma body at somem-e¢ekth. The INSAR study
of the 2011 Eyjafjallajokull activity provides an exampm&how remote sensing can be utilized
to study precursors to volcanic activity and constrain maiggrprocesses taking place in volcano
interiors. A fuller elaboration of two-pass INSAR for volmadeformation applications is given in
[25], but in many cases the deformation signals are smadl,alvanced techniques are needed
to reliably extract them from InSAR images and interpretmheorrectly. The main relevant
advances in recent years rely on detailed analysis of a tanessof SAR images and evaluation
of error sources, as explained in the rest of this sectioheOtecent advances in the field,
such as high resolution SAR tomography [26], have adddé lkenefit in terms of monitoring

volcanoes, so we do not include them in this review.

C. Time series INSAR

Deformation signals on volcanoes can be subtle (less thamigr) and reduction of the noise
in interferometric products becomes essential. The pgrhanitation of INSAR for most sensors
is the phase noise due to changes in the scattering prapeftidie ground. In a SAR image,
the amplitude and phase for each pixel comes from the cohsuen of contributions from all
scatterers within the associated ground resolution elekém 4a). Relative movement of these
scatterers, or a change in the look direction, causes thtesgracontributions to sum differently,
an effect known as decorrelation [27]. The degree of retatimvement of the scatterers depends
on their size, as larger scatterers tend to be more stabl@ofe energy is returned from scatterers
of about the same size as the wavelength of the radar systeger wavelength systems, such
as L-band, display the least decorrelation. If the decati@h term is a significant fraction of a
phase cycle, the integration of phase difference betweamngpbecomes unreliable. Scattering
characteristics of the ground may also change completetpus® of snow cover; one SAR
image in snow-free conditions and another with significantvs on the ground can not be used
to form an interferogram. This severely limits the use of ARSfor volcano studies at high
latitudes, and high on volcanic edifices worldwide that heagable ice and snow cover.

The effect of decorrelation can be mitigated somewhat in ways, each at the cost of
resolution. Firstly, by bandpass filtering each image ptointerferogram formation [28]. A
change in look direction can be interpreted in terms of afeaxgy shift, and filtering ensures that

only the overlapping frequencies are retained. Secondlfiltbring after interferogram formation



[29]. This can also be achieved by summing the interferameflues of many neighboring
resolution elements, which is known as “multilooking”. Asnb as the signal does not vary
significantly across the area in the multilooked elemer#, dignal in each element reinforces,
whereas the decorrelation noise does not. In the case @neetdecorrelation however, such as
when the scatterers are inherently non-stationary obgath as leaves on trees, these filtering
techniques fail to mitigate decorrelation sufficiently.

The second limitation of INSAR, particularly in the case ofall deformation and strain, is
that other non-deformation contributions to the INSAR ghean mask the deformation signal.

After correction for topography, the interferometric phasnsists of the following contributions:

¢ = WH{Pdes + Patm + Ddory, + Ay + én'}, 1)

where ¢4 is the phase change due to movement of the pixel in the satdiie-of-sight
direction, ¢, is the difference in atmospheric phase delay between paisegs is the residual
phase due to orbit error&\¢y is the residual phase due to look angle error (commonly neder
to as DEM error, although there is also a contribution from $libpixel position of the phase
center of the resolution element); is the interferometric phase noise, typically dominated by
the decorrelation effect referred to above, aid-} is the wrapping operator that drops whole
phase cycles, because phase can only be measured in terims wéadtional part of a cycle.
The atmospheric term in particular correlates partly withagraphy and can therefore be very
significant on volcanoes with high relief. As deformatioredo changes in pressure of magma
sources is commonly also centered on the highest part ofaawo) disentangling the two may
not be trivial.

One approach for reducing these nuisance terms is the sugronifstacking” the unwrapped
phase of many conventionally formed interferograms [30je Teformation signal reinforces,
whereas other signals typically do not. However this apghoa only appropriate when the
deformation is episodic or purely steady-state, with nsseal deformation. Even then it is not
optimal, as the non-deformation signals are reduced onlgaugyraging rather than by explicit
estimation. Algorithms for time series analysis of SAR d@se been developed to better address
the two aforementioned limitations of conventional InNSARe first limitation is tackled by using
phase behavior in time to select pixels where decorrelatioise is minimized. The second

limitation is addressed by estimating the non-deformasigmal by a combination of modeling



and filtering of the time series. The time series algorithalsifiito two broad categories, the
first being persistent scatterer INSAR, which targets pixgath consistent scattering properties
in time and viewing geometry, and the second being the manergesmall baseline approach.

1) Persistent scatterer INSARDecorrelation is caused by contributions from all scattere
within a resolution element summing differently. This cadue to relative movement of the scat-
terers, a change in the looking direction of the radar ptatf@r the appearance/disappearance of
scatterers, as in the case of snow cover. If however oneeseateturns significantly more energy
than other scatterers within a resolution element, therdeledion phase is much reduced (Fig. 4).
This is the principle behind a “persistent scatterer” (PQglp also referred to as a “permanent
scatterer”. In urban environments, the dominant scaexer commonly roofs oriented such that
they reflect energy directly backwards, like a mirror, or thsult of a “double-bounce”, where
energy is reflected once from the ground, and once from a pdipdar structure, causing it to
return in the direction from whence it came [31]. Dominarmitggrers can also occur in areas
without manmade structures, e.g., appropriately orienbelts or the largest and highest-rising
blocks in lava fields, but there are fewer of them, and they terbe less dominant. No filtering
or multilooking is applied in PS processing as these tealesqdegrade resolution, thereby
adding more scatterers to each resolution element. As oomirint scatterers are considered
as noise sources for PS pixels, increasing their numberezhtb an increase in decorrelation
noise.

PS algorithms operate on a time series of interferogramfatied with respect to a single
“master” SAR image. The first step in the processing is thatifleation and selection of the
usable PS pixels. There are two approaches to this; thedlissron modelling the deformation
in time, e.g., [32], [33] and the second relies on the spatatelation of the deformation,
e.g., [34], [35]. In the first approach, the phase is unwrdpgering the selection process, by
fitting a temporal model of evolution to the wrapped phasédshce between pairs of nearby
PS, although later enhancements to the technique allownipravements to the unwrapping
that are not model-based, to allow monitoring of persissadtterers undergoing highly non-
linear deformation in time. In the second approach a phaseapping algorithm is applied to
the selected pixels without assuming a particular modetifertemporal evolution [36]. In both
approaches, deformation phase is then separated from glieras phase and noise by filtering in

time and space; the assumption is that deformation is eein time, atmosphere is correlated
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in space but not in time, and noise is uncorrelated in spadetiare. In comparative studies
between the two approaches, estimates for the deformasiimages tend to agree quite well,
but the second approach tends to result in better coverageciparly in rural areas [37], [38].

The result of PS processing is a time series of displacemesmtich PS pixel, with noise terms
much reduced. This enables detection of subtle processdsmasnstrated on Mount Etna in
Fig. 5. During this non-eruptive period, deformation isibis related to gravitational spreading,
magma recharge and the cooling of lava.

The persistent scatterer INSAR technique has the advamtabeing able to associate the
deformation with a specific scatterer, rather than a resuoliglement of dimensions dictated by
the radar system, typically on the order of several metréss &llows for very high resolution
monitoring of infrastructure. From the point of view of valwo deformation studies, however,
this level of detail is generally not required, although @#ncbe useful in separating crustal
deformation from the local deformation of specific struegur

2) Small baseline INSARA drawback of the PS technique for volcanic applicationf& the
number of PS pixels in a volcanic environment may be limitéok non-PS pixels, containing
no dominant scatterer, phase variation due to decorralatiay be large enough to obscure
the underlying signal. However, by forming interferograamy between images separated by a
short time interval and with a small difference in look diren, decorrelation is minimized, and
for some resolution elements can be small enough that theriyinty signal is still detectable.
Decorrelation is further reduced by bandpass filtering astimeed above [28]. Pixels for which
the filtered phase decorrelates little over short time vatisr are the targets of small baseline
methods.

Interferograms are formed between SAR images that areyliketesult in low decorrelation
noise, in other words, those that minimise the differencénm®e and look direction. Obviously
it is not possible to minimise both of these at once, so assongphave to be made about the
relative importance, based on the scattering charadtsrist the area of interest. In many small
baseline algorithms, the interferograms are then mukidoto further decrease decorrelation
noise [39]-[41]. However, there may be isolated single gduvesolution elements with low
decorrelation noise, such as a small clearing in a forest ate surrounded by elements with high
decorrelation noise, for which multilooking will increatiee noise. Therefore, other algorithms

have been developed that operate at full resolution [43], (Mith the option to reduce resolution



11

later in the processing chain by “smart” multilooking. Hsxare selected based on their estimated
spatial coherence in each of the interferograms, usingrestiandard coherence estimation [44] or
enhanced techniques, in the case of full-resolution algms. The phase is then unwrapped either
spatially in two dimensions [9], or using the additional émsion of time in 3-D approaches
[36], [41], [45]. In the case of [41], the unwrapping algbrit relies on a model of deformation
in time, similar to the persistent scatter algorithm of [32] this point the phase can be inverted
to give the phase at each acquisition time with respect toglesimage, using least-squares
[40], singular value decomposition [39], or minimizatiof the L'-norm [46]. Separation of
deformation and atmospheric signals can be achieved byirfitehe resulting time series in
time and space, as in the PS approach. Alternatively, if gmogpiate model for the evolution
of deformation in time is known, the different components ¢ directly estimated from the
small baseline interferograms [47].

Although different pixels may be utilised in the small baselanalysis than the PS analysis,
the results are typically similar. An example applicatianGampi Flegrei, Italy is shown in
Fig. 6. The mean displacement map shows the spatial variafithe uplift and the time series
for a specific point shows that the uplift accelerated betw2@04 and 2006, in agreement
with leveling measurements. Campi Flegrei is an area ofigierg volcanic unrest in the highly
populated Pozzuoli Bay area of Naples, with millions of deogxposed to potential volcanic
hazards in the area; understanding the subsurface magsyatems is therefore of high value.

3) Combined time series INSABecause persistent scatterer and small baseline appsoache
are optimized for resolution elements with different seaitly characteristics, they are com-
plimentary, and techniques that combine both approacheslsle to extract the signal with
greater coverage than either method alone [43], [48]. Adiegion to Eyjafjallajokull volcano
is shown in Fig. 7 where two sill intrusion episodes are cagatwduring the period from 1993 to
2000 [49]. This gives an example of how INSAR deformatiordi&s can be used to study long
term volcanic unrest; in the case of Eyjafjallajokull vato unrest occurred over an 18 year
interval, from 1992 until the eruptions in 2010. Another kgadion to Hekla volcano (Fig. 8)
demonstrates the potential to monitor the full deformatigde of a volcano that is continuously

receiving magma inflow and has intermittent eruptions [50].
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D. Tropospheric correction

Applying InSAR to volcanoes with high topographic reliefjce as most stratovolcanoes,
is particularly challenging due to a correlation of atmasph phase delay with topography.
Delay of a radar signal as it propagates through the atmospéirincipally due to interaction
with the ionosphere and the lower troposphere but it is tbpaspheric delay that leads to
the correlation; the higher the ground is, the shorter tlaetion of the troposphere that is
traversed by the signal, and the smaller the phase delajatidar in the phase delay from
this effect can be 10s of cm, even when considering only tliferdhce between the delay
of two acquisitions that is present in an interferogram [5lime series algorithms rely on
estimating the differential atmospheric delay by filteringime and space. However, separating
non-steady deformation from atmospheric delay is chaltengnd even in the case of a steady
deformation rate, significant improvements in deformaticouracy can be achieved by reducing
the atmospheric phase delay before filtering. In some chsesdn be achieved by estimating the
correlation between unwrapped interferometric phase apdgraphy, in a non-deforming area
[52]. However, this is only possible if the density of cohdrpixels is such that the phase can be
reliably unwrapped from low altitudes to high altitudes:a&volcanoes, in particular, commonly
have highly vegetated slopes that can lead to an absencehefertd pixels between the base
and summit. Hence, several phase cycles can be missed ihaseqnwrapping process. In this
case the tropospheric phase delay may be estimated frormaktiata in order to correct the
interferometric phase before unwrapping. The externa dah come from weather models [53],
continuous GPS stations [54], or spectrometer measursmaptionally combined with weather
models or GPS [55], [56]. An example of phase correctiongisixternal data is shown in Fig. 9
for Colima Volcano. From a global atmospheric weather maael spectrometer measurements,
Pinel et al. [57] estimated that there could be up to six mganterferometric fringes between
coherent pixels at the base of the volcano and the summigr Afirrection for the atmospheric
phase in each interferogram, the remaining phase was &thlyging a combined time series
analysis technique [43]. The results show that there wasgrofisant large-scale deformation
between 2003 and 2006.
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IIl. SPECTRORADIOMETRY
A. Historical background

Since the late 1960’s Earth orbiting satellites have madéne measurements of the emitted
and reflected radiation from the Earth’s surface and atmarsphlrhe instruments used were
designed to study and understand the atmosphere, to impreather forecasting models and
to monitor cloud systems, storms, severe weather and lateresure the temperature of the
oceans. By the 1970’s, with the introduction of the Landsagmm, applications were extended
to studies of changes in the land surface. The first types sifuments used were scanning
radiometers, sensitive in the wavelength range 0.5#ft§ from the visible through to the
infrared and could assess the brightness of the surface terabphere, also called the albedo,
as well its temperature and moisture vertical structure.tédhnology advanced, broadband
scanning radiometers were replaced by multichannel n&aod sensors able to image the Earth
using whisk broom, push broom and staring configurationsc®al and spatial resolutions were
improved to the extent that a new range of applications begamactical, including applications
in natural hazards, such as flooding, landslides, fire mongpand volcanic activity. Table Il
provides an overview of the main advances in satellite teldgy used to monitor the Earth,
and lists the main instruments used in natural hazards cgtiglns.

A notable feature of the advance of space-borne technolegye increase in the spatial
resolution of the imagery, from about 100 m pixels in the 1976 less than 1 m by 2001.
This dramatic increase has led to an increase in the numhertyge of applications that
the data may be used for; for example, with the advent of 1 ntigdpaesolution imagery
applications in town planning, farm-scale managementrdigdy, geology and natural disaster
monitoring (e.g. wildfires) have become almost routine.slimportant to make a distinction
between the sensors with very high spatial resolution, contyncommercially oriented, and
the programmatic, operational and research oriented sensed mostly for Earth observation.
These sensors are typified by the flagship NASA Earth obsenvs¢nsor the Moderate resolution
Imaging Spectroradiometer—MODIS. Earlier Earth Obseyy{EO) sensors such as the Advanced
Very High Resolution Radiometer (AVHRR) consisted of justrf or five bands in the visible
to thermal infrared, compared to the 36 bands of MODIS abtadlerra and Aqua satellites.

The advantages of higher spectral resolution are appaossidering the breadth and scope of
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applications that have been developed. Table Il lists tlaenrocharacteristics of MODIS, which
can be considered as typical of spectroradiometers usedany mternational space agencies
including, ESA, Eumetsat, and NASDA.

From a thematic point of view it has been found that spatiablgions in the reflective
channels of 250 m meet many of the requirements needed foalgiarth observation including
natural hazard monitoring, whereas a lower resolution df Rm is adequate in the emissive or
thermal channels. Thus MODIS and its predecessors, sucldRR have utilised spatial reso-
lutions that are not wholly compatible with applicationsvisicanology. There is a compromise
between swath width, repetition rate and spatial resalutibereby it is not feasible to obtain
high spatial resolution~1 m) and daily coverage from a single satellite platform. Tesign
and development of sensors like MODIS, which has a resaluio250 m to 1 km, require
many compromises and it should be noted that none of the rtuoygerational sensors have
been specifically designed for natural hazard monitorieigalone for studies of volcanic unrest.
Nevertheless, the general utility and availability of ireag from operational and commercial
satellite systems (we do not deal with military and defenelated sensors) has generated a
large and varied list of uses in natural hazards, of which wecentrate on those applicable
to volcanic activity. Of particular interest for monitognvolcanic unrest is the geostationary
SEVIRI (Spin-Enhanced Visible and Infrared Imager) instamt on board the MSG (Meteosat
Second Generation) satellite platform, as this can be usdédtected "hot-spots”, track volcanic
clouds and provide quantitative estimates of ash angl $8ese aspects are discussed in more

detail in later sections

B. Spectroradiometry principles

Spectroradiometric measurements from Earth observataifopns have been made from the
ultra-violet (wavelengths down to 0,3m) to beyond the thermal infrared (wavelengths up to
15 um). It is sometimes useful to divide the electromagneticcspen (EM) into parts in order
to illustrate important applications and also to underdttoe basic principles of the physics of
the interaction of EM energy with the atmosphere and surfdces not the intention of this
paper to provide an authoritative discussion of the phygcaciples of spectroradiometry as
these may be found in the many good books on the subject &8j.[59], however some basic

comments follow. The radiation received by a satellite semsrives there after undergoing a
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series of interactions with the Earth’s surface and atmesgphincluding absorption, scattering
(multiple) and emission. Assuming that we may consider astl¢he reflective part of the EM
spectrum, that is the interactions involving sunlight as slource of radiation, as separate from
the emissive part, then the radiance received at a single@choomatic wavelengthy may be
written,

Ins = 2Ry exp{~r(N) 1} + Ty, 2)

where I, , is the spectral, directional radiance measured by the sehspis the total solar
irradiance incident at the surfach,, is the radiance contribution from the atmospherés the
cosine of the zenith view angle,is the extinction optical depth of the atmosphere (due tegas
molecules and aerosols), aRy is the bidirectional surface reflectance function. It is enstbod
that all of the radiance quantities are direction dependeant that in reality the radiances are
not monochromatic but represent the radiance integrated aband of wavelengths convolved
with the instruments’ response function. The solar irradéis composed of direct and diffuse

parts, and when incident on a flat surface may be written,

w/2 rl
Do = Soexp{—7(\)/p:} +/O /_1 Dva(p's @) P, @5 ', @' )dp' ddf (3)

where P is the phase function governing the way that a scatterer gdepagrticle or aerosol)
distributes energy in three dimensional spaceis the cosine of the solar zenith angle, arid
and¢’ are the cosine of the zenith view angle and azimuth viewirgdleamespectivelyl, , is the
diffuse component of the downwelling atmospheric radiamacel S, is the top of the atmosphere
solar irradiance. A typical land surface application formace-based spectroradiometer is to
determine the reflectance of the surface from a measurefgnand then infer some other
properties of the surface, for example the state of the atigat One measurement severely
underconstrains the problem and it is now recognised thairate surface property retrievals
are only possible using many channels (e.g. a hyperspaestaliment). It is commonly the case
that rather than retrieve some property of the surface, ealao interested in the composition of
the atmosphere and wish to retrieve, for example, the alecostent. In this case it is necessary

to solve for the source term ( [60]),

27 1
i o) == [ [ 1 )Pl o )l dd! + = S,P (1, 63 —po, do)e . (4)
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w is the single-scattering albedo (the ratio of the cross@estdue to scattering and extinction).
When the goal is to determine the gaseous content, thenraftgecting scattering effects the

governing radiative transfer may be written,

I)\,s - I)\,o eXp{_pk)\L}v (5)

where p is the gas concentratiord; is the path length and, is the absorption cross-section.
This is the Beer-Bouguer-Lambert law. In practice it is nfteecessary to include the effects of
the surface (the Bi-directional Reflectance Distributiaimé&tion or BRDF), scattering effects
(the phase function) in order to accurately retrieve gasemmounts. An example of how
the retrieval is done for volcanogenic S@sing ultra-violet measurements from the Ozone
Monitoring Instrument (OMI) may be found in [61].

In the thermal (emissive) parts of the EM spectrum with seatg negligible, the radiative

transfer equation (RTE) used in remote sensing applicatiakes the form (e.g. [62]),

0 87')\
Iys = TaoBAT] + | Ba [T(p)]a—dp, (6)
Ps p

where p pressure,l’ is temperature is surface temperature,, is wavelength dependent
atmospheric transmittance; is the total transmittance of the atmosphere from the tophef t
atmosphere to the surface, aBds the Planck function. For simplicity we have assumed akolac
surface, but it is straightforward to include a non-unitedpal emissivity. The information to
be retrieved from a set of measuremen(s, s) is contained inr,, which varies according to the
amount and type of gas along the atmospheric path. A greadbflesathematical technique has
been developed to solve the RTE and retrieve temperature@ngosition profiles (e.g. [63]).

As a simple example of the application of (5) for remote sapsdf volcanic ash (see
later), consider two monochromatic infrared measureméntsnd L of a uniform ash cloud
at temperature/,. overlying a black surface (e.g. the sea) with temperatiife,The RTE for

each of these measurements may be written ( [64]),
I = e Bi[To] + (1 — 1) By [T%], (7)

and
Ig = EQBQ[TC] + (1 — €2>BQ[TS], (8)

wheree; ande, are infrared emissivities of the ash cloud at the correspgnaiavelengths. To

obtain these equations from (5), the atmospheric term (@md of the right-hans side of (5)), has
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been approximated by an isothermal cloud of temperatuend the atmosphere below the cloud
is assumed to be transparent. These simultaneous equatianise linearised to temperatures
and solved to determine the ratio of the emissivities at W@ wavelengths, which in turn is
related to the ratio of the absorption coefficients. Thisoré an excellent discriminant for
silicate particles, taking a value quite different to that &n atmosphere containing only water
vapour, water droplets and ice clouds.

The region of the EM spectrum most commonly used to obseev&#nth and its atmosphere is
illustrated in Fig. 10. There are three panels in this figaesh showing a different portion of the
EM spectrum. The solid lack line in each panel is the verticismission of radiation through
the atmosphere, looking downwards through the atmosplogrards the Earth’s surface, for a
standard atmosphere. When the transmission is unity thesainere is completely transparent
to radiation at that wavelength; when the transmissionrig,z8en no radiation from the surface
reaches the top of the atmosphere and the region is opaqbatatvavelength. In Fig. 10(a),
below about 0.3:m transmission is zero or close to it, and remote sensingetthface from
space is not possible. This region is commonly referred tin@$solar blind” because all of the
insolation is absorbed by atmospheric gases, principabne (Q), high in the atmosphere—
there is no incoming solar energy reaching the surface. aluste this region, from 0.am
onwards, ultra-violet radiation is absorbed and scattereterentially by Q and SQ and this
region is used to measure these gas concentrations. Thee@#onitoring Instrument (OMI)
is a good example of a satellite instrument exploiting thast @f the EM spectrum, and it has
been used very successfully to look at passive degassingvBiGanic emissions as well as
explosive SQ emissions reaching high into the atmosphere. Beyond theddibn and into the
visible part of the spectrum, there are many wavelengtroreggthat are transparent and can be
used to remotely sense the Earth’s surface. Satellite rgpadtometers like MODIS, Advanced
Spaceborne Thermal Emission and Reflection Radiometer ERYTand the very high spatial
resolution cameras on IKONOS, SPOT and the Pleiades ctatgirlare used to monitor changes
on the Earth’s surface and have many applications in vologycsuch as: geological mapping,
change detection, hot-spot identification and for studyawg flows, e.g., [65].

Beyond the visible and near-infrared part of the EM specthetween 1-5um, sometimes
referred to as the mid-infrared, there is an interplay betwscattered sunlight and emitted

thermal radiation, with contributions from both to radoastireaching a satellite sensor (middle-
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panel 10(b)). At approximately dm the contributions are almost equal. This is an interesting
portion of the spectrum for geological applications beeamsiny exposed minerals have spectral
features between 1-2.6n. As a result there are several spaceborne and airbornerselesigned

to operate in these reflective regions, including the Adednicand Imager (ALI) and Hyperion
both operating with hundreds of channels between 0.9+h.6The applications in this region are
mostly for mapping and geological identification of econoatly important minerals in exposed
settings.

Another important application in this spectral region falocanology lies in the use of bands
centred between 3—4m for “hot-spot” identification, e.g., [66]. The Planck furmn has a peak
in radiance in this wavelength region when the source is g iemperature-1000 K. Fig. 11
shows Planck radiance curves as a function of wavelengthefoperatures typical of warm
terrestrial temperatures and for a hot source. It can be gegnas temperature increases the
peak in radiance shifts towards lower wavelengths. Forcaidand surface temperatures300
K) the peak is just beyond 1Am, whereas for a hot fire or lava flow( 000 K) the peak is closer
to 4 um. As temperatures increase further the peak moves to loweelengths. The radiation
received at the satellite sensor consists of both refleateldemitted components and because
the pixel size is finite and commonly much larger than the afethe hot lava, any retrieval
of the temperature of the hot lava must account for thesectsfféVultiple bands have been
also been used to constrain the retrieval [67], but changiagelength also changes reflected
sunlight and unless corrections are applied, the temperatud area of the lava will be in error.
The problem of reflected sunlight disappears when obsemingght. The “MODVOLC” near
realtime thermal hot spot alert system (http://modis.hgpaii.edu [68]) is a good example of
the exploitation of the mid-infrared EM spectrum for voloéoygical applications.

Figure 10c shows the portion of the EM spectrum from abqun3o 20 ym. This region
is rich in gas absorption features and has been sued by dterosphysicist to make vertical
retrievals of gas composition and also retrieve the vdrt@@perature profile. The main gases
contributing to absorptions across this region are showherupper part of the panel. Each gas
absorbs in very specific wavelength regions and the spedaradtion of absorption across each
band can be used to determine the amount and vertical steuotuhe gas. Between 8-138n
lies a region with less absorption, the so-called “dirtyhaspheric window, where it is possible

to sense the Earth’s surface and determine, quite accurgt€l.5 K) the temperature of the
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sea surface. It is also possible to determine land surfao@dratures but with less accuracy
(+1-2 K), mostly due to variations in land surface emissivitilere are also two important

features in this window region that have been used to stuthamec phenomena. These are the
SO, absorption feature near to 8/6n and the peculiar spectral absorption of silicate padicle
between 8-12:m. These are discussed in more detail later.

There are several operational and research satellite rsetigad exploit this thermal infrared
region of the EM spectrum, and some of these are indicatecherfigure. Over the last few
years there has been a move towards utilising high-speealution infrared spectrometers and
interferometers to probe the atmosphere and retrieve atyasf gases. Good examples of these
sensors are the Infrared Atmospheric Sounder Interferem(i&S1) and the Atmospheric Infrared
Sounder (AIRS), each with 1000’s of channels and abilityrmvjule vertical information on the
temperature, moisture and gas composition of the atmosphbke inset images in panel (c) show
examples of SQretrieval using the AIRS sensor, and a volcanic ash retrig@ese later) using
the SEVIRI (Spin-Enhanced Visible and Infrared Imager)seenWhereas these sensors utilise
channels within important CObands, so far it has not been possible to retrieve volcanogen
CO,with any degree of certainty, although there are on-goifgytsfusing the Japanese GOSAT
(Greenhouse gases Observing Satellite; http://www.gasatgo.jp/indexe.html) instrument and
plans to use the second Orbiting Carbon Observer (OCO-@;/mitvw.gosat.nies.go.jp/index

e.html), both systems oriented towards observing.CO

C. Mapping applications in volcanology

There are four main areas of volcanology where use of refleatel emitted radiation mea-
surements from remote sensing satellite sensors have nrad@aimpact: (1) mapping of flows
and deposits., e.g., [69], (2) monitoring of volcanic eroptthrough detection of hot-spots, e.g.,
[70], (3) heat flux measurements to monitor effusive erupgiand (4) monitoring and quantifying
the ash and SQemitted by volcanoes into the atmosphere. Ramsey and FRAjrdescribe the
use of NASAs Earth Observing system for making applicationvolcanology. An example of
the first application is given in Fig. 12, which shows the [#esv and ash clouds emitted by the
June, 2011 Nabro (13M, 41.7E) eruption in Eritrea. This daytime image was acquired dy Ju
6, 2011 by the ASTER instrument on NASAs Terra spacecraith gpatial resolution of 30 m.

Hot lava flows and lava in the summit crater are displayed adsk of red and white using data
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from the thermal infrared bands. The dark-grey clouds aheladen and extend some distance
from the eruption site towards the south. It is very cleanmfrimese high-spatial resolution data
that there was ash in the eruption and the lava flow is clealipeated, but Nabro also produced
copious amounts of SO(> 1 Tg). The SQ clouds were observed by several earth observing
satellites (e.g. OMI, SEVIRI and AIRS) and these high-temapeesolution data with sufficient
but lower spatial resolution, tracked the SC@ouds for many days as it spread northwards and
then eastwards at altitudes of at least 10 km. However, vty d4sh was transported away from
the volcano.

A second example demonstrating the capability of combihiagdsat and ASTER imagery
to map volcanic landscapes is shown in Fig. 13. This imagedsmabination of Shuttle radar
imagery (Shuttle radar topography mission—SRTM), Lantisatnatic mapper data and ASTER
thermal imagery and was made by NASASs Jet Propulsion LdaboraThe data have been
combined and manipulated to show surface elevation and hefava flows from Nyiragongo
volcano in the Congo. The eruption occurred on January 102,28nd the lava flows reached
the city of Goma on the north shore of Lake Kivu. Approximat860,000 people fled from
the advancing lava, many of them into neighboring Rwandéntases of fatalities range from
60—100 people, with as many as 500 people reported injurdd mirns, fractures and gas
intoxication. The partial map of the recent lava flows (reértawy on Fig. 13), was made using
NASA TIR ASTER imagery at 90 m resolution including a completapping of the flows into
Goma as of January 28, 2002. Lava is also apparent within theanic crater and at a few
other locations. Goma has a light pink speckled appearalocg éhe shore of Lake Kivu; the
image appearance relying on the use of Landsat bands 3, 2 an@ m resolution, assigned
to the red, green and blue display channels, respectivaiglly; the SRTM data also at 30 m

resolution have been used to provide the elevation infaonat

D. Hot-spot detection and heat flux

The importance of being able to detect thermal anomalien Batellites has been highlighted
in a number of papers, e.g., [72], [73], [67], [70] and opieral tools now exist to provide
early warnings of possible volcanic activity, e.g., MODVOIL74], the Robust Satellite Technique
[75] and a hybrid approach [76]. The principle of the detattis based, in its most fundamental
level, on instances of high radiance detected-at7 ym compared with surrounding pixels and
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against “normal” or climatological radiance behaviourtédfan alert is only issued if there is a
sequence of anomalously high radiances from the same oresdjpixels. These thermal alerts
have proved to be extremely helpful for detecting changesiiess volcanoes. There are some
instances where care must be take. For example, hot spotdstaarise from the lighting of fires
and these can happen on the slopes of active volcanoes. adeqeolocation and high spatial
resolution sensors are therefore required to reduce ampigd increase confidence in these
alerts. For global applications MODIS, AVHRR and ATSR (Adpfrack Scanning Radiometer)
have proved to be very useful, whereas for detailed stuAi8$ER data are generally preferred
because of the higher spatial resolution. A summary of tleeafisan EO sensor for detecting
volcanic hot spots can be found in [67].

Related to the detection of hot-spots, the emissive charofedeveral satellite sensors may be
used to quantify the heat flux from effusive style eruptiond &ava flows. Basaltic lava flows
are relatively easy to detect in high spatial resolutiomardd data, whereas pyroclastic flow
activity is less easy, partly because of spatial resolussnes, leading to mixed pixel effects,
but also because the source may be coolds00 K), and there may be more particles, gases
and aerosols interring with the signal reaching the s&telln an ideal case of a uniform high

temperature source, the heat flux can be determined usinglaimek function,
€Cy
9
A5 exp(c/AT) — 1]’ ©
where B, is the spectral radiance in WThum~! sr!, ¢; andc, are the constants with values
3.742x10-16 W m?, 1.44x102% m K, T is temperature (K)\ is wavelength gm) ande is

the emissivity (dimensionless) of the radiating surfacecd&ise this is applied to hot, dark

By =

surfaces the effect of reflected sky radiation can be negle®lanck’s equation can be inverted
to determine the temperature, commonly referred to as tightbess temperature as it is a
wavelength dependent quantity and not the actual thermaydimor kinetic temperature of
the material. Under ideal conditions the radiating tempeeais close to the actual kinetic
temperature of the hot surface and assuming that only aidragt of the pixel is affected by

the hot source, the radiant heat (W per pixel) may be writi@&f}: [
Q = oeA[fT" + (1 - /)T, (10)

where ¢ is Stefan-Boltzmann’s constant (5.67x20W m~2 K—%), A is the surface area, and

T, is a background temperature representing, for examplecdbéer crust of a lava flow. The
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goal is to estimaté&) accurately and therefore it is also necessary to estithated7;. Several
schemes to estimatg have been suggested, using various models together witti-spelctral
satellite measurements (e.qg., [72], [73], [78], [79]).

E. Remote sensing of volcanic ash

The recent eruptions of Eyjafjallajokull, Iceland (Ap#lay, 2010), Grimsvotn, Iceland (May,
2011), Puyehue-Cordon Caulle, Chile (June—July, 201d)Nabro, Eritrea (June, 2011) brought
international attention to the hazard posed by volcanictasftommercial jet aircraft and caused
airspace closures and financial losses to the aviation indasd beyond. The main hazard to jet
aircraft is caused from the melting and fusing of silicaté&tmmaterial (volcanic ash) to engine
turbo blades, vanes and other hot parts of the combustiomenid airflow is restricted, the jet
engine “flames-out” and stalls [80]. This has happened omwafasions, most notably after the
eruption of Galunggung, Java in June 1982 and after theierupt Redoubt, Alaska in December
1989. Many incidents were also recorded following the eampof Pinatubo, Philippines in June
1991. These incidents and other less serious encountezhtalyzed the use of Earth observing
satellites for identifying and quantifying volcanic astsmiersal in the atmosphere. Early work
on the problem by Prata [81] demonstrated that two chanmetbe infrared between 10-12
um could be used to discriminate ash from hydrometeors (whtgplets and ice), provided the
atmosphere was not too humid. Because the spectral variatithe infrared refractive index of
silicates is different (so-called ‘reverse’ absorptiam}tiat of water and ice, the spectral variation
of absorption of infrared radiation is also different. Thhe ratio of the absorption coefficients
at the two wavelengths provides a means to discriminate lasids from other meteorological
clouds (see earlier for the RTE explanation). An easy waydoalise this effect is to subtract the
temperatures between two satellite measurementd atum (MODIS channel 31, see Table IlI)
and~12 um (MODIS channel 32). Negative differences are caused bgrpben due to silicate
particles (volcanic ash), whereas positive differencesdare to water vapour, water droplet and
ice cloud absorption effects.

Ash from the recent (5 June, 2011) eruption of Puyehue-@o@aulle travelled around the
Southern Hemisphere three times and caused aviation pnebfeSouth America, South Africa,
Australia and New Zealand. Fig. 14 shows a MODIS true-coinage of the rising column

of ash from Puyehue-Cordon Caulle at the start of the esaopdin 5 June, 2011. As the ash
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clouds rose and reached the upper troposphere, the strostgriyewinds there caused rapid
transport and dispersion. Detecting these hazardous lrodh space became a priority for
global aviation on three continents.

To illustrate ash detection, Fig. 15 shows a montage of wadcash detected using the ‘reverse’
absorption technique for the eruption of Puyehue-Coérdaull€, in southern Chile. In this case
data from the AIRS sensor have been used. AIRS is an etalatrgpeeter [82] that provides
global imagery every two days in more than 2000 channelssflextra channels improve the
detectability of trace amounts of ash in the atmosphere.

Detecting ash using satellite sensors has been a greatssuand so far no aircraft have
been lost due to ash encounters. As the eruption of Eyjajjddlll illustrated, avoidance may
be necessary, but large financial losses, passenger disrugid transport chaos occurred as
a result of preventing aircraft from flying. Regulators #fere quickly decided to impose
ash concentration limits which could be used to assess thénazard and allow, or prevent,
aircraft from using airspace in an orderly fashion (priorAjoril 2010 there were no agreed ash
concentration limits and there are still no quantitativails outside European airspace). The
new limits were organised into three levels that could bedusespecify zones: below 0.2 mg
m~3, in which flying is permitted, up to 2 mg ™ a zone with enhanced procedures, and a ‘no
fly’ zone for concentrations greater than 4 mg3inThese zones apply in European airspace
and have not been accepted for global use. The impositionrigszbased on ash concentrations
implies that concentrations can be measured and forecadh Bnd Grant [64] and Prata and
Prata [83] have shown that ash mass loadings can be deterfiname thermal infrared satellite
data with a lower detection limit of about 0.2 g-fand a standard error af0.15 g n12 and
hence can meet the goal of determining concentration zdoe®recast concentrations however,
requires accurate dispersion models and most importdattywledge of the eruptive behavior
of the volcano, commonly referred to as the eruption “scutean [84]. Stohlet al. [85] have
shown that by constraining dispersion model simulationth \satellite retrievals it is possible
to determine important aspects of the source term, for elarig mass emission rate, the
vertical structure of the emissions and the particle siatribution. Fig. 16 shows an example
of volcanic ash mass loading retrievals for the Eyjafjélkajll eruption on May 17, 2010 when
airspace over the United Kingdom was restricted becauseretést high ash concentrations.

The ash cloud was probably2 days old, but still contained quite high mass loadings eResh
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aircraft and space-borne lidar measurements suggeshtss tlouds may have been as little as
300 m thick and up to 3 km thick in some parts [86], [87]. Henloe &sh concentrations may
vary by an order of magnitude within the same cloud. This \egh ash cloud inhomogeneity
makes forecasting safe levels very difficult and it seemsral@de for commercial aircraft to
carry on-board instrumentation capable of detecting ashds ahead of the aircratft.

Satellite remote sensing may also be used to measure asthefadsits on land and, when
used with a dispersion model, estimates of the amount of @hd in to the ocean can also
be made. The sensitivity of the ash retrievals in the inftaserestricted to particles in the size
range of 1-16um radius: particle sizes that are thought to cause problemgf engines and

that also lie in the respirable range of particles that cduesdth related problems.

F. Remote sensing of SO

As can be seen from the panels in Fig. 10 it is possible to nmeaS@ column amount in
the ultra-violet and in the infrared portions of the EM spewt. The UV portion has been used
since the discovery of anomalies in ozone retrievals froenTibtal Ozone Mapping Spectrometer
(TOMS) due to S@ emissions during the 1982 El Chichon eruptions [88]. Thasde&ectly to
the development of algorithms to determine,S@ing TOMS and later to the incorporation of
SO, channels into GOME, GOME-2, SCHIAMACHY, OMI and most redgnDMPS (Ozone
Mapping and Profiler Suite). Prata and colleagues [89] sddwethe first time that infrared data
from the operational meteorological HIRS (High Resolutiofrared Sounder) sensor, part of
the TIROS Operational Vertical Sounder (TOVS) package enlNBAA polar-orbiting satellites,
could be used to determine upper troposphere/lower spiatne SQ from volcanic activity.
Further developments in infrared $Q@etrievals have occurred using ASTER, MODIS, AIRS
and IASI [90]. Fig. 17 shows a composite of AIRS S@trievals for the period 5-13 May,
2010, when Eyjafjallajokull was emitting SCand ash. The retrieval scheme is insensitive to
ash and S@below approximately 3 km, so the $@etected is in the mid-to-upper troposphere
in a region of the atmosphere where aircraft fly. Because iSQenerally much easier to detect
from satellites, some researchers have suggested thalyibenased as surrogate detection for

volcanic ash clouds. However, ash and,31d not always travel together [91].
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IV. LOOKING TO THE FUTURE

We have presented here some of the recent developments merttede sensing of volcanic
hazards and their precursors. Using INSAR, it is possiblagasure surface displacements with
an accuracy, in the best case, on the order of 1 mm/year oesv &4Gs of km. Until now, INSAR
has principally been used as a tool for analysing deformgirocesses some time after the fact,
but with the upcoming launch of the Sentinel-1 satelliteE€BA planned in 2013, SAR data will
be acquired for almost every point on Earth at least onceyesigrdays, at a similar resolution
to that of Envisat. When taken together with data from othARSsatellites, this opens up
the possibility of using INSAR for near-real time monitginrhe noise and other error sources
present in interferograms will also continue to be addi&sen a technological point of view in
future missions. Decorrelation noise is reduced by acggitnages more frequently, increasing
bandwidth and using a longer wavelength. lonospheric pklat®y can be estimated using a
split-bandwidth system [92], [93], as it is frequency degemt, and tropospheric phase delay
could be estimated using a system that simultaneously @sydata in a forward and backward
looking direction. The accuracy of precise orbits contste improve, as do elevation models,
reducing residual geometric errors. A major drawback, siifl many volcanoes, is the inability
to make measurements on snow and ice, as well as in areas wf liegetation. Repeated
DEM generation using, for example, the TanDEM-X constalatnay provide a way to address
this issue. Other possible approaches include the emptatdeaf active transponders in the
incoherent areas, or the use of airborne SAR with very slewisit times.

Spectroradiometery has seen numerous advances and ilomgvaver the period of 30 years
since routine Earth observation began. There has beendttemrds higher spatial resolutions
(0.5 m pixels are now possible), much greater spectral wésak (1000’s of channels on some
hyper spectral instruments) and innovative measuremehnhigues introduced, such as multiple
cameras for stereoscopic viewing, use of polarised lighit lanb scanning to improve vertical
resolution. So far there has not been a satellite missiorcaied to volcanology and there are
no missions planned in the next 20 years or so. However, tAerenumerous opportunities
for volcanology to prosper by exploiting measurement syiesrwith other disciplines and by
harnessing the interest in using space-based assetstioalf@zards and crisis management. The

new geostationary platforms MTG (Meteosat Third Genemtand the GOES-R (Geostationary
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Operational Environmental Satellite) will provide a sifggant improvement in the capability to
remotely sense volcanic hazards in a continuous manner aartain regions of the globe.
MTG is a system of satellites that includes both imaging aadnding capability at UV,
visible and infrared wavelengths. An interesting featurévid G will be the lightning detector
instrument (L1), which could be used to infer volcanic aityifrom the lightning generated. There
will also be a Fourier Transform Interferometer, which vk able to sound the atmosphere
at 0.625 cm! resolution, thus providing continuous measurements of aagh SQ. GOES-
R is a geostationary platform designed to continuously enegntinental USA, and due for
launch in 2015. The platform will carry the Geostationarghtning Mapper (GLM) and the
Advanced Baseline Imager (ABI) which can measure volcasit @axd height as well as infer
column abundance of SO2 The proposed HySpri mission from AA&San excellent example
of how volcanologists can influence the choice of spectralndels, the spatial resolution
and the repetition rate for a system that is still being péghn\Volcanologists interested in
gaseous and particle emissions from volcanoes to the atraosgan also exploit synergies
with atmospheric scientists interested in determiningciaposition of the atmosphere to better
understand climate change. The OCO-2 mission will offeccanblogists the best opportunity
to measure volcanic COrom space over the next few years. The sporadic nature cbwat
activity, together with the remoteness and unpredictghbilf eruptions make remote sensing an
indispensable tool for scientific investigation, early miag and monitoring; the future looks
bright for spectroradiometric observations of volcanoed tneir emissions.

Together INSAR and spectroradiometric observations apgitant space technology tools for
modern monitoring of volcanic hazards and their precursaomd we expect their use to continue

to grow in the future.
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Nicarnica AS, a private company developing imaging camecartology for use in measuring polluting gases and pasties!

He has published over 100 papers in the peer reviewed lireraind authored four patents.
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Mission Period of operation Wavelength Orbit repeat time
SEASAT Jun-Oct 1978 23.5cm 17 days
ERS-1 Jul 1991 to Mar 2000 5.66 cm 3 or 35 days
ERS-2 Apr 1995 to Sep 2011 5.66 cm 3 or 35 days
JERS-1 Feb 1992 to Oct 1998 23.5cm 44 days
SIR-C/X-SAR 9 to 20 Apr and 30 Sep to 11 Oct 1994 24.0, 5.66 ahdcB  N/A
RADARSAT-1 Nov 1995 to present 5.6 cm 24 days
SRTM 11-22 Feb 2000 5.8 and 3.1 cm N/A
Envisat Mar 2002 to present 5.63 cm 35 days
ALOS Jan 2006 to Apr 2011 23.5cm 46 days
COSMO-SkyMed  Jun 2007 to present 3.1cm 16 days
(constellation of Dec 2007 to present 3.1cm 16 days
4 satellites) Oct 2008 to present 3.1cm 16 days
Nov 2010 to present 3.1cm 16 days
TerraSAR-X Jun 2007 to present 3.1 cm 11 days
TanDEM-X Jun 2010 to present 3.1 cm 11 days
RADARSAT-2 Dec 2007 to present 5.6 cm 24 days
TABLE |

PAST AND PRESENT SIDELOOKING SAR SATELLITE MISSIONS(AS OF NOVEMBER 1, 2011)

Since November 2010, Envisat is operating in a new 30 day,ashich is not optimal for interferometry at high latitites.



Satellite Launch Sensor/ Spatial Sampling Main

platform date Technology resolution frequency {1 application

Landsat-1 23.07.1972  Whiskbroom imaging 80 m 1/16 Mapping

NOAA 26.06.1979 AVHRR Multi-spectral 1 km 4 Meteorology

Landsat-5 01.03.1984  Mid-range IR imaging 30-120 m 1/16 pitap

SPOT-1 22.02.1986  Pushbroom imaging 10-30 m 1/16 Crises

Earlybird 24.,12.1997  1st commercial imaging 1m 1/16 Crises

Landsat-7 15.04.1999  Opto-mechanical, whiskbroom 0.02-0 1/16 Mapping

IKONOS-2  24.09.1999 1 m spatial resolution 1m On demand €Sris
commercial imagery

Quickbird-2  18.10.2001  Commercial imagery 1m On demand SeGri

Terra 18.12.2001  MODIS/ASTER 0.25-1 km 2 Hot-spots, ashy; SO
Earth observers

Aqua 04.05.2002  MODIS/AIRS 0.25-14 km 2 Hot-spots, ash; SO
Earth observers

IKONOS-2  24.09.2004 0.5 m spatial resolution 0.5 m on demand Crises
commercial imagery

MSG-2 21.12.2005 SEVIRI 1-4 km 96 Hot-spots, ash, SO
15 min multispectral imagery

MetOp 19.10.2006  IASI 10 km 2 Ash, SO

High-spectral resolution

IR interferometer

TABLE Il

HISTORICAL HIGHLIGHTS IN SPECTRORADIOMETRIC IMAGING OF THEEARTH AND ATMOSPHERE

1Date of first launch.

1Signal-to-Noise Ratio.

’Noise-equivalent temperature difference
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Fig. 1. A SAR amplitude image of Eyjafjallajokull volcantzeland. This image was acquired by the TerraSAR-X sagetlit
April 15, 2010, one day after an explosive eruption begane@ldark craters are clearly visible within the central eedd and

streaks of ash can be observed radiating to the east. Ther ldagk region represents the area covered by snow.



Primary Use (Reflective) Band Bandwidthr) Required SNR
Land/Cloud/Aerosols 1 620-670 128
Boundaries 2 841-876 201
Land/Cloud/Aerosols 3 459-479 243
Properties 4 545-565 228

5 1230-1250 74

6 1628-1652 275

7 2105-2155 110
Ocean Color/ 405-420 880
Phytoplankton/ 438-448 838
Biogeochemistry 10 483-493 802

11 526-536 754

12 546-556 750

13 662672 910

14 673-683 1087

15 743-753 586

16 862-877 516
Atmospheric 17 890-920 167
Water Vapor 18 931-941 57

19 915-965 250
Primary Use Band Bandwidth Radiance required
(Emissive) ) NEAT? (K)
Surface/Cloud 20 3.660-3.840 0.05
Temperature 21 3.929-3.989 2.00

22 3.929-3.989 0.07

23 4.020-4.080 0.07
Atmospheric 24 4.433-4.498 0.25
Temperature 25 4.482-4.549 0.25
Cirrus Clouds 26 1.360-1.390 150(SNR)
Water Vapor 27 6.535-6.895 0.25

28 7.175-7.475 0.25
Cloud Properties 29 8.400-8.700 0.05
Ozone 30 9.580-9.880 0.25
Surface/Cloud 31 10.780-11.280 0.05
Temperature 32 11.770-12.270 0.05
Cloud Top 33 13.185-13.485 0.25
Altitude 34 13.485-13.785 0.25

35 13.785-14.085 0.25

36 14.085-14.385 0.35

TABLE Il

TECHNICAL SPECIFICATIONS OF THEMODIS INSTRUMENT ABOARD NASA’'S TERRA AND AQUA POLAR-ORBITING

37

PLATFORMS. FOR THE SHORTWAVE REFLECTIVE CHANNELS THE NOISE REQUIREMENIB GIVEN AS A SIGNAL-TO-NOISE

RATIO; FOR THE THERMAL EMISSIVE CHANNELS THE NOISE REQUIREMENT ISEECIFIED AS THENOISE EQUIVALENT

TEMPERATUREDIFFERENCE(NEAT).(ADAPTED FROM HTTP//MODIS.GSFCNASA.GOV/ABOUT/SPECIFICATIONSPHP).
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Fig. 2. Example interferograms displaying deformationsetn 2007 and 2008 due to the intrusion of a dike in the Namther
Volcanic Zone north of the Vatnajokull ice cap (white ateBlje SAR data were acquired by the C-band Envisat satefideh
color cycle represents 2.8 cm of displacement away from #bellge. In (a) the image spans July 14, 2007 to June 28, 2008
and in (b) the image spans June 27, 2007 to July 16, 2008. mdastes the direction of satellite motion is shown by the long
white arrow and the look direction is shown by the short arrdthve same deformation is imaged in both interferograms, but
the different look directions lead to a difference in theadefation pattern. The dike was emplaced between approgiyna0

and 20 km depth, has a strike of 81 to°&nd is tilted, dipping approximately to the south by 42 tG.4Bhe intruded volume

is estimated to be 42-47 million ${95].
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Fig. 3. Interferograms for the 2010 eruption of Eyjafjablajill (from [24]). The data were acquired by the TerraSARa{ellite
from a descending satellite orbit. Interferogram (a) sgarespre-eruptive intrusive period and shows inflation dua tmmplex
intrusion modeled as two sills at 4-6 km depth and a dike @htenfrom this depth to the surface. Interferogram (b) sphes
first eight days of the explosive eruption and shows deflatioe to the depressurization of a magma body at 4-5 km depth.
Black orthogonal arrows show the satellite flight path arakldirection. One color fringe corresponds to a line-ofasighange

of 15.5 mm (positive for increasing range, that is, motiorttef ground away from the satellite). Black dots show eardkgu
epicenters for the corresponding period. Background islethdopography. Red stars show the two eruptive sites arhowyel

triangles indicate locations of GPS stations.

a) Distributed scatterer b) Rersistent scatterer
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Fig. 4. Phase simulations for a distributed scatterer pam a persistent scatterer pixel. The cartoons above mayres
the scatterers contributing to the phase of one pixel in aagemand the plots below show simulations of the phase for 100
acquisitions, with the smaller scatterers moving randdoefyveen each iteration. The brighter scatterer in the gersti scatterer

case has constant phase and an amplitude that is three tilgbtebthan the sum of the smaller scatterers, which havéam

phase.



40

Fig. 5. Line-of-sight velocity map (mm/yr) for Mount Etna g 1995 to 2000 from persistent scatterer INSAR (modified
after [96]). Data were acquired by ERS in an ascending ort @ocessed with the method of Ferretti et al. [32]. The gdou
motion reveals that deformation of Mount Etna is charaegetiby two main domains. The first domain involves the entire
western and northern flanks of the volcano and its summit, anedergoing fairly continuous inflation. The second domain
involves the eastern and southern flanks of the volcano anbasacterized by general eastward and downward motionat 1 t
3 cm/yr. This domain is divided into a number of blocks witlyktly different velocities. Local areas of subsidence ésible

near the summit due to cooling lava flows.
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Fig. 6. Small baseline results for Campi Flegrei 2003-20@8nfEnvisat images (modified from [97]). (a) Mean LOS velgpcit
map between summer 2004 and November 2006, superimposed orth@mphoto of the Campi Flegrei caldera. (b) Vertical
displacement time series for the location identified by thetevcircle in (a). Black triangles indicate INSAR measuegis
and red stars indicate leveling measurements. The timevaltepanned by (a) is indicated by the dashed lines. Inflatfothe

caldera is shown to accelerate during this interval.
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25 km

Fig. 7. Time series of displacement maps for Eyjafjallajpkolcano (from [49]). SAR data acquired by ERS between3199
and 2000 were processed using the combined time series dnefhblooper [43]. Each image shows the incremental LOS
displacement since the date of the previous image. The vghiteh in the middle of each image with no scatterers is the ice
cap. Two periods of deformation are visible, the first ocdure 1994 (visible in the image labelled 22 Jun 1995, whichnspa
October 1993 to June 1995) and the second in 1999-2000. Bettisecan be modelled by the intrusion of a sill at 5-6 km

depth, although the spatial extent varies for each event.
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a) Mean LOS velocity, Track 52, ERS, 25.05.1993—-15.10.1999
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Fig. 8. Time series results for Hekla volcano (modified frd0]). (2) Mean LOS velocities before the 2000 eruption using
data acquired by the ERS satellites from a descending @litinus sign on the scale bar represents lengthening of L@gera
The deformation around Hekla is torus-like, with uplifteatincreasing as one moves towards the summit, peaking wci®

km from the summit (indicated by the black circles) and thenrdasing again until eventually becoming subsidence.cArgk
center of subsidence is observed east of Hekla, at Tordjofo) A time series of the mean LOS displacement for theasire
enclosed by the black circles in (a), from ERS (red circles) &nvisat (blue circles) satellites related to pressusnghs in

a deep magma chamber. The red vertical lines show the begimfithe January 17, 1991 and February 26, 2000 eruptions.
Before the 2000 eruption, a steady rate of 3.8.7 mm/yr in the LOS is inferred. A similar rate of 344 2.0 mm/yr is inferred
after the eruption (blue line). The dotted red line is a cundiion of the fit for the ERS data (1993-1999) with an offdetld

mm in the LOS occurring as a result of the 2000 eruption, ahbsea co-eruptive pressure drop in the Hekla magma chamber.
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Fig. 9. Time series analysis for Colima Volcano (modifiedirf67]). Above, temporal evolution of the phase delay/dieva
ratio (in rad/km) induced by the troposphere. Black dotgesent the daily values calculated from the NARR global tweat
model data at the acquisition time for descending tracksOQLWTM). Red and green circles highlight the ratio valuestfe
dates of acquisitions. The best fitting sinusoidal funcidmained using the daily NARR estimation is indicated by ¢ Iiee.
Triangles indicate the average delay/elevation ratio éitvkm) estimated using pressure and temperature profitesded by
NARR and the water content profile provided by MERIS data, ietevailable. Below, mean LOS velocity from data acquired
by the Envisat satellite in a descending orbit between 20@32806 (positive values indicate displacement towardsatellite).
Results are superimposed on the SRTM Digital Elevation NMoHee black box encloses the area of reference where the mean
velocity is arbitrarily set to zero. NCV: Nevado de Colimaldmo, CV: Colima Volcano, GC: Guzman City, CC: Colima City,
TF: Tamazula fault. After correction of individual wrappiderferograms using elevation-to-phase relationshipsnated from
the NARR model, phase-unwrapping was possible. The reshlisv no significant widespread deformation, with only local

subsidence of up to 30 mm/yr at the volcano summit and in Goz@8igy.
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Fig. 10. (&) Vertical atmospheric transmission as a functd wavelength for the visible to near infrared part of the
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Fig. 11. Radiance as a function of wavelength for Earth teatpees at 300 K and 1000 K, typical of a warm surface heated
by the Sun and a lava flow heated by the Earth’s internal enfrigg radiance for the hot lava at 1000 K peaks at lower

wavelengths than that for the surface at 300 K.

Lava flow

Ash clouds

Fig. 12. ASTER image of Nabro volcano (Eritrea), in eruptida well as the dark column of ash rising from the vent, a stre&
hot lava (colored red-white) is evident. The eruption clewss composed mostly of SG- thought to be the largest single volcanic
SO, emission since the eruption of Hudson, Chile in August 1¥9dmplete information for the ASTER image may be found
at http://photojournal.jpl.nasa.gov/catalog/PIA1438fage and processing courtesy of NASA/GSFC/METI/ERSOAROS,
and U.S./Japan ASTER Science Team
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Fig. 13. ASTER, Landsat-7 and SRTM fused image of Nyiragomgieano, DRC. Recent lava flows are colored red. The
large crater to the north of Nyiragongo is Nyamuragira votgaa prodigious source of S@missions. Lava has been identified
(in red) through the city of Goma on the shore of lake Kivu,mis@ bottom of the image. A full description of the image and

its processing may be found at http://photojournal.jiaagov/catalog/PIA03339. mage and processing courteSjASHA.
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Fig. 14. MODIS true-color image of the initial plume risingpin the Puyehue-Cordon Caulle eruption on June 5, 2011.

150 120
R P T e
i -
e
of L.
5
1
H 8
.
g
,,/ AIRS Volcanic ash Index (AVI) s
Ly : C .
0 0 2 0 w) ] n o w100
: I
150 S0 90 67 e 0 £ ] w 120 70

Fig. 15. Atmospheric InfraRed Sounder (AIRS) volcanic asttek (AVI) derived from brightness temperature spectratliier
dispersing ash from Puyehue-Cordon Caulle eruption frame}%-25, 2011. AIRS could track the ash circumnavigatirgy th
southern hemisphere at least three times before the sigopped below the detection limit. The location of Puyehusddn

Caulle is indicated by a white triangle.
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Fig. 16. Ash mass loading retrievals (in g ) from the Meteosat-2 SEVIRI infrared measurements. Eaclelda separated
in time by one hour. The southward progression of a cloud bfesipted from Eyjafjallajokull on 16 May, 2010 is clearly

evident, as is the diminution of the mass loading as the cteadhes the coast of Belgium and The Netherlands.
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Fig. 17. SQ partial column amounts (g 17) retrieved from the hyperspectral infrared AIRS instruingine SQ emissions

are from the Eyjafjallajokull eruptions between 5-13 M2ag@10.



