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Preface to "Remote Sensing of Volcanic Processes and
Risk”

Remote sensing data and methods are increasingly implemented in assessments of volcanic
processes and risk. This happens thanks to their ability to provide a spectrum of observation and
measurement opportunities to accurately sense the dynamics, magnitude, frequency, and impacts of
volcanic activity in the ultraviolet (UV), visible (VIS), infrared (IR), and microwave domains.

This book includes research papers published in the Special Issue “Remote Sensing of Volcanic
Processes and Risk” of the journal Remote Sensing.

Launched in mid-2018, the Special Issue comprises 1 editorial and 19 research papers on the
use of satellite, aerial, and ground-based remote sensing to detect thermal features and anomalies,
investigate lava and pyroclastic flows, predict the flow path of lahars, measure gas emissions and
plumes, and estimate ground deformation.

The strong multi-disciplinary character of the approaches employed for volcano monitoring
and the combination of a variety of sensor types, platforms, and methods that emerge from the
papers testify the current scientific and technology trends toward multi-data and multi-sensor
monitoring solutions.

The research advances presented in the published papers are achieved thanks to a wealth
of data including but not limited to the following: thermal IR from satellite missions (e.g.,
MODIS, VIIRS, AVHRR, Landsat-8, Sentinel-2, ASTER, TET-1) and ground-based stations (e.g., FLIR
cameras); digital elevation/surface models from airborne sensors (e.g., light detection and ranging
(LiDAR), or 3D laser scans) and satellite imagery (e.g., tri-stereo Pléiades, SPOT-6/7, PlanetScope);
airborne hyperspectral surveys; geophysics (e.g., ground-penetrating radar, electromagnetic
induction, magnetic survey); ground-based acoustic infrasound; ground-based scanning UV
spectrometers; ground-based and satellite synthetic aperture radar (SAR) imaging (e.g., TerraSAR-X,
Sentinel-1, Radarsat-2).

Data processing approaches and methods include change detection, offset tracking,
interferometric SAR (InSAR), photogrammetry, hotspots and anomalies detection, neural networks,
numerical modeling, inversion modeling, wavelet transforms, and image segmentation. Some
authors also share codes for automated data analysis and demonstrate methods for post-processing
standard products that are made available for end-users, and are expected to stimulate the research
community to exploit them in other volcanological application contexts.

The geographic scope is global, with case studies in Chile, Peru, Ecuador, Guatemala, Mexico,
Hawai’i, Alaska, Kamchatka, Japan, Indonesia, Vanuatu, Réunion Island, Ethiopia, Canary Islands,
Greece, Italy, and Iceland.

The added value of the published research lies in the demonstration that remote sensing
technologies can improve our knowledge of volcanoes that pose a threat to local communities;
back-analysis and critical revision of recent volcanic eruptions and unrest periods; and improvement
of modeling and prediction methods. Therefore, this Special Issue provides not only a collection
of forefront research in remote sensing applied to volcanology, but also a selection of case studies
demonstrating the societal impact that this scientific discipline can potentially have in volcanic hazard
and risk management.

Francesca Cigna, Deodato Tapete , Zhong Lu, Susanna K. Ebmeier

Editors

xi
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Abstract: Remote sensing data and methods are increasingly being embedded into assessments
of volcanic processes and risk. This happens thanks to their capability to provide a spectrum of
observation and measurement opportunities to accurately sense the dynamics, magnitude, frequency,
and impacts of volcanic activity in the ultraviolet (UV), visible (VIS), infrared (IR), and microwave
domains. Launched in mid-2018, the Special Issue “Remote Sensing of Volcanic Processes and Risk”
of Remote Sensing gathers 19 research papers on the use of satellite, aerial, and ground-based remote
sensing to detect thermal features and anomalies, investigate lava and pyroclastic flows, predict the
flow path of lahars, measure gas emissions and plumes, and estimate ground deformation. The strong
multi-disciplinary character of the approaches employed for volcano monitoring and the combination
of a variety of sensor types, platforms, and methods that come out from the papers testify the
current scientific and technology trends toward multi-data and multi-sensor monitoring solutions.
The research advances presented in the published papers are achieved thanks to a wealth of data
including but not limited to the following: thermal IR from satellite missions (e.g., MODIS, VIIRS,
AVHRR, Landsat-8, Sentinel-2, ASTER, TET-1) and ground-based stations (e.g., FLIR cameras); digital
elevation/surface models from airborne sensors (e.g., Light Detection And Ranging (LiDAR), or 3D laser
scans) and satellite imagery (e.g., tri-stereo Pléiades, SPOT-6/7, PlanetScope); airborne hyperspectral
surveys; geophysics (e.g., ground-penetrating radar, electromagnetic induction, magnetic survey);
ground-based acoustic infrasound; ground-based scanning UV spectrometers; and ground-based and
satellite Synthetic Aperture Radar (SAR) imaging (e.g., TerraSAR-X, Sentinel-1, Radarsat-2). Data
processing approaches and methods include change detection, offset tracking, Interferometric SAR
(InSAR), photogrammetry, hotspots and anomalies detection, neural networks, numerical modeling,
inversion modeling, wavelet transforms, and image segmentation. Some authors also share codes
for automated data analysis and demonstrate methods for post-processing standard products that
are made available for end users, and which are expected to stimulate the research community to
exploit them in other volcanological application contexts. The geographic breath is global, with case
studies in Chile, Peru, Ecuador, Guatemala, Mexico, Hawai’i, Alaska, Kamchatka, Japan, Indonesia,
Vanuatu, Réunion Island, Ethiopia, Canary Islands, Greece, Italy, and Iceland. The added value of the
published research lies on the demonstration of the benefits that these remote sensing technologies
have brought to knowledge of volcanoes that pose risk to local communities; back-analysis and
critical revision of recent volcanic eruptions and unrest periods; and improvement of modeling and
prediction methods. Therefore, this Special Issue provides not only a collection of forefront research in
remote sensing applied to volcanology, but also a selection of case studies proving the societal impact
that this scientific discipline can potentially generate on volcanic hazard and risk management.

Keywords: volcano monitoring; gas emissions; magma accumulation; edifice growth and collapse;
volcanic unrest; lava flows; pyroclastic flows; ash plumes; thermal anomalies; volcano deformation

Remote Sens. 2020, 12, 2567; doi:10.3390/rs12162567 1 www.mdpi.com/journal/remotesensing
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1. Aims and Goals

Understanding volcanic processes and hazards, assessing the associated risk for exposed
communities, critical infrastructure, and business, and enhancing risk awareness are activities of vital
importance toward risk mitigation (e.g., [1]). Remote sensing observations are increasingly being
embedded into assessments of volcanic processes and risk, thanks to their capability to provide a
spectrum of opportunities to accurately sense the dynamics, magnitude, frequency, and impacts of
volcanic activity in the ultraviolet (UV), visible (VIS), infrared (IR), and microwave domains (e.g., [2—4]).
Crucial is their potential to monitor volcanoes where no ground sensor networks exist, as well as
otherwise inaccessible locations.

Launched in mid-2018, the Special Issue “Remote Sensing of Volcanic Processes and Risk” [5]
of Remote Sensing aimed to gather original research articles, reviews, technical notes, and letters on
the use of satellite, aerial, and ground-based remote sensing data and methods to sense volcanic
processes (e.g., deformation, lava and pyroclastic flows, gas emissions and plumes) and assess the
associated hazard and risk. One of the key goals of the Special Issue was to collect research studies
combining two or more remote sensing methods or types of data, integrating remote sensing with in
situ observations (e.g., GPS benchmark surveying, topographic leveling, seismic and geochemical data)
or embedding remotely sensed information into volcanic processes, hazard and risk assessment models,
near-real-time monitoring, early warning, and decision-making. Submissions of articles and/or review
papers on global or continental volcano databases, monitoring, and models were equally encouraged.

Developed as part of a successful series of thematic volumes promoted by the “Remote Sensing in
Geology, Geomorphology and Hydrology” section of Remote Sensing, this project follows on from the
Special Issue “Volcano Remote Sensing” published in 2015-2016 [6], and it was collaboratively led by
an international team of four Guest Editors based in Europe and the USA: Dr Francesca Cigna and Dr
Deodato Tapete from the Italian Space Agency in Italy, Prof Zhong Lu from the Southern Methodist
University in Texas, and Dr Susanna K. Ebmeier from the University of Leeds in the UK.

This editorial provides an overview of the research papers composing the Special Issue, an outline
of the data and methods used by the contributing authors (see Section 2), and some statistics on
the editorial and peer-review process, as well as on the initial scientific impact made during the
first months following the closure of the Call for Papers (see Section 3). Conclusions and an outlook to
the future are also provided (see Section 4), together with directions to other thematic issues on volcano
remote sensing and opportunities in MDPI journals for further reading and specialist contributions on
this topic.

2. Overview, Data and Methods

The Special Issue comprises 19 research papers, namely 17 articles, 1 technical note, and 1 letter.
Figure 1 shows a pictorial word cloud of the thematic keywords used by the 19 papers, where the strong
multi-disciplinary character of the approaches employed for volcano monitoring, and the combination
of a variety of sensor types and platforms are apparent. A summary of the remote sensing data and
methods used, and the areas of interest investigated, is provided in Table 1.
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Table 1. Summary of remote sensing data, methods, and areas of interest discussed in the 19 research

papers composing the Special Issue (sorted in ascending order, according to the publication date).
Notation: DEM, Digital Elevation Model; IR, InfraRed; TIR, Thermal IR; SAR, Synthetic Aperture
Radar; InSAR, Interferometric SAR; Ground-Based InSAR, GBInSAR; NDVI, Normalized Difference
Vegetation Index; NN, Neural Networks; UV, UltraViolet; VIS, Visible; VHR, Very High Resolution.

Paper Reference

Data and Methods

Areas of Interest

Plank et al.
2018 [7] 1

Bredemeyer et al.
2018 [8] !

Marchese et al.
2018 [9] 1

Di Traglia et al.
2018 [10] !

Papageorgiou et al.
2019 [11]1

Aufaristama et al.
2019 [12] !

Sansivero and Vilardo
2019 [13] 2

Rogic et al.
2019 [14] !

Lombardo et al.
2019 [15] 1

Gomez-Ortiz et al.
2019 [16] !

Cando-Jacome and Martinez-Grana

2019 [17]1

de Michele et al.
2019 [18] 2

Davila et al.
2019 [19]*

Laiolo et al.
2019 [20] !

Delle Donne et al.
2019 [21]1

Mania et al.
2019 [22] !

De Angelis et al.
2019 [23] !
Valade et al.

2019 [24]1

Aldeghi et al.
2019 [25]

satellite TIR data (TET-1, MODIS, VIIRS); ash
coverage, change detection (TET-1, Landsat-8)
ground-based scanning UV spectrometer
(Mini-DOAS; SO,); multi-component Gas Analyzer
System (Multi-GAS) survey (molar H,O/SO, ratio);
satellite SAR data, differential INSAR (TerraSAR-X)
satellite TIR data (MODIS, AVHRR, Sentinel-2,
Landsat-8 OLI); volcanic hotspot detection
(RSTyor ¢ algorithm)

TIR and VIS cameras; GBInSAR; ground-based
seismic signals and NN-based analysis to detect
incipient landslides; high-resolution DEM (LiDAR,
tri-stereo Pléiades imagery), topographic
change detection
satellite SAR data, Multi-Temporal InSAR,
MT-InSAR (Sentinel-1, Radarsat-2, TerraSAR-X,
ERS-1/2, ENVISAT); inversion modeling (Volcano
and Seismic source Model, VSM)
airborne hyperspectral data (AisaFENIX sensor,
NERC Airborne Research Facility); VHR
airborne photographs
ground-based TIR data (FLIR cameras), thermal
anomalies detection (Matlab© code ASIRA,
Automated System of IR Analysis)
satellite TIR data (Landsat-5/7, ASTER Global
Emissivity Database); numerical modeling
(MAGFLOW); sample chemical composition (X-Ray
Fluorescence), reflectance spectra (Fourier Transform
IR, FTIR spectroscopy)
geostationary satellite IR data (Meteosat Second Gen.
SEVIRI); IR wavelet transform; radiance time
series analysis
ground-penetrating radar; electromagnetic induction;
magnetic survey; detection of geothermal anomalies
satellite SAR, differential INSAR (Sentinel-1); satellite
optical data (Sentinel-2); morphometric indices
(SAGA GIS), mass movement analysis (SHALSTAB);
lahars flow path prediction
satellite optical data, volcanic cloud-top height
(VCTH) estimation (Landsat-8, Meteosat Second Gen.
SEVIRI, MODIS)
satellite optical data, image segmentation for lava
flow mapping (SPOT-6/7, EO-1 ALI); digital surface
model (SPOT-6)
satellite TIR data (MODIS MIROVA, Sentinel-2);
infrasound arrays; seismic tremor data
UV camera data (SO, flux monitoring); satellite
(MODIS MIROVA) and ground-based (monitoring
cameras) TIR data; seismic tremor data
satellite SAR, pixel offset (TerraSAR-X); webcam
imagery; ground-based seismic data

ground-based acoustic infrasound; ash
plume modeling

satellite optical and SAR data, tropospheric
monitoring (Sentinels); ground-based seismic data;
artificial intelligence (Convolutional NN)

satellite optical data (CubeSats, i.e., PlanetScope);
NDVI; visual analysis

Villarrica (Chile)

Lascar (Chile)

Etna (Italy)

Stromboli (Italy)

Santorini (Greece)

Holuhraun (Iceland)

Phlegraean Fields and Vesuvius
(Ttaly)

Etna (Italy)

Etna (Italy)

Timanfaya (Canary Islands, Spain)

Fuego (Guatemala)

Etna (Italy)

Colima (Mexico)
Etna (Italy)
Etna (Italy)

Bezymianny (Kamchatka, Russia)

Etna (Italy), Santiaguito and Fuego
(Guatemala), Tunghurahua
(Ecuador), Sakurajima (Japan),
Sabancaya (Peru), Augustine and
Redoubt (Alaska, USA)

Erta Ale (Ethiopia), Fuego
(Guatemala), Kilauea (Hawai'i,
USA), Anak Krakatau (Indonesia),
Ambrym (Vanuatu), Piton de la
Fournaise (Réunion Island, France)

Fuego (Guatemala)

1 Article. 2 Technical note. ® Letter.
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Figure 1. Thematic keywords of the 19 research papers composing the Special Issue “Remote Sensing
of Volcanic Processes and Risk” [5] of Remote Sensing (created with wordclouds.com).

Short accounts for each paper are also provided in the next sections, according to the following
subdivision:

e  Remote sensing of thermal features and anomalies

e Investigation, mapping, and prediction of lava flows and lahars
e  Monitoring gas emissions and volcanic plumes

e  Ground deformation analysis based on SAR and InSAR

e  Multi-data and multi-sensor monitoring of volcanoes

This subdivision is an attempt to organize the papers by the dominant scope, main character of the
research, and/or peculiar type of remote sensing approach exploited. Therefore, such subdivision may
appear a simplification for those papers encompassing more than one volcanological aspect or focusing
on more than one volcanic parameter or observable. Consequently, the last group collects those papers
that encompass multi-disciplinary approaches and encourage the integration of multi-sensor data.

It is worth noting that a common ground across the papers is the promotion of novel, integrated,
or improved monitoring solutions to increase the existing observation capabilities based on either
satellite, aerial, or terrestrial devices. Remote sensing, in this regard, represents an opportunity, in the
context that less than 10% of the approximately 1500 active subaerial volcanoes around the world are
monitored regularly on the ground, as recalled in [14].

2.1. Remote Sensing of Thermal Features and Anomalies

Satellite sensors such as MODerate resolution Imaging Spectroradiometer (MODIS), Meteosat
Second Generation Spinning Enhanced Visible and InfraRed Imager (SEVIRI), Advanced
Very-High-Resolution Radiometer (AVHRR), and Landsat-8 Thermal InfraRed Sensor (TIRS), currently
provide effective means for the thermal remote sensing of volcanoes at the global scale. Several papers
published in the Special Issue demonstrate how these satellite data are nowadays well established
across the volcanological community for research and the operational monitoring of volcanic thermal
features (e.g., vents, geysers, hot springs, lava flows, lava domes).

SEVIRI is among the most used satellite sensors, owing to its high temporal resolution ranging
from 15 min (Earth’s full disk) to 5 min (rapid scan mode over Europe and Northern Africa). Exploiting
the time series collected in real time from a Meteosat-8 ground station antenna operating since 2010 at
the National Institute of Geophysics and Volcanology (INGV) in Rome, Lombardo et al. [15] tested a
new detection method based on the wavelet transform of SEVIRI InfraRed (IR) data, to investigate
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eruptive processes and discriminate different styles of volcanic activity. In particular, a statistical
analysis was performed on wavelet smoothed data derived from SEVIRI Mid-IR (MIR) radiance
collected over Mount Etna in Italy from 2011 to 2017, when the volcano changed its eruptive style from
predominantly effusive to more explosive (2011-2015), and a vigorous Strombolian activity started
from the south-east crater producing a small lava flow (February 2017). The results (validated through
ground-based information and literature references) suggested a relationship between the rate of
increment in radiance (and thus temperature) and the nature of the volcanic process causing that
increment. Statistical analysis of SEVIRI MIR radiance trends highlighted the involvement of at least
two different heating mechanisms for eruptions at Mount Etna. Since the methodology applies to
data acquired at the onset of the eruption, prediction of what will be its dominant eruptive style at
later stages is feasible, with a degree of trustworthiness in the first eight hours from the beginning of
the eruption.

Instead, Marchese et al. [9] integrated AVHRR and MODIS observations in the Robust Satellite
Techniques—volcanoes (RSTyor c) algorithm within the satellite-based system developed at the Institute
of Methodologies for Environmental Analysis (IMAA) of the National Research Council (CNR) of Italy
to monitor Italian volcanoes in near-real time. The authors investigated the eruptive events occurring
in May 2016 at Mount Etna, and the fumarolic emissions recorded before a small degassing vent (of
approximately 20-30 m in diameter) opened within the Voragine crater (VOR). AVHRR and MODIS
observations were integrated in RSTy oy ¢ to generate hotspot products (i.e., JPG, Google Earth KML,
and ASCII files) a few minutes after the sensing time. The detection of volcanic thermal anomalies is
based on two local variation indices. The first identifies anomalous signal variations in the MIR band
of the AVHRR (channel 3: 3.55-3.93 um) and MODIS (channels 21/22: 3.929-3.989 um) sensors, where
hot magmatic surfaces reach the peak of thermal emissions. The second index allows the minimization
of spurious effects associated with non-volcanological signal fluctuations. The results indicated that
the Strombolian eruption of 21 May 2016 lasted longer than reported by field observations, or that a
short-lived event occurred in the late afternoon of the same day. Furthermore, the intensity of fumarolic
emissions changed before 7 August 2016, as a possible preparatory phase of the hot degassing activity
occurring at VOR. These outcomes matched with the evidence found in Sentinel-2 MSI (Multispectral
Instrument) and Landsat-8 OLI (Operational Land Imager) data.

While the above space missions remain reference data sources for the community, the paper by
Plank et al. [7] is an excellent example of the advances in space-borne sensor development, to achieve
higher spatial resolution and sensitivity with regard to thermal anomalies. The authors demonstrated
the applicability of the Technology Experiment Carrier-1 (TET-1), i.e., the first of two small experimental
satellites of the German Aerospace Center (DLR)’s FireBIRD mission. TET-1 was launched in July 2012,
followed by BIROS (Berlin IR Optical System) in June 2016. Both satellites are flying sun-synchronously
in a low-Earth orbit at approximately 500 km altitude, with a repetition rate of approximately five days
for one satellite, depending on its geographic location, and up to less than 3 days with + 30° across-track
acquisitions. The sensors operate two IR cameras, one in the Mid Wave IR (MWIR) and one in the Long
Wave IR (LWIR), as well as a three-channel camera in the visible (VIS: RED and GREEN) and Near
IR (NIR). The MWIR, LWIR, and RED channel are installed in the nadir position, while the GREEN
and NIR channel are oriented off-nadir. TET-1 operates a push broom sensor system with a ground
sampling distance of 178 m for the thermal channels, corresponding to a pixel resolution of 356 m due to
staggering. The MWIR channel of TET-1 is more suitable for the detection of high-temperature events
than LWIR (higher temperature events have a higher radiant power at shorter wavelengths according
to Wien’s displacement law). In particular, the authors analyzed a time series of nine TET-1 thermal
images acquired before and during the March/April 2015 eruption of Villarrica volcano (Chile), which
is one of the most active volcanoes in the South Andes Volcanic Zone. The temperature, area coverage,
and radiant power of the detected thermal hotspots were derived at the subpixel level and compared
with observations derived from MODIS and Visible IR Imaging Radiometer Suite (VIIRS) data. TET-1
images allowed thermal anomalies to be detected nine days before the eruption. After the decrease of
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the radiant power following the 3 March 2015 eruption, a stronger increase of the radiant power was
observed on 25 April 2015. Since the eruption caused ash coverage of the glacier at the eastern flank,
surface changes were also investigated. The comparison with higher resolution multispectral data
from Landsat-8 highlighted that the event was well captured in TET-1 imagery.

Alongside satellite observations, Thermal IR (TIR) ground-based observations are another
important source of information to investigate thermal features, as well as volcanic plumes and gases,
lava flows, lava lakes, and fumarole fields. Sansivero and Vilardo [13] rightly pointed out that, in
the past, such observations were mostly collected during a limited time span (e.g., eruption phases,
field campaigns). The evidence that thermal precursors can be successfully detected before eruptions
based on more continuous TIR observations has recently stimulated the increasing installation of
permanent ground TIR stations at active volcanoes across the globe. However, such augmented
availability of data has not yet been followed by an equal development of software packages allowing
the processing of continuous TIR time series and near real-time automated analysis of large datasets.
In this context, Sansivero and Vilardo [13] aimed to fill the gap by presenting an operational processing
chain developed in the Matlab© environment (Automated System of IR Analysis, ASIRA) that allows
the detection and quantification of possible changes in time and space of the ground-surface thermal
features. ASIRA allows effective removal of the seasonal component of IR temperature time series,
and an estimation of radiative heat fluxes of thermal anomaly areas. The ASIRA code was applied to
process TIR frames acquired at night by the stations of the TIRNet surveillance network operated by
INGV’s Osservatorio Vesuviano (INGV-OV) at Phlegraean Fields volcanic area in Italy. The results
show the effectiveness of this method. The Matlab© code of ASIRA and the Operative Manual are
included in the Supplementary Materials of the paper, thus offering a tool for scholars to implement
the analysis elsewhere with similar data.

Finally, itis important to not forget the impact that geophysical techniques can have on the detection
of thermal anomalies associated to volcanic geothermal systems. Active volcanic areas are characterized
by high-enthalpy geothermal systems that exhibit high-temperature zones (>150-200 °C) at ground
level. While convective hydrothermal systems are most common, Hot Dry Rock (HDR) geothermal
systems consisting of subsurface zones with very low fluid content are rarer. Gomez-Ortiz et al. [16]
focused their attention on HDR, thus providing an original contribution to the still very few studies on
such geothermal systems based on magnetotellurics, transient electromagnetics, electrical resistivity,
magnetics, self-potential, and seismic. The reason for this paucity of specialist literature is that the
presence of vapor as the dominant phase (instead of hot water) makes this kind of system more
difficult to interpret using electromagnetic methods. The authors demonstrate how near-surface
geophysical modeling can be implemented to image thermal anomalies in HDR geothermal systems
through a case study in the Timanfaya volcanic area in Lanzarote, Canary Islands. There, thermal
anomalies are still present as a consequence of the historical eruptive activity that occurred between
1730 and 1736. In particular, the authors combined ground-penetrating radar (GPR), electromagnetic
induction (EMI), and magnetic prospecting to characterize the geophysical signature of the high
ground temperature areas. GPR revealed that when the material is homogeneous, the signature of
the reflections is more intense in the areas with high temperature values. Similarly, a variation in the
subsurface distribution of the thermal anomaly was detected for the first time through the analysis of
GPR at different periods. The resistivity models obtained from the inversion of EMI data demonstrated
that high-resistive areas are associated with high-temperature zones. Magnetic data showed that the
zones with high-temperature values are associated with magnetic lows due to the demagnetization of
the volcanic materials when they are heated to temperatures close to or higher than the Curie point of
the involved magnetic minerals. Therefore, the authors conclude that the combined use of GPR, EMI,
and magnetic prospecting methods is effective to locate and study both the geometry at depth and
seasonal variability of geothermal areas associated with HDR systems.
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2.2. Investigation, Mapping, and Prediction of Lava Flows and Lahars

Aufaristama et al. [12] recalled that in high eruption frequency areas, lava flows often overlap each
other and may exhibit similar spectral signatures, which makes their discrimination difficult. Spectral
range and resolution (i.e., number of spectral bands), as well as the spatial resolution of satellite images,
can further constrain the success of separation between different spectral signatures. Hyperspectral
satellite data still provide limited spatial resolution (e.g., Earth Observing-1 or EO-1 Hyperion with a
ground resolution of 30 m), so airborne sensors may help, but dedicated acquisition surveys are needed.
A demonstration of such capabilities is discussed by the authors based on the analysis of hyperspectral
data that they collected in 622 channels with spectral range from approximately 400 to 2500 nm by
using the AisaFENIX sensor onboard the Natural Environment Research Council (NERC) Airborne
Research Facility, five months after the Holuhraun 2014-2015 lava flow, in NE Iceland. This event lasted
about six months (31 August 2014 to 27 February 2015) and produced a bulk volume of approximately
1.44 km?® of basaltic lava, i.e., a diverse surface environment to investigate and characterize lava deposits.
The objective was to retrieve the main lava surface type contributing to the signal recorded by airborne
hyperspectral data at the very top surface of Holuhraun, on the area around the eruptive fissures
vent, for which very high-resolution aerial photographs of the lava field (0.5 m spatial resolution)
were available for comparison, and validation of the unmixing results. The data were atmospherically
corrected using the QUick Atmospheric Correction (QUAC) algorithm, and the Sequential Maximum
Angle Convex Cone (SMACC) method was used to find spectral endmembers and their abundances
throughout the airborne hyperspectral image. In total, 15 endmembers (i.e., representing pure surface
materials in a hyperspectral image) were estimated and categorized into six groups based on the shape
of the endmembers: (1) basalt; (2) hot material; (3) oxidized surface; (4) sulfate mineral; (5) water;
and (6) noise. This was required, since the amplitude varied due to illumination conditions, spectral
variability, and topography. The respective abundances from each endmember group were retrieved
using fully constrained Linear Spectral Mixture Analysis (LSMA). The authors conclude that the
combination of SMACC and LSMA methods offers an optimum and a fast selection for volcanic
products segregation. However, ground-truthing spectra are recommended for further analysis.

Instead, Davila et al. [19] relied on satellite images to revise and improve the chronological
reconstruction of the different eruptive phases that occurred from September 2014 to September
2016 at Volcan de Colima in Mexico, including the eruption on 10-11 July 2015, which was the most
violent since the 1913 Plinian eruption. Their analysis mainly relied on satellite products. SPOT-6
dual-stereoscopic and tri-stereopair images were used to generate the Digital Surface Models (DSMs)
and therefore estimate the volumes of lava flows and the main pyroclastic flow deposits. SPOT-6/7
and EO-1 ALI (Advanced Land Imager) data were in parallel combined to better define the spatial
distribution of the lava flows prior to and after the volcanic activity of July 2015. Then, pre- and
post-eruption DSMs were used as topographic inputs to calibrate lava flow simulation software (i.e., the
Etna Lava Flow Model, ELFM) to simulate different paths that lava might follow when emitted from a
volcanic vent. Through this methodology, the authors were able to estimate that the total volume of
the magma that erupted during the 2014-2016 event was approximately 40 x 107 m3, i.e., one order of
magnitude lower than that of the 1913 Plinian eruption. A larger magma volume stored in the magma
chamber would have been necessary, and, as observed in the precursory activity of the 1913 eruption,
dome destruction would have been accompanied by explosive events for the 2015 event to be similar
to the 1913 one.

In the context of recent advances in space-borne sensors, the research by Aldeghi et al. [25] is
relevant in its attempt to demonstrate the novel Earth Observation (EO) technology of PlanetScope
images with 3 m pixel size in an operational scenario of “rapid response” mapping of eruption deposits,
which could be eroded or removed by rainfall soon after emplacement, and thus trigger secondary
volcanic hazards such as lahars. Constellations of small satellites (‘CubeSats’) such as PlanetScope
are bringing a new paradigm in the EO arena, given that they achieve very high spatial resolution at
high cadence (up to less than 1 h) by means of numerous cheap satellites allowing for multiple scene
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acquisitions within a few minutes in the overlapping region. Aldeghi et al. [25] tested PlanetScope
16-bit calibrated orthorectified surface reflectance data with a positional accuracy of better than 10 m,
which was collected during the 31 January-2 February 2018 eruption of the Fuego volcano in Guatemala,
to map lava flows, Pyroclastic Density Currents (PDCs), and tephra falls through visual analysis, the
Normalized Difference Vegetation Index (NDVI) difference method, and trial-and-error approach using
single bands. The authors found that high-resolution visible images can be a good alternative for lava
flow mapping, provided that enough contrast with the background is achieved, and they allow for the
detailed mapping of structural and morphological changes associated with the volcanic activity. In
particular, the scar at the head of Barranca Honda was immediately identified after the eruption and
could be interpreted as either a collapse or erosion feature associated with the generation or transit of
PDCs through that area. As expected, the NDVI difference approach was not suitable for detecting
changes in areas that were originally non-vegetated, and thus, no good results could be achieved for
PDCs confined to the channels on the flanks of the volcanic edifice. On the contrary, for tephra fall
mapping analysis, the method provided a much better alternative than visual mapping, given that the
gradational boundaries of the tephra fall deposits (i.e., the transition from areas with heavy tephra fall
to areas with no tephra fall) are smooth and may be difficult to define visually.

The Fuego volcano is also the subject of the paper by Cando-Jacome and Martinez-Grana [17],
who discussed the integrated results of satellite remote sensing and geospatial analysis to complement
hazard maps generated in the aftermath of an eruption. In particular, the authors focused on the strong
eruption occurred on 3 June 2018, when a dense cloud of 10 km-high volcanic ash and destructive
pyroclastic flows caused approximately 200 deaths and huge economic losses in the nearby region.
After the eruption, two scenarios of lahars for medium and heavy rains based on the numerical models
were produced using the LAHARZ software, which was developed at the United States Geological
Survey. To improve lahar mapping, Sentinel-1 Synthetic Aperture Radar (SAR) data were processed
by means of Differential Interferometric SAR (DInSAR) to locate areas of ground deformation on
the volcano flanks, where lahars could have formed and been triggered. To determine the trajectory
of the lahars, parameters and morphological indices—accumulation of flow, topographic wetness
index, length-magnitude factor of the slope—were analyzed with the software System for Automated
Geoscientific Analysis (SAGA), and a slope stability analysis was performed using the SHAllow
Landslide STABIility software (SHALSTAB) based on the Mohr—Coulomb theory and its parameters.
The application of this complementary methodology provided a more accurate response of the areas
destroyed by primary and secondary lahars in the vicinity of the volcano.

For crisis management of effusive volcanic events, lava flow ‘distance-to-run’ is a key parameter
to predict. However, lava flow is a complex surface feature to observe using remote sensing, given
that temperature, texture, vesicularity, and thickness vary across the moving material. Rogic et al. [14]
focused their attention on the emissivity—the efficiency with which a surface radiates its thermal
energy at various wavelengths—that is in close relationship with land surface temperatures and
radiant fluxes and, as such, impacts directly on the prediction of lava flow behavior. Since emissivity is
seldom measured and mostly assumed, the authors attempted a multi-stage experiment, combining
laboratory-based Fourier Transform IR (FTIR) analyses, remote sensing data, and numerical modeling.
In particular, they tested the capacity for reproducing emissivity using the ASTER Global Emissivity
Database (GED) built by NASA's Jet Propulsion Laboratory, while assessing the spatial heterogeneity
of emissivity. To this purpose, the chemical composition of 10 rock samples was analyzed through
X-Ray Fluorescence (XRF), and emissivity was retrieved from both reflectance and radiance data at
ambient/low and high temperatures using FTIR spectroscopy. The laboratory—satellite emissivity
values were used to establish a realistic land surface temperature from Landsat-7 ETM+ to obtain an
instant temperature-radiant flux and eruption rate results for the 2001 Mount Etna eruption, which
gave rise to an outstanding pattern of seven different fast-developing lava flows. Forward-modeling
tests were conducted on the 2001 ‘aa’ lava flow by means of the MAGFLOW Cellular Automata
code. Good correlation was found between laboratory (FTIR) and space-borne (ASTER GED) data
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for the same target area, and at specific TIR wavelengths, by exhibiting an emissivity range/error
of <0.03. However, the authors concluded that this emissivity information is ‘static’, relates to the
solidified (cooled) product, and does not reflect the range of temperatures involved at an active lava
flow or the emissivity/temperature trend seen in the high-temperature FTIR results. Furthermore,
the theoretical empirical approaches and modeling indicated that a 0.2 variation in emissivity may
result in significant changes to the prediction of lava flow ‘distance-to-run” estimates. Indeed, the tests
conducted by the authors provided differences of up to approximately 600 m in the simulated lava flow
‘distance-to-run’ for a range of emissivity values. Therefore, this study highlighted the need to assess
the role and significance of emissivity, not only as a ‘static’ and uniform value across all wavelengths
and temperatures, but also to take its response to thermal gradient into account.

2.3. Monitoring Gas Emissions and Volcanic Plumes

Dissolved gases in magmas are the main drivers of most volcanic eruptions. Changes in their
composition and fluxes can be proxies of subtle changes in the rate of magma ascent and degassing
within shallow volcano plumbing systems. For example, this is the case of volcanic sulfur dioxide
(SO;) emissions in plumbing systems located at less than 3 km depth.

In this regard, the paper by Delle Donne et al. [21] provided an innovative contribution through a
robust experimental demonstration to constrain the degassing regimes and eruptive behavior of the
Mount Etna volcano in 2016. The technological focus of the paper is the development and testing
of a novel algorithm for the real-time automatic processing of UltraViolet (UV) camera data and
visualization of SO, flux time-series. Automation is meant to solve a known limitation of permanent
UV camera systems that are extensively used to monitor volcanic SO, emissions, but produce streams
of data whose processing is still time-consuming and labor-intensive. To obtain SO, emissions
associated with diverse volcanic processes and dynamics—including quiescent (passive) degassing,
explosive eruptions (Strombolian activity/lava fountaining), and effusive eruptions, and therefore
capture switches between these different phases—the authors exploited the UV camera system installed
at the Montagnola site, at about a 3 km distance from the active summit vents, and streaming real-time
SO; flux results through a Wi-Fi data link. Measurements were also carried out during an ongoing lava
fountaining event, which is not so common to find in the specialist literature. The results were validated
through MODIS satellite-based thermal data obtained from the MIROVA (Middle IR Observation of
Volcanic Activity) system, ground-based thermal data streamed by monitoring cameras of INGV’s
Osservatorio Etneo (INGV-OE), and seismic tremor data. All these independent datasets showed
coherent temporal variations that validated the use of UV cameras for detecting subtle changes in
volcanic and degassing activity. Pre-paroxysm SO, fluxes were found to have consistent values
(of approximately 2000 t/d) during the three episodes. Similarly, the highest SO, fluxes (from 3000
up to 5200 t/d on a daily average basis) were identified during the three eruptive sequences, while
post-eruptive fluxes were systematically characterized by reduced degassing (<1000 t/d). If confirmed
by future observations, these results may bring implications for identifying switches in volcanic activity
regime. Therefore, this paper is novel because it has demonstrated a recent advance in instrumental
volcanic gas monitoring as well as for the quantitative information published therein.

Since (at least) the 2010 eruption of Eyjafjallajokull in Iceland, even non-experts know that airborne
volcanic ash represents a direct threat to aviation that can cause disruption to flight operations and
damage infrastructure. During eruptions, warnings can be issued based on the outputs of models of
atmospheric ash transport which, among other parameters, exploit the rate at which the material is
ejected from volcanic vents.

Large-scale eruptions involving the injection of hot gas-laden pyroclasts into the atmosphere
generate infrasound acoustic waves with frequencies typically <20 Hz, which can travel distances of
up to several thousands of kilometers. Such low-frequency waves can be detected with ground-based
acoustic infrasound instrumentation. Given the increasing implementation of this instrumentation
by researchers and practitioners, the review by De Angelis et al. [23] is timely in that it provides
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an insightful assessment of the developments and lessons learnt in this field. Focusing on acoustic
infrasound at local distances (i.e., within 10-15 km from eruptive vents), the authors review near-field
(<10 km from the vent) linear acoustic wave theory, evaluate recent advances in volcano infrasound
modeling and inversion, and comment on the advantages and current limitations of these methods.
Among the highlights, it is worth mentioning the recent introduction of numerical modeling to
approximate the atmosphere’s impulse response in the presence of realistic topography, and how this
approach has been integrated within inversion workflows. The authors also stress that the temporal
resolution offered by acoustic infrasound in retrieving eruption source parameters in order to inform
ash plume rise and transport models remains unmatched, and how this capability can be exploited for
the rapid assessment of airborne eruption hazards.

Volcanic Cloud-Top Height (VCTH), as a Plume Elevation Model (PEM), is one of the most critical
parameters to retrieve, because it affects the quantitative estimation of volcanic cloud ash and gases
parameters, the mass eruption rate needed for the transport and deposition models, and the definition
of the most dangerous zone for air traffic.

In a logic sequence with their previous publication focused on Landsat-8 OLI Level 0 raw data [26],
de Michele et al. [18] presented a method to extract VCTH from orthorectified Level 1 data, i.e., the
standard product available free of charge for end users. The concept behind this retrieval method is
that the physical distance between the panchromatic sensor (PAN) and the multispectral sensors (MS),
both onboard Landsat-like satellites, yields a baseline and a time lag between the PAN and MS image
acquisitions during a single passage of the satellite. This information can be used to extract a spatially
detailed map of VCTH from virtually any multispectral push broom system, namely PEM. While
adapting such PEM methodology to the standard Landsat-8 products, the authors aimed to simplify the
procedure for routine monitoring, offering an opportunity to produce PEM maps. They implemented
this approach on the episodes that occurred at Mount Etna on 26 October 2013 and compared the results
with independent VCTH measures from the geostationary SEVIRI and the polar MODIS. The analysis
highlighted a good agreement with the Landsat-8 VCTH product, thus corroborating the accuracy and
reliability of the proposed method.

2.4. Ground Deformation Analysis Based on SAR and InSAR

Owing to their capability to collect data in all weather conditions, SAR sensors, either space-borne
or ground-based, are undoubtedly advantageous for monitoring volcanic activity. Countless examples
can be found in the specialist literature on the use of SAR images and their derived products by
means of Interferometric SAR (InSAR) processing. According to a recent estimate, over 500 volcanoes
worldwide have now been the subject of INSAR measurements [2].

In this Special Issue, SAR and InSAR are well represented to monitor the growth of lama domes [22],
examine a post-unrest period [11], and to investigate the radar path delays due to the water vapor
contained in volcanic gas plumes [8].

Monitoring the growth of lava domes is crucial, given that explosive eruptions can make outer
flanks unstable until they collapse and cause pyroclastic flows, which may move very quickly down the
slopes and impact on regions several kilometers away and/or pose threat for aviation. An interesting
contribution toward an effective monitoring solution is presented by Mania et al. [22]. The authors
combined seismic data, camera monitoring, and Mimatsu diagrams with change detection maps and pixel
offset tracking based on TerraSAR-X SpotLight SAR images to understand the dome growth mechanisms
acting during the January 2016-June 2017 eruption sequence at Bezymianny, an andesitic dome-building
volcano in Kamchatka, Russia. In particular, camera monitoring allowed the approximate identification of
topographic changes at Bezymianny’s flank. This assessment was refined using ground motion estimated
from the pixel offset tracking algorithm, owing to the pixel spacing of 0.9 X 1.25 m in the slant-range
and azimuth directions provided by TerraSAR-X, alongside the selected descending viewing geometry
overcoming visibility issues due to the foreshortening and shadowing of the flanks. The results revealed
clear morphometric changes preceding eruptions that were associated with intrusions and extrusions.
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In particular, seven to nine months of precursory ground motion were captured and were interpreted
as a rigid body extruded at the summit prior to the first documented effusive December 2016-February
2017 eruption. Besides exogenous growth, the SAR amplitude images also unveiled distinct, recurrent
endogenous growth stages as Bezymianny’s dome bulged northwards multiple times. Based on this
evidence, the authors developed a conceptual model of volcanic growth at Bezymianny, thus proving
how the integration of satellite observations with other remote sensing data can generate an improved
understanding of lava dome building processes.

Papageorgiou et al. [11] exploited multi-sensor satellite SAR datasets (i.e., Sentinel-1, Radarsat-2,
and TerraSAR-X, and previously published ERS-1/2 and ENVISAT) processed with Multi-Temporal
InSAR (MT-InSAR), as well as inversion modeling based on Volcano and Seismic source Model (VSM),
to examine the post-unrest period of the Santorini volcano in Greece in 2012-2017. In the last century,
volcanic activity up to the most recent eruption in 1950 was intertwined with the building of the
intra-caldera islets of Palea and Nea Kameni. The latest volcano reactivation was followed by the
restless period of 2011, but this did not produce an eruption. The geodetic analysis of the MT-InSAR
data confirmed the new volcano state after the unrest period. The post-unrest response to the 2011-2012
inflation episode is well explained by a shallow sill-like source at 2 km depth. This is located just
above the approximately 4 km-deep inflation source responsible for the 2011-2012 uplift. The authors
also used ERS-1/2 and ENVISAT data from 1992 to 2010 in order to interpret the similarity between
the pre- and post-unrest volcano deformation. The presence of a steady subsidence source at Nea
Kameni, in accordance with the pre-unrest period, led to the re-evaluation of the 2011-2012 unrest.
The interpretation model suggested the co-existence of the Kameni source during the unrest, although
having a lower impact compared to the larger deformation induced by the inflation source.

If the above paper is a further demonstration of what can be achieved with InSAR to understand
volcanoes, it is to be acknowledged that this technique is largely affected by changes in atmospheric
refractivity, in particular changes in distribution of water vapor (H,O) in the atmospheric column.
Atmospheric contributions to Differential INSAR (DInSAR) data often have similar magnitudes and
wavelengths as the actual ground deformation signal. To remove such interference from interferograms,
scholars usually either implement time-space-based filtering or model atmospheric contribution, with
the latter being based on prediction of the atmospheric phase delay along the satellite line-of-sight and its
compensation by means of high-resolution numerical weather models. However, Bredemeyer et al. [8]
rightly pointed out that weather models are typically not able to capture atmospheric disturbances due
to continuously degassing volcanoes. Consequently, the large and variable amounts of water vapor in
volcanic plumes may cause differential phase errors in INSAR measurements due to the reduction of
radar propagation velocity within the plume above and downwind of the volcano, which are notably
well captured by short-wavelength X-band SAR systems (e.g., TerraSAR-X). In turn, this may lead
to the misinterpretation of ground motions from an interferogram. Inversely, the estimation of the
Precipitable Water Vapor (PWV) content in the plume at the time of SAR acquisitions is the key to
overcome this limitation.

To investigate the radar path delays due to water vapor contained in the volcanic gas plume,
Bredemeyer et al. [8] selected Lascar volcano, in the dry Atacama Desert of Northern Chile. This choice
proved to be very effective, given that Lascar is among the most active volcanoes of the central Andes,
the second largest emission source of volcanic gases in Northern Chile, and is located in one of the
driest areas on the Earth, where background atmospheric PWV is very low most of the year with
generally less than 1 mm total water column. The authors estimated water vapor contents based on
SO, emission measurements from a scanning UV spectrometer (Mini-DOAS) station installed at Lascar
volcano, which were scaled by HyO/SO, molar mixing ratios obtained during a Multi-component Gas
Analyzer System (Multi-GAS) survey on the volcano crater rim. This methodological approach was
justified in light of challenging direct measurements of volcanic water vapor emissions by means of
optical remote sensing. Based on these estimates, the authors obtained daily average PWV contents
inside the volcanic gas plume of a 0.2-2.5 mm equivalent water column, which translates to a Slant

11



Remote Sens. 2020, 12, 2567

Wet Delay (SWD) in DInSAR data of 1.6-20 mm. By combining these estimates with high-resolution
TerraSAR-X DINSAR observations at Lascar volcano, the authors demonstrated that gas plume-related
refractivity changes are significant and detectable in DINSAR measurements.

2.5. Multi-Data and Multi-Sensor Monitoring of Volcanoes

In the last decade, the scientific literature on the remote sensing of volcanic hazard and risk
is increasingly exploiting the integration of different observation capabilities, instrumentation and
devices, and data (e.g., [27,28]). This trend is also observed in this Special Issue, particularly with the
papers by Valade et al. [24], Laiolo et al. [20], and Di Traglia et al. [10].

From a satellite data point of view, in the context of the EO revolution that the European
Commission’s Copernicus Programme has opened with free accessibility to an increasingly large
volume of data and observations from different satellite platforms, the volcano monitoring platform
MOUNTS (Monitoring Unrest from Space) presented by Valade et al. [24] is among the best examples
of current operational infrastructure enabling users to understand the temporal evolution of volcanic
activity and eruptive products based on the integration of multi-sensor satellite imagery with in situ
and other remote sensing data. MOUNTS monitors 17 volcanoes, and its results are published in the
form of both geocoded images and time series of relevant parameters through an open-access website,
as they are generated from processing Sentinel-2 VIS and Short-Wave IR (SWIR) and Sentinel-5P
TROPOspheric Monitoring Instrument (TROPOMI) data for thermal and SO, monitoring purposes,
respectively. Additionally, one of the most interesting features is the pre-trained Convolutional Neural
Network (CNN) that is incorporated into the processing pipeline to detect large deformation in InNSAR
interferograms and generate wrapped interferograms, coherence maps, unwrapped interferograms,
SAR intensity image, deformation, and decorrelation time series in less than 24 h. The CNN approach
is compared with methods published in the literature, and its performance is tested on the same
volcanoes (i.e., Erta Ale in Ethiopia and Mount Etna in Italy). The paper also provides a portfolio
of recent eruptions (Erta Ale 2017, Fuego 2018, Kilauea 2018, Anak Krakatau 2018, Ambrym 2018,
and Piton de la Fournaise 2018-2019) to demonstrate the MOUNTS products and the utility of its
interdisciplinary approach.

At Mount Etna, Laiolo et al. [20] tested the hypothesis that the combination of multiple datasets
can help for the detection of short- and long-term precursors preceding these events. Open-vent
basaltic volcanoes can indeed alternate continuous emissions of magmatic-related products into
the atmosphere with sporadic more energetic phenomena, such as paroxysmal explosions or flank
eruptions. The authors chose the main effusive event that occurred on 24 December 2018 and the
successive resumption of the summit explosive activity, and they combined heat flux data derived
by the MODIS MIROVA sensor to calculate and track the evolution of time-averaged lava discharge
rates and erupted volumes. Instead, they used the high spatial resolution of Copernicus Sentinel-2
multispectral images to locate the thermal activity at the multiple active summit vents. Infrasonic
arrays and tremor amplitude measures were used to track the intensity, the frequency, and the source
of the explosive events occurring at summit craters. Based on such data integration, the authors could
record the shifting from open-vent conditions, represented by sustained summit Strombolian activity,
to the 24-26 December flank effusion promoted by a 2 km-long feeder dyke intrusion. The dyke
propagation lasted for almost 3 h, during which magma migrated from the central conduit system to
the lateral vent, at a mean speed of 0.15-0.20 m/s. An accurate estimate of the lava volume from the
summit outflows and lateral effusive episode was achieved.

Remaining in southern Italy, Di Traglia et al. [10] conceived a well-structured multi-sensor
study combining in situ and remote sensing measurements to characterize the run-up phase and the
phenomena that occurred during the August-November 2014 flank eruption at Stromboli volcano
in Italy. In particular, the authors relied on TIR and VIS cameras from the Camera Monitoring
Network of INGV-OE; ground displacement recorded by the permanent-sited Ku-band Ground-Based
InSAR (GBInSAR) device; seismic signals (band 0.02-10 Hz) from INGV-OV network, including

12



Remote Sens. 2020, 12, 2567

amplitude of volcanic tremor, amplitude of explosion quakes, inclination of the seismic polarization
in the Very-Long-Period (VLP) band (0.05-0.5 Hz), and a neural network-based analysis of seismic
signals to detect signals related to landslides occurring along the Sciara del Fuoco slope; and finally
high-resolution Digital Elevation Models (DEMs) reconstructed based on pre-eruptive 2012 LiDAR
data and post-eruptive 2017 tri-stereo Pléiades-1 imagery, and related topographic change detection.
With such a wealth of data, the authors found that the explosive activity peaked between 5 and
6 August 2014, whereas the GBInSAR device recorded a drastic increase in the displacement rate
since the morning of 6 August, which was consistent with a strong inflation of the crater terrace.
Ground displacement started to show evidence of sliding in the crater terrace after the 6 August 2014
evening, and this was also corroborated by seismic signals. The breaching of the summit cone with
emplacement of a landslide along the Sciara del Fuoco was anticipated by the GBINSAR measurements,
as observed by the live camera and recorded by the seismic data. Based on topographic change
detection, a total volume of 3.07 + 0.37 x 10° m? of lava flow field emplaced on the steep Sciara del
Fuoco slope was estimated. This volume was below the limit of 6.5 + 1 x 10° m® expected for triggering
a paroxysmal explosion.

3. Statistics, Altmetrics, and Impact

3.1. Editorial and Peer-Review Process

The four Guest Editors handled a total of 25 manuscript submissions over the 10 months when
the Call for Papers was disseminated and the system was open for submissions, namely from 22 June
2018 to 30 April 2019 [5]. One more manuscript was handled by another Editorial Board Member of
Remote Sensing and later added to the Special Issue given its very good fit with the thematic goals of
the Special Issue.

In total, more than 100 authors contributed to the submitted manuscripts, and a few of them
co-authored more than one submission.

A team of 48 anonymous experts in the field of volcano remote sensing helped the Guest Editors
to ensure a rigorous peer-reviewing process during the course of the 15 month-long Special Issue
project (i.e., June 2018-September 2019 [29,30]), for both the 19 manuscripts that were finally published
and those that were not. At least 3 reviewers provided feedback on each manuscript on average,
and some of them were called upon to assess more than one manuscript in their specialist field of
expertise. These numbers provide a quantitative metric of the enormous effort behind this Special
Issue and the active engagement of the scientific community who voluntarily contributed to review
the research papers.

The average time from submission to acceptance was 46 days, while the average time from
acceptance to online publication was 8 days. The first paper was published on 30 August 2018 [7],
while the last was published on 16 September 2019 [25].

3.2. Altmetrics and Impact

To gather an understanding of the impact of the 19 published papers as of mid July 2020,
i.e., 10 months after the publication of the last paper of the Special Issue, MDPI’s article metrics
powered by TrendMD were exploited. TrendMD uses technologies such as Google Analytics by Google
Inc. to track visitors” use of and interaction with webpages, and it therefore allows the monitoring of
views and downloads of each paper.

The analysis of metrics for the 19 papers showed that since the publication of the first article
in August 2018, the Special Issue received more than 25,500 views in total and was reached by
37 readers per day on average over the 22 month-long time span between August 2018 and July 2020.
These numbers provide a sense of the visibility that this Special Issue has gathered across the journal
readership. Detailed metrics for each research paper are shown in Figure 2.
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Figure 2. Views and citations attracted by the 19 research papers composing the Special Issue “Remote
Sensing of Volcanic Processes and Risk” [5] of Remote Sensing.

While it is reasonable to imagine that the majority of the readers are researchers and scientists
and not necessarily staff from organizations with statutory responsibilities that include monitoring
volcanic hazards (the so-called “volcano observatories” according to [2]), it is also true that the open
access policy with which this Special Issue is published at least removes one of the common barriers
to the accessibility of scientific papers. Therefore, it is hoped that this would facilitate stakeholders
to come across these publications and take some benefit from the knowledge about state-of-the-art
technologies and up-to-date scientific insights into some of the most studied volcanoes in the world.

The immediate impact of the research published in the Special Issue, at least across the scientific
community, can be inferred from the overall 84 citations in the indexed literature received as of mid
July 2020, in the first few months after publication. Many of the citations of the 19 papers were made by
articles published in Remote Sensing, while others were made by articles in different scientific journals in
the fields of natural hazards, applied Earth sciences, remote sensing, Earth observation, environmental
and Earth sciences. While generally most papers received 1 to 5 citations, four apparent positive
outliers are the research articles by Laiolo et al. [20], Marchese et al. [9], Di Traglia et al. [10], and
Valade et al. [24], with 9, 12, 12, and 15 citations received so far, respectively.

In particular, metrics for the article by Valade et al. [24] show a boosted performance in terms of
total views, with more than 3600 reached since its publication in June 2019 and as of mid July 2020,
i.e., nearly 300 views/month (Figure 2). The article was also mentioned among the ‘highly cited papers’
of Remote Sensing at the beginning of March 2020. Moreover, this research has attracted attention in
news media and, among others, it has been featured in a dedicated article by National Geographic [31].

4. Conclusions and an Outlook to the Future

The present Special Issue provides a collection of papers, the scientific quality and reliability
of which has been assessed by a multidisciplinary network of expert and authoritative scientists in
different fields including, but not limited to, volcanology, risk assessment, geophysics, and remote
sensing applied to volcanic hazard and risk.

While the variety of the methods and case studies discussed in the papers cannot be exhaustive
and representative of the whole spectrum of scientific research on this topic, this Special Issue definitely
provides an assortment of the most recent achievements in monitoring techniques and scientific
knowledge of volcanoes that, for different reasons, are not only scientifically interesting to study,
but more importantly are of potential concern for the safety of the local communities that could
be impacted.

Volcanic hazard and risk has been for long a topical theme for MDPI journals. Therefore, this
Special Issue should be considered as a contribution (from the remote sensing point of view) to a
wider editorial series. In this regard, a number of opportunities for scholars interested in volcano
remote sensing are currently available, and they can be considered both to access further articles and to
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contribute to the scientific literature on this specialist topic. These include the following Special Issues
of MDPI journals Remote Sensing, Sensors, and Applied Sciences that are currently open for submissions:

e “Data Processing and Modeling on Volcanic and Seismic Areas” in Applied Sciences [32]

e  “Applications of Remote Sensing in Earthquakes, Volcanic and Tsunami Events” in Remote
Sensing [33]

e “Quantitative Volcanic Hazard Assessment and Uncertainty Analysis in Satellite Remote Sensing
and Modeling” in Remote Sensing [34]

e “Volcano Monitoring: From the Magma Reservoir to Eruptive Processes” in Applied Sciences [35]

e “Ground-Based Imaging of Active Volcanic Phenomena” in Remote Sensing [36]

e  “Satellite Remote Sensing for Volcanic Applications” in Sensors [37]

e  “Remote Sensing for Volcano Systems Monitoring” in Remote Sensing [38]

e “Volcanic Processes Monitoring and Hazard Assessment Using Integration of Remote Sensing
and Ground-Based Techniques” in Remote Sensing [39]

e “Volcanic Impacts on the Environment and Health Hazards” in Remote Sensing [40]

The articles already published and soon to be published in the above thematic volumes will
definitely contribute, together with the 19 papers published in the present Special Issue, to the
exceptionally lively and stimulating discussion on the use of EO and remote sensing data and
technology to monitor volcanic processes and risks, and to the consolidation of a topical theme
that is increasingly being investigated across MDPI publications at the level that it has become a
cross-journal topic.

Author Contributions: Conceptualization, FC., D.T. and Z.L.; formal analysis, F.C. and D.T.; data curation, E.C.
and D.T,; visualization, EC., D.T. and Z.L.; writing—original draft preparation, EC. and D.T.; writing—review and
editing, Z.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This Special Issue was developed by Francesca Cigna, Deodato Tapete, Zhong Lu, and
Susanna K. Ebmeier following on from the invitation sent to Francesca Cigna by Richard Gloaguen, Remote Sensing
“Remote Sensing in Geology, Geomorphology and Hydrology” Section Editor-in-Chief. The Guest Editors would
like to acknowledge the over 100 authors who contributed to this Special Issue with their papers and express their
sincere gratitude to the 48 anonymous reviewers for the dedication, time, and expertise to provide their feedback
on the submitted manuscripts and help the authors enhance the scientific quality of their papers. Susanna K.
Ebmeier is sincerely acknowledged for her work and commitment in handling manuscripts submitted to the
Special Issue. The whole Remote Sensing Editorial Office and the team of Assistance Editors, and in particular Sofia
Zhao and Nelson Peng at MDPI Branch Office in Beijing, are greatly acknowledged for the help and assistance to
setup, kick-off, manage, and publish this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Loughlin, S.C.; Sparks, S.; Brown, SK.; Jenkins, S.F.; Vye-Brown, C. Global Volcanic Hazards and Risk;
Cambridge University Press: Cambridge, UK, 2015; pp. 1-80.

2. Ebmeier, SK.; Andrews, B.J.; Araya, M.C.; Arnold, D.W.D.; Biggs, J.; Cooper, C.; Cottrell, E.; Furtney, M.;
Hickey, J.; Jay, J.; et al. Synthesis of global satellite observations of magmatic and volcanic deformation:
Implications for volcano monitoring & the lateral extent of magmatic domains. J. Appl. Volcanol. 2018, 7,
1-26. [CrossRef]

3. Pyle, D.M.; Mather, T.A.; Biggs, ]. Remote sensing of volcanoes and volcanic processes: Integrating observation
and modelling-introduction. Geol. Soc. Spec. Publ. 2013, 380, 1-13. [CrossRef]

4. Francis, PW. Remote sensing of volcanoes. Adv. Space Res. 1989, 9, 89-92. [CrossRef]

5. Cigna, F; Tapete, D.; Lu, Z.; Ebmeier, S.K. MDPI Remote Sensing: Special Issue “Remote Sensing of Volcanic
Processes and Risk”. Available online: https://www.mdpi.com/journal/remotesensing/special_issues/rs_vpr
(accessed on 24 July 2020).

6. Lu, Z; Webley, P. MDPI Remote Sensing: Special Issue “Volcano Remote Sensing”. Available online:
https://www.mdpi.com/journal/remotesensing/special_issues/volcano (accessed on 24 July 2020).

15



Remote Sens. 2020, 12, 2567

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Plank, S.; Nolde, M.; Richter, R.; Fischer, C.; Martinis, S.; Riedlinger, T.; Schoepfer, E.; Klein, D. Monitoring of the
2015 Villarrica Volcano Eruption by Means of DLR’s Experimental TET-1 Satellite. Remote Sens. 2018, 10, 1379.
[CrossRef]

Bredemeyer, S.; Ulmer, EG.; Hansteen, T.H.; Walter, T.R. Radar path delay effects in volcanic gas plumes:
The case of Lascar Volcano, Northern Chile. Remote Sens. 2018, 10, 1514. [CrossRef]

Marchese, F.; Neri, M.; Falconieri, A.; Lacava, T.; Mazzeo, G.; Pergola, N.; Tramutoli, V. The contribution of
multi-sensor infrared satellite observations to monitor Mt. Etna (Italy) Activity during May to August 2016.
Remote Sens. 2018, 10, 1948. [CrossRef]

Di Traglia, F.; Calvari, S.; D’Auria, L.; Nolesini, T.; Bonaccorso, A.; Fornaciai, A.; Esposito, A.; Cristaldi, A.;
Favalli, M.; Casagli, N. The 2014 effusive eruption at stromboli: New insights from in situ and remote-sensing
measurements. Remote Sens. 2018, 10, 2035. [CrossRef]

Papageorgiou, E.; Foumelis, M.; Trasatti, E.; Ventura, G.; Raucoules, D.; Mouratidis, A. Multi-sensor SAR
geodetic imaging and modelling of santorini volcano post-unrest response. Remote Sens. 2019, 11, 259.
[CrossRef]

Aufaristama, M.; Hoskuldsson, A.; Ulfarsson, M.O.; Jonsdottir, I.; Thordarson, T. The 2014-2015 lava flow
field at Holuhraun, Iceland: Using airborne hyperspectral remote sensing for discriminating the lava surface.
Remote Sens. 2019, 11, 476. [CrossRef]

Sansivero, E; Vilardo, G. Processing thermal infrared imagery time-series from volcano permanent
ground-based monitoring network. Latest methodological improvements to characterize surface
temperatures behavior of thermal anomaly areas. Remote Sens. 2019, 11, 553. [CrossRef]

Rogic, N.; Cappello, A.; Ferrucci, F. Role of emissivity in lava flow “Distance-to-Run” estimates from
satellite-based volcano monitoring. Remote Sens. 2019, 11, 662. [CrossRef]

Lombardo, V.; Corradini, S.; Musacchio, M.; Silvestri, M.; Taddeucci, J. Eruptive Styles Recognition Using
High Temporal Resolution Geostationary Infrared Satellite Data. Remote Sens. 2019, 11, 669. [CrossRef]
Gomez-Ortiz, D.; Blanco-Montenegro, I.; Arnoso, J.; Martin-Crespo, T.; Solla, M.; Montesinos, EG.; Vélez, E.;
Sanchez, N. Imaging thermal anomalies in hot dry rock geothermal systems from near-surface geophysical
modelling. Remote Sens. 2019, 11, 675. [CrossRef]

Cando-Jacome, M.; Martinez-Grania, A. Determination of primary and secondary lahar flow paths of the
Fuego Volcano (Guatemala) using morphometric parameters. Remote Sens. 2019, 11, 727. [CrossRef]

De Michele, M.; Raucoules, D.; Corradini, S.; Merucci, L.; Salerno, G.; Sellitto, P.; Carboni, E. Volcanic cloud
top height estimation using the plume elevation model procedure applied to orthorectified Landsat 8 data.
test case: 26 October 2013 Mt. Etna eruption. Remote Sens. 2019, 11, 785. [CrossRef]

Davila, N.; Capra, L.; Ferrés, D.; Gavilanes-Ruiz, ].C.; Flores, P. Chronology of the 2014-2016 eruptive phase
of Volcan De Colima and volume estimation of associated lava flows and pyroclastic flows based on optical
multi-sensors. Remote Sens. 2019, 11, 1167. [CrossRef]

Laiolo, M.; Ripepe, M.; Cigolini, C.; Coppola, D.; Della Schiava, M.; Genco, R.; Innocenti, L.; Lacanna, G.;
Marchetti, E.; Massimetti, E; et al. Space-and ground-based geophysical data tracking of magma migration
in shallow feeding system of mount etna volcano. Remote Sens. 2019, 11, 1182. [CrossRef]

Delle Donne, D.; Aiuppa, A.; Bitetto, M.; D’Aleo, R.; Coltelli, M.; Coppola, D.; Pecora, E.; Ripepe, M.;
Tamburello, G. Changes in SO2 Flux Regime at Mt. Etna Captured by Automatically Processed Ultraviolet
Camera Data. Remote Sens. 2019, 11, 1201. [CrossRef]

Mania, R.; Walter, T.R.; Belousova, M.; Belousov, A.; Senyukov, S.L. Deformations and morphology changes
associated with the 2016-2017 eruption sequence at Bezymianny volcano, Kamchatka. Remote Sens. 2019, 11, 1278.
[CrossRef]

De Angelis, S.; Diaz-Moreno, A.; Zuccarello, L. Recent developments and applications of acoustic infrasound
to monitor volcanic emissions. Remote Sens. 2019, 11, 1302. [CrossRef]

Valade, S.; Ley, A.; Massimetti, F; D’'Hondt, O.; Laiolo, M.; Coppola, D.; Loibl, D.; Hellwich, O.;
Walter, T.R. Towards global volcano monitoring using multisensor sentinel missions and artificial intelligence:
The MOUNTS monitoring system. Remote Sens. 2019, 11, 1528. [CrossRef]

Aldeghi, A.; Carn, S.; Escobar-Wolf, R.; Groppelli, G. Volcano monitoring from space using high-cadence
planet CubeSat images applied to Fuego volcano, Guatemala. Remote Sens. 2019, 11, 2151. [CrossRef]

De Michele, M.; Raucoules, D.; Arason, T. Volcanic Plume Elevation Model and its velocity derived from
Landsat 8. Remote Sens. Environ. 2016, 176, 219-224. [CrossRef]

16



Remote Sens. 2020, 12, 2567

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Duda, K.A.; Ramsey, M.; Wessels, R.; Deh, J. Optical Satellite Volcano Monitoring: A Multi-Sensor Rapid
Response System. In Geoscience and Remote Sensing; InTech: London, UK, 2009; pp. 473-496.

Bignami, C.; Chini, M.; Amici, S.; Trasatti, E. Synergic Use of Multi-Sensor Satellite Data for Volcanic Hazards
Monitoring: The Fogo (Cape Verde) 2014-2015 Effusive Eruption. Front. Earth Sci. 2020, 8, 22. [CrossRef]
Remote Sensing Editorial Office. Acknowledgement to Reviewers of Remote Sensing in 2018. Remote Sens.
2019, 11, 127. [CrossRef]

Remote Sensing Editorial Office. Acknowledgement to Reviewers of Remote Sensing in 2019. Remote Sens.
2020, 12, 327. [CrossRef]

Snow, J. Volcano forecasts could soon be a reality as Al reads satellite photos. Natl. Geogr. Mag. 2019, 11, 1528.
Bonforte, A.; Cannavo, FE. MDPI Applied Sciences: Special Issue “Data Processing and Modeling on Volcanic
and Seismic Areas”. Available online: https://www.mdpi.com/journal/applsci/special_issues/volcanic_
seismic (accessed on 24 July 2020).

Adriano, B.; Gokon, H.; Liu, W.; Wienland, M.; Koch, M. MDPI Remote Sensing: Special Issue “Applications
of Remote Sensing in Earthquakes, Volcanic and Tsunami Events”. Available online: https://www.mdpi.com/
journal/remotesensing/special_issues/earthquakes_volcanic_tsunami_events (accessed on 24 July 2020).
Del Negro, C.; Ramsey, M.; Hérault, A.; Ganci, G. MDPI Remote Sensing: Special Issue “Quantitative Volcanic
Hazard Assessment and Uncertainty Analysis in Satellite Remote Sensing and Modeling”. Available online:
https://www.mdpi.com/journal/remotesensing/special_issues/volcano_rs (accessed on 24 July 2020).
Beauducel, F; Rizzo, A.L. MDPI Applied Sciences: Special Issue “Volcano Monitoring: From the Magma
Reservoir to Eruptive Processes”. Available online: https://www.mdpi.com/journal/applsci/special_issues/
Volcano_Monitoring (accessed on 24 July 2020).

Bani, P.; Tamburello, G.; Pering, T. MDPI Remote Sensing: Special Issue “Ground Based Imaging of Active
Volcanic Phenomena”. Available online: https://www.mdpi.com/journal/remotesensing/special_issues/GBI_
VP (accessed on 24 July 2020).

Pergola, N.; Plank, S.; Marchese, F.; Ramsey, M. MDPI Sensors: Special Issue “Satellite Remote Sensing
for Volcanic Applications”. Available online: https://www.mdpi.com/journal/sensors/special_issues/RS_VA
(accessed on 24 July 2020).

Tizzani, P; Solaro, G.; Castaldo, R. MDPI Remote Sensing: Special Issue “Remote Sensing for Volcano Systems
Monitoring”. Available online: https://www.mdpi.com/journal/remotesensing/special_issues/monitoring_
volcano_systems (accessed on 24 July 2020).

Calvari, S.; Bonaccorso, A.; Cappello, A.; Giudicepietro, F.; Sansosti, E. MDPI Remote Sensing: Special
Issue “Volcanic Processes Monitoring and Hazard Assessment Using Integration of Remote Sensing and
Ground-Based Techniques”. Available online: https://www.mdpi.com/journal/remotesensing/special_issues/
Volcanic_Monitoring_Hazard_Assessment (accessed on 24 July 2020).

Laiolo, M. MDPI Remote Sensing: Special Issue “Volcanic Impacts on the Environment and Health
Hazards”. Available online: https://www.mdpi.com/journal/remotesensing/special_issues/volcanic_hazards
(accessed on 24 July 2020).

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

17






remote sensin (!
&= : -

Atrticle
Monitoring of the 2015 Villarrica Volcano Eruption by
Means of DLR’s Experimental TET-1 Satellite

Simon Plank 1*, Michael Nolde 1, Rudolf Richter 2, Christian Fischer 3, Sandro Martinis 1,
Torsten Riedlinger !, Elisabeth Schoepfer ! and Doris Klein !

1 German Remote Sensing Data Center, German Aerospace Center (DLR), 82234 Oberpfaffenhofen, Germany;

Michael.Nolde@dlr.de (M.N.); Sandro.Martinis@dlr.de (S.M.); Torsten.Riedlinger@dlr.de (T.R.);
Elisabeth.Schoepfer@dlr.de (E.S.); Doris.Klein@dlr.de (D.K.)

Remote Sensing Technology Institute, German Aerospace Center DLR, 82234 Oberpfaffenhofen, Germany;
Rudolf Richter@dlr.de

Institute of Optical Sensor Systems, German Aerospace Center DLR, 12489 Berlin, Germany;
C.Fischer@dlr.de

*  Correspondence: simon.plank@dlr.de; Tel.: +49-8153-28-3460

Received: 17 July 2018; Accepted: 28 August 2018; Published: 30 August 2018

Abstract: Villarrica Volcano is one of the most active volcanoes in the South Andes Volcanic Zone.
This article presents the results of a monitoring of the time before and after the 3 March 2015 eruption
by analyzing nine satellite images acquired by the Technology Experiment Carrier-1 (TET-1), a small
experimental German Aerospace Center (DLR) satellite. An atmospheric correction of the TET-1
data is presented, based on the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) Global Emissivity Database (GDEM) and Moderate Resolution Imaging Spectroradiometer
(MODIS) water vapor data with the shortest temporal baseline to the TET-1 acquisitions. Next, the
temperature, area coverage, and radiant power of the detected thermal hotspots were derived at
subpixel level and compared with observations derived from MODIS and Visible Infrared Imaging
Radiometer Suite (VIIRS) data. Thermal anomalies were detected nine days before the eruption. After
the decrease of the radiant power following the 3 March 2015 eruption, a stronger increase of the
radiant power was observed on 25 April 2015. In addition, we show that the eruption-related ash
coverage of the glacier at Villarrica Volcano could clearly be detected in TET-1 imagery. Landsat-8
imagery was analyzed for comparison. The information extracted from the TET-1 thermal data is
thought be used in future to support and complement ground-based observations of active volcanoes.

Keywords: volcanic thermal anomalies; change detection; Villarrica Volcano; small satellites;
FireBIRD; TET-1

1. Introduction

1.1. Villarrica Volcano

Villarrica Volcano (39°25'12”S, 71°55'48”W) is one of the most active volcanoes of the South Andes
Volcanic Zone. This volcano belongs to the currently eight volcanoes on Earth with confirmed active
lava lakes [1]. The other seven are Kilauea (Halema'uma’u crater, Hawaii [2]), Ambrym (Vanuatu [3]),
Masaya (Nicaragua [4]), Nyiragongo (Democratic Republic of Congo [5]), Erta ‘Ale (Ethiopia [6]),
Erebus (Antarctica [7]), and recently observed since 2014 Nyamuragira (Democratic Republic of
Congo [8,9]).

Villarrica Volcano is a basaltic-andesitic stratovolcano with a height of 2847 m above sea level
(a.s.l.). Its summit is covered by approximately 30 km? of large glaciers, according to measurements
taken in 2007 [10]. Based on infrasound measurements performed by Ripepe et al. [11] and gas
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composition investigations performed by Shinohara and Witter [12] both aforementioned groups
suggest that at Villarrica Volcano degassing occurs very close to equilibrium with the magma and not
by bursting of small gas bubbles at the surface of the magma column as occurs at other open-system
volcanoes e.g., Stromboli. Over 50 historical eruptions are reported at Villarrica Volcano since the 16th
century. These historic eruptions have ranged from effusive lava-producing eruptions to explosive
eruptions up to the Volcanic Eruption Index (VEI) ‘3’ [13]. According to Palma et al. [14], spattering and
associated Strombolian eruptions as well as fire fountains have been observed at Villarrica Volcano.

Since the last eruptive episode in 1984, an actively degassing lava lake of width approximately
20 m to 30 m, located at depths of 50 m to over 150 m within the funnel shaped summit crater [15],
has filled the crater [1,9,10]. Although the summit crater of Villarrica Volcano has a diameter of
approximately 150 m, measurements based on inclinometer and laser range finder performed in 2000
and 2001 showed that the vent in the crater floor that leads to the surface of the lava lake has a diameter
of only approximately 2 m to 30 m [9]. Measurements by Goto and Johnson [16], performed in January
2010, showed that the lava lake was located within a cylindrical cavity approximately 24 m below a
65 m diameter spatter roof overhang, which grew from the repeated agglutination and accumulation
of ejected spatter. The diameter of the vent in the roof was approximately 10 m [16].

In this article we analyzed the active period before and after the 3 March 2015 eruption. During
the eruption, which began at 03:08 on 3 March 2015 local Chile time (07:08 Coordinated Universal Time
UTC) and lasted 55 min, a volume of approximately 4.7 + 1.0 million m® erupted [17]. This is classified
as a VEI ‘2’ eruption, and produced intense tephra fallout, scoria flows, and a 20 km long lahar [18].

1.2. Satellite-Based Thermal Remote Sensing of Volcanoes

Satellite-based thermal remote sensing of volcanoes aims at (1) the early detection of volcanic
activity to support decision makers and civil security authorities with respect to early warning
activities [19,20] and (2) the monitoring of the spatiotemporal evolution of the volcanic eruptions to
enhance our understanding of volcanic processes (see the reviews [21-24]).

To perform the first aim on a global scale, Earth observation satellite missions with a high
temporal repetition rate and a large spatial coverage, such as the Moderate Resolution Imaging
Spectroradiometer (MODIS) or Sentinel-3, are required. For instance, Wright et al. [25] described an
automated MODIS data-based hotspots detection processor for near real-time thermal monitoring
of volcanoes (MODVOLC). Kervyn et al. [26] proposed an updated version (MODLEN) that is
also able to detect cooler lava, which was not possible with MODVOLC. For example, MODLEN
enables the monitoring of the Tanzanian volcano Oldoinyo Lengai which erupts natro-carbonite
lava at temperatures of ~585 °C. Coppola et al. [27,28] developed the Middle InfraRed Observation
of Volcanic Activity (MIROVA) system, an enhancement of the aforementioned MODVOLC and
MODLEN approaches.

Spampinato et al. [29] compared, at the Nyiragongo lava lake, ground measurements of FLIR
infrared cameras and Spinning Enhanced Visible and Infrared Imager (SEVIRI) satellite data. Both
observations showed similar values of the measured radiant power.

Blackett [30] showed the capabilities of thermal Landsat-8 imagery for analysis of volcanic activity,
based on a case study of the Paluweh Volcano, Indonesia in April 2013.

The Technology Experiment Carrier-1 (TET-1), a small experimental German Aerospace Center
(DLR) satellite, does not provide a continuous global coverage. However, due to its higher spatial
resolution and higher sensitivity with regards to thermal anomalies, a more detailed analysis of volcanic
activity is possible than with data from the aforementioned satellite missions. Section 2.1 provides more
details on TET-1. Fischer et al. [31] demonstrated the high temperature event detection capabilities
of TET-1 by showing the detection of the volcanic hotspot at the 22 February 2015 acquisition as one
example. Zaksek et al. [32] investigated the August-November 2014 Stromboli Volcano eruption by
combining TET-1 imagery and thermal ground-based observations.
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In this study we analyzed a time series of nine TET-1 thermal images that were acquired before
and after the 3 March 2015 Villarrica Volcano eruption (cf. Table 1). The temperature, area coverage,
and radiant power of the detected thermal hotspots were derived at subpixel level and compared
with observations derived from MODIS and Visible Infrared Imaging Radiometer Suite (VIIRS) data.
In addition, to show a further application of TET-1 imagery in the field of volcano monitoring, the
eruption-related ash coverage of the glacier at Villarrica Volcano was investigated by means of TET-1
imagery and the results were compared with higher resolution multispectral data from Landsat-8.

Table 1. Satellite imagery analyzed; MS = Multispectral.

MODIS Water Vapor

Acquisition Date & Time Local Time, Chile Satellite Sensor Type Acquisition Date & Time
22 February 2015, 14:29 UTC 10:29 Landsat-8 MS, thermal -
22 February 2015, 17:23 UTC 13:23 TET-1 Thermal 22 February 2015, 18:10 UTC
9 March 2015, 04:32 UTC 00:32 TET-1 Thermal 9 March 2015, 03:45 UTC
9 March 2015, 17:31 UTC 13:31 TET-1 Thermal 9 March 2015, 19:05 UTC
10 March 2015, 14:29 UTC 10:29 Landsat-8 MS, thermal -
12 March 2015, 04:35 UTC 00:35 TET-1 Thermal 12 March 2015, 04:15 UTC
12 March 2015, 17:32 UTC 13:32 TET-1 Thermal 12 March 2015, 15:20 UTC
21 March 2015, 04:36 UTC ! 00:36 TET-1 Thermal 21 March 2015, 04:10 UTC
26 March 2015, 14:29 UTC 10:29 Landsat-8 MS, thermal -
27 March 2015, 17:33 UTC 14:33 TET-1 Thermal 27 March 2015, 18:50 UTC
25 April 2015, 04:35 UTC 00:35 TET-1 Thermal 25 April 2015, 03:05 UTC
25 April 2015, 17:49 UTC ! 13:49 TET-1 Thermal 25 April 2015, 18:20 UTC

1 TET-1 scenes used for calibration (cf. Section 2.2.2).
2. Materials and Methods

2.1. Satellite Data

A time series of nine TET-1 thermal images acquired before and during the March/April 2015
eruption of Villarrica Volcano were analyzed (Table 1). In addition, three Landsat-8 scenes were used
for validation purposes. Moreover, the thermal hotspots derived by the VIIRS and by MODIS were
used as reference for the comparison described in Section 3.2.

TET-1 is the first of two satellites of DLR’s FireBIRD mission. TET-1 was launched in July
2012, followed by BIROS (Berlin InfraRed Optical System) in June 2016. Both satellites are flying
sun-synchronously in a low-Earth orbit at approximately 500 km altitude. The repetition rate of one
satellite was approximately five days, depending on its geographic location. Nowadays, with both
satellites in orbit, the potential repetition rate is less than three days with +30° across track acquisitions.
The sensors operate two infrared cameras, one in the mid wave infrared (MWIR) and one in the long
wave infrared (LWIR), as well as a three-channel camera in the visible (VIS: RED and GREEN) and
near infrared (NIR). The MWIR, LWIR, and RED channel are installed in nadir position, while the
GREEN and NIR channel are oriented off-nadir (Table 2).

Table 2. Characteristics of the TET-1 cameras.

Channel Wavelength (um) Looking Angle (°)
GREEN 0.460-0.560 6° forward
RED 0.565-0.725 Nadir
NIR 0.790-0.930 6° backward
MWIR 3.400—4.200 Nadir
LWIR 8.500-9.300 Nadir

TET-1 operates a push broom sensor system with a ground sampling distance of 178 m for the
thermal channels. This corresponds to a pixel resolution of 356 m due to staggering. The MWIR
channel of TET-1 is more suitable for the detection of high temperature events than LWIR, since higher
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temperature events have a higher radiant power at the shorter wavelengths according to the Wien’s
displacement law.

Landsat-8 is the latest satellite of the Landsat series launched on 11 February 2013 by the National
Aeronautics and Space Administration (NASA) and operated by the United States Geological Survey
(USGS). Landsat-8 acquires multispectral (VIS, NIR, and short wave infrared (SWIR)) imagery with
a 30 m spatial resolution, panchromatic imagery with 15 m resolution, and LWIR imagery with
100 m resolution.

2.2. Methods

Figure 1 shows the processing workflow which is described in the Sections 2.2.1-2.2.3 in
more detail.

ASTER TR
TET-1 MODIS Global Digital
imagery water vapor Emissivity E\e\?almn
Database Model
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Figure 1. Workflow of the TET-1 image processing.

2.2.1. Atmospheric Correction of TET-1 Thermal Imagery

Radiometrically calibrated top-of-atmosphere (TOA) radiance data of TET-1 are used as input for
the processing. The imagery is a stack of the coregistered nadir looking channels, i.e., the LWIR band
and also the RED band in case of day time scenes, using the MWIR band as a master image.

To achieve surface radiances and temperatures in the MWIR and LWIR, the TET-1 data has to be
atmospherically corrected. The atmospheric correction is based on look-up tables derived from the
MODTRAN-5 radiative transfer code [33]. Moreover, the following additional external information is
used for the atmospheric correction. (1) Atmospheric water vapor strongly influences the signal. Due
to the available channels of TET-1 (Table 2), water vapor cannot be derived directly from TET-1 data.
Therefore, an external source was used to get information about the water vapor content during the
time of the TET-1 acquisition. The MODIS water vapor product of the MODIS acquisition with the
shortest temporal baseline to TET-1 acquisition is used for this purpose (Table 1). (2) Moreover, the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation
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Model (GDEM) is used during the atmospheric correction, as the water vapor also depends on the
topographical elevation of the ground pixel.

(3) Another important factor in order to derive the TET-1 surface radiance is the emissivity of the
surface. This data can be derived from the ASTER Global Emissivity Database (GED). Since ASTER
has no MWIR channel, the emissivity can only be derived from data in the LWIR. For the applied
processing, the emissivity of the ASTER bands 8.6 um and 9.1 pum is used, because these bands match
best with the LWIR of TET-1. Since a high spatial resolution global MWIR emissivity database is
not available, the assumption of emissivity e(MWIR) = 1 is often made. However, Salisbury and
D’Aria [34], as well as Giglio et al. [35], indicate that the approximation e(MWIR) = e¢(LWIR) is more
realistic than e(MWIR) = 1. Therefore, we employ this approximation, i.e., for the final processing
of the surface radiance in LWIR and MWIR the same emissivity values are used. The atmospheric
correction of the thermal TET-1 imagery is described in more detail in a past paper [36]. Next, according
to the Planck’s equation the surface radiance in LWIR and in MWIR is converted into the corresponding
surface temperatures.

2.2.2. Calibration by means of MODIS Sea Surface Temperature

To control the radiometric quality of the TET-1 thermal imagery, the atmospherically corrected
TET-1 surface temperature was tested against the MODIS sea surface temperature (SST); as the
temperature over sea surfaces is more homogenous than over land surfaces. Two of the nine TET-1
scenes analyzed in this study cover cloud-free areas over the sea. For these two TET-1 scenes, one
was derived during day time and one during night time (bold in Table 1); the optimal scale factor was
derived by minimizing the difference between the TET-1 and the MODIS SST and consecutively applied
to the radiometry. This was performed by an empirical test of different scale factors (cf. Section 3.1).
These optimal scale factors for day and night time TET-1 scenes (cf. Section 3.1) were applied to all
other day or night time TET-1 scenes, respectively (Table 1).

2.2.3. Hotspot Detection and Subpixel Analysis

Next, by using the background temperature T, and the bi-spectral approach from Dozier [37] one
can estimate (I1) the subpixel temperature Tj,;, of the hot areas and (2) the pixel fraction p which is
covered by a hot object. Thus, despite the relatively coarse resolution of TET-1 (around 356 m), it is
possible to derive the temperature of hot objects much smaller than a pixel (subpixel).

In addition, the radiant power @ in watts [W] is derived as the difference of the power due to the
subpixel temperature Ty, and the background temperature T}, using Wien’s law (Equation (1)).

d=ve (T4 - T;_%,) A 1)

sub

)
the subpixel area of the hot object, which is obtained from the pixel size and the fractional subpixel
area p.

We compared the results of the proposed method with the results of the Zhukov approach [38]
for different case studies and found a good agreement of the results of both approaches, e.g.,
Halle et al. [39].

with o being the Stefan-Boltzmann constant € being the LWIR emissivity and Ay, (m?) being

2.2.4. Detection of Surface Changes

Besides the detection and analysis of high temperature events, the imagery of the TET-1 mission
is also suited for detection of larger changes on the Earth’s surface due to volcanic eruptions. The
March 2015 Villarrica eruption caused ash coverage of the glacier at the eastern flank. To detect the
changes within the area covered by the glacier, the difference of the RED bands and the difference of
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the MWIR surface temperatures of the latest pre-event (22 February 2015, 17:23 UTC) and the next
post-event, acquired at the same daytime (9 March 2015, 17:31 UTC), were computed.

3. Results

3.1. Optimal Scale Factors

The Tables 3 and 4 show the difference of the TET-1 SST and the MODIS SST for a day time and
a night time TET-1 scene regarding different scale factors. The best suited scale factors, i.e., the ones
with the lowest difference of TET-1 and MODIS SST, are marked in bold. These optimal scale factors
were then applied to all the other day or night time TET-1 scenes, respectively. Prior to this study,
we compared SST from TET-1 and MODIS for a series of other study sites.

Table 3. Difference of the TET-1 and MODIS SST for day time TET-1 scene 25 April 2015 17:49 UTC,
using a MODIS SST dataset acquired 23 min later.

Scale Factor MWIR A MODIS SST to TET-1 SST (K) LWIR A MODIS SST to TET-1 SST (K)

1.00 +2.84 +2.33
1.05 +1.04 —0.62
1.10 +0.02 —3.48

Table 4. Difference of the TET-1 and MODIS SST for night time TET-1 scene 21 March 2015 04:36 UTC,
using a MODIS SST dataset acquired 26 min earlier.

Scale Factor MWIR A MODIS SST to TET-1SST (K) LWIR A MODIS SST to TET-1 SST (K)

1.00 +4.07 +4.98
1.05 +2.85 +2.17
1.10 +1.54 —0.73
1.15 +0.28 —3.52

Figure 2a shows the pre-eruption (22 February 2015) surface temperature derived from the MWIR
channel after applying the atmospheric correction described in Section 2.2.1 in a 3D representation,
using the optimal scale factors (cf. Tables 3 and 4). A TanDEM-X digital elevation model (DEM) is used
as a source for the topographic information. At this daytime TET-1 scene, the cool glacier can very well
be distinguished from the much warmer bare rock areas which are located at a lower elevation. The
even lower elevated areas are covered by vegetation. For comparison, also see the false color Landsat-8
image acquired on the same date (Figure 2b).

Snow and ice are characterized by a very high reflectivity of solar irradiation. In contrast to this,
bare rocks have a much lower reflectivity and therefore a much higher absorption of solar irradiation.
The absorbed solar energy shifted to longer wavelengths and was emitted as thermal energy. The
reflectivity of vegetation lies in between the reflectivity of snow/ice and bare rocks. Therefore, bare
rocks show a higher temperature.

Figure 3 shows the derived surface temperature for all nine TET-1 acquisitions (cf. Table 1). The
corresponding optimal scale factors of the Tables 3 and 4 were applied. One clearly sees a difference
between the daytime and the night time acquisitions (cf. also Table 1). In contrast to the daytime image,
the vegetation covered area shows slightly higher temperatures at night time than the bare rock areas,
which cool down during the night. It is important to note that for all TET-1 MWIR surface temperature
images the same minimum-maximum stretch was used, which makes the separation of bare rocks
and vegetated areas in night time images more complicated, but enables a better comparison of the
different acquisitions.

The change of the glacier coverage, visible when comparing Figure 3a,c is analyzed in Section 3.3.
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Temperature in K

Figure 2. Villarrica Volcano observed on 22 February 2015: (a) The surface temperature
derived from the atmospherically corrected TET-1 MWIR channel, overlaid on a TanDEM-X DEM.
A minimum-maximum stretch over the observed values was applied. (b) Landsat-8 false color
(SWIR2/NIR/GREEN) image, overlaid on a TanDEM-X DEM. The thermal hotspot at the Volcano
summit is shown by red colors. Snow and ice covered areas appear in blue, bare rocks in black, and
vegetated areas in green.
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Figure 3. Surface temperature derived from the atmospherically corrected TET-1 MWIR channel.
(a,cegi) daytime acquisitions. (b,d,fh) Night time acquisitions. The same minimum-maximum
stretching of the surface temperature was applied to all images. The legend of figure (a) is valid for all
TET-1 acquisitions.

3.2. Hotspot Detection and Subpixel Analysis

The MWIR surface temperature images (Figure 3) show the highest temperatures at the summit
crater, with a strong temporal variation. We can see a strong signal in the 22 February 2015 image
which was acquired nine days before the 3 March 2015 Villarrica Volcano eruption. After this first
eruption, the summit crater still shows higher temperatures than the remaining part of the area of
interest during all nine acquisitions dates. The 27 March 2015 scene and the two acquisitions on
25 April 2015, especially the one on 17:49 UTC, show a temperature increase at the summit crater.
Figure 3 shows the surface temperature averaged within the area of each pixel.

The subpixel analysis, described in Section 2.2.3, provides more details on the temperature of
the hot parts, such as liquid lava at the summit crater lava lake. Figure 4 shows the temperatures at
subpixel level for the detected hot objects. Three hotspots with temperatures up to 572 K were detected
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at the pre-eruption TET-1 acquisition (22 February 2015). The hotspot temperatures measured from 9
to 12 March 2015 vary from 486 K to 592 K. For the 21 March 2015 TET-1 acquisition, also showing
the lowest MWIR surface temperatures (Figure 3f), no hotspots were detected. The acquisition of
27 March 2015 and the two acquisitions on 25 April 2015 show higher subpixel temperatures with up
to 715 K, 828 K, and 956 K, respectively.
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Figure 4. Subpixel temperatures of the hot areas at the summit crater derived from the nine TET-1
acquisitions (cf. Table 1). Background TanDEM-X DEM © DLR.

Figure 5 shows the corresponding subpixel area for the aforementioned hotspots, i.e., the fraction
of a pixel which is covered by the hotspot. Finally, the radiant power, derived from the subpixel
temperature and the pixel fraction (cf. Section 2.2.3), is shown in Figure 6. The highest radiant
power of a single pixel, amounting to 97 MW, was detected at the 25 April 2015 17:49 UTC TET-1
acquisition. Table 5 summarizes the radiant power integrated over all hotspot pixels detected within
each TET-1 acquisition, restricted to the area of Villarrica Volcano. The integrated radiant power for
the 25 April 2015, 17:49 UTC TET-1 acquisition is higher by the order of one magnitude compared to
the other acquisitions.
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Figure 5. Subpixel area (percentage fraction of a pixel) of the hot areas at the summit crater derived
from the nine TET-1 acquisitions (cf. Table 1). Background TanDEM-X DEM © DLR.

Table 5. Radiant power integrated over all detected hotspots. NO = No hotspots detected on that date
by the corresponding sensors.

TET-1 Axl(x)i?i:iso . MODIS Ac;’:ilg‘sion. VIIRS
TET-1 Acquisition Date & Time Integrated Time ) Integrated Time : Integrated
[UTCJ; Off-Nadir Angle Radiant Power Diff ¢ Radiant Power Diff ¢ Radiant Power
MW] ifference to MW] ifference to MW]
TET-1 TET-1
22 February 2015, 17:23; +19.4° 96.7 —11 h 12 min 243 —11 h 45 min 32.7
9 March 2015, 04:32; —21.9° 15.7 - NO +1h 25 min 4.1
9 March 2015, 17:31; +6.0° 76.5 - NO - NO
12 March 2015, 04:35; —20.5° 63.9 - NO +26 min 19
12 March 2015, 17:32; +5.0° 24.5 - NO - NO
21 March 2015, 04:36; —28.5° NO - NO - NO
27 March 2015, 17:33; +4.2° 56.7 —11h 47 min 18.0 - NO
. ° —4 min 1.9
25 April 2015, 04:35; +8.4 62.4 - NO +1h 40 min 1105
25 April 2015, 17:49; —18.0° 599.0 +23 min 211.6 - NO
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Figure 6. Radiant power of the hot areas at the summit crater derived from the nine TET-1 acquisitions
(cf. Table 1). Background TanDEM-X DEM © DLR.

In addition, Table 5 and Figure 7 show the integrated radiant power of the MODIS [40] and
VIIRS [41] acquisitions (derived from [42]) of the corresponding TET-1 acquisition dates. This table is
discussed in detail in Section 4.
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Figure 7. Temporal evolution of the radiant power integrated over all detected hotspots (cf. Table 5).
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3.3. Detection of Surface Changes

Figure 8 shows the RED band and the MWIR surface temperature of the latest pre-event
(22 February 2015, 17:23 UTC) and the next post-event TET-1 scene acquired at the same daytime
(9 March 2015, 17:31 UTC). Snow and ice coverage is generally characterized by high reflectivity in
the RED band and lower thermal emission in the MWIR band. In the post-event images (Figure 8,
second row), one clearly sees the decrease in the snow and ice covered area at the eastern flank of
Villarrica Volcano. Figure 8g,h highlight this area in red, which was derived from the difference of the
pre- and post-event MWIR surface temperature by setting a empirically derived threshold of A > 30 K.
An additional criterion was the decrease of the reflectivity of the RED TET-1 channel.
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Figure 8. (a,d) RED band of the TET-1 pre-event (22 February 2015) and post-event (9 March 2015)
acquisitions. (b,e) MWIR surface temperature of the TET-1 pre-event (22 February 2015) and post-event
(9 March 2015) acquisitions. (c,f) False color composite (SWIR2/NIR/GREEN) of the Landsat-8
pre-event (22 February 2015) and post-event (10 March 2015) acquisitions. (g) Difference of the surface
temperature of the pre- and post-event TET-1 MWIR bands. Detected change overlaid on the difference
of the surface temperature of the pre- and post-event TET-1 MWIR bands (h) and on the post-event
Landsat-8 acquisition (i).
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The third column shows a false color composite of a pre-event (22 February 2015) and a post-event
(10 March 2015) Landsat-8 acquisition as a reference. An overlay of the changed area derived from
TET-1 MWIR data onto the Landsat-8 post-event scene acquired one day later shows a very good
agreement between the detected change area and the area where the glacier was covered by ash due to
the volcanic eruption.

4. Discussion

4.1. Calibration by Means of MODIS Sea Surface Temperature

To control the radiometric quality of the TET-1 data, a scale factor was applied as described
in Section 2.2.2. By empirically testing different scale factors, the optimal scale factor was derived
by minimizing the difference between the atmospherically corrected TET-1 and the MODIS SST. We
assume stable temperatures during the short time differences of less than 26 min between the TET-1
and the corresponding MODIS acquisitions.

In the ideal case individual optimal scale factors should have been obtained from and applied to
all single TET-1 acquisitions. However, for only two of the nine TET-1 acquisitions an area over the sea
was free of clouds. Thus, optimal scale factors could be obtained only for these two TET-1 acquisitions.
The optimal scale factor of the 25 April 2015, 17:49 UTC day time scene was applied to all other day
time acquisitions. The optimal scale factor of the 21 March 2015, 04:36 UTC night time image was
applied to all other night time scenes. Nevertheless, the Tables 3 and 4 show a very small derivation of
the temperature differences between the two optimal scale factors for the day and night time scene.
In addition, we see that even in the worst case of scale factor 1.00, meaning no ‘correction” of the
radiometry, the maximum difference between the TET-1 and the MODIS SST was 5K. Therefore, we
assume that reasonable scale factors were applied to all nine TET-1 acquisitions analyzed in this study.

4.2. Comparison with MODIS and VIIRS Hotspots

Table 5 showed the integrated radiant power for each TET-1 acquisition and also the one of the
MODIS and VIIRS scenes acquired on the same dates for comparison. There are different reasons for a
“missed” hotspot by MODIS or VIIRS, while thermal activity could be detected by TET-1. First, the
volcano might be covered by clouds or a volcanic ash plume during an overfly of MODIS or VIIRS.
Second, TET-1 is more sensitive for detection of thermal activity than the two other sensors, especially
MODIS. Third, a different volcanic thermal activity can be assumed at the different acquisition times
of the three sensors.

The following discusses the single acquisitions in more detail. The radiant power of the 22
February 2015, 17:23 UTC and the 27 March 2015 TET-1 acquisitions were not comparable with the
corresponding radiant power derived from MODIS or VIIRS data, since the TET-1 acquisitions were
taken more than 11 h later. However, the MODIS and VIIRS hotspots confirm the activity of Villarrica
Volcano at these two dates.

The radiant power derived from the 9 March 2015, 04:32 UTC TET-1 acquisition is in the same order
of magnitude as the one derived from the corresponding VIIRS acquisition (05:57 UTC). In contrast to
this, for the 12 March 2015, 04:35 UTC TET-1 scene there is a stronger difference with the corresponding
VIIRS scene which was acquired 26 min later. However, both sensors, TET-1 and VIIRS, confirm the
thermal activity of Villarrica Volcano for that date.

On 21 March 2015, no hotspot was detected by TET-1. This matches the observations by VIIRS
and MODIS. The TET-1 25 April 2015, 04:35 UTC shows a higher radiant power than the one derived
from the VIIRS scene acquired 4 min earlier (04:31). However, a second VIIRS acquisition taken 1.5 h
later shows a strong increase of the radiant power compared to the first VIIRS acquisition of that date.
The radiant power measured by TET-1 is in the middle between these two VIIRS acquisitions. Finally,
the high thermal activity detected at the 25 April 2015, 17:49 UTC TET-1 acquisition was confirmed by
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the MODIS scene acquired 23 min later. However, the radiant power detected by TET-1 is more than
twice as high as the one measured by MODIS.

Overall, these aspects show the major differences of the obtained results, due to the different
resolution (and sensitivity), and thus underlines the potential of high resolution thermal infrared
sensor systems for this kind of investigation.

4.3. Comparison with Independent Observations

Moussallam et al. [1] reported that the lava lake at the Villarrica summit crater briefly disappeared
on 25 February 2015 and reappeared at the surface on 28 March 2015. The analysis of the TET-1
imagery showed lower radiant power values after the 3 March 2015 eruption than at the TET-1 scene 22
February 2015, three days before the disappearance of the crater lava lake at the surface (cf. Section 3.2).
Higher radiant power was again observed on the 25 April 2015, 17:49 UTC acquisition. The subpixel
temperatures already showed for the 27 March 2015 TET-1 scene, i.e., one day before the reappearance
of the crater lava lake at the surface, and the two following TET-1 acquisitions on 25 April 2015, higher
values than before.

4.4. Influence of the Off-nadir Angle and the Depth/Width of the Crater

As mentioned in Section 1.1, the lava lake at the funnel shaped summit crater of Villarrica Volcano
is approximately 20 m to 30 m wide and located at depths of 50 m to over 150 m [15]. As the crater
lava lake disappeared on 25 February 2015 (cf. Section 4.3) [1], these conditions are valid for the time
before the 3 March 2015 eruption, i.e. for the 22 February 2015 TET-1 acquisition. The off-nadir angle
of the center line of this TET-1 acquisition, where Villarrica Volcano is located, is 19.4°. The deeper the
location of the crater lava lake, the smaller is the percentage of the crater lava lake which is visible for
the TET-1 sensor. When assuming a crater lava lake width of 30 m, the maximum depth of the crater
lava lake (after which the full crater lava lake is in the shadow and not directly visible anymore for the
TET-1 sensor under the aforementioned off-nadir angle) is approximately 90 m (maximum 60 m depth,
for a width of 20 m). Consequently, we can assume that a part of the crater lava lake was covered
by shadow and not visible for the TET-1 sensor. Therefore, there is a high probability that the values
of the radiant power presented in Section 3.2 were underestimated. Except for the aforementioned
disappearance of the crater lava lake on 25 February 2015 and reappearance at the surface on 28 March
2015 [1], no further information about the depth of the crater lava lake was available for the time
after the 3 March 2015 eruption. Nevertheless, we can also assume an influence of the depth of the
crater lava lake on the measured radiant power at the other TET-1 acquisitions. Besides the depths
of the crater lava lake, the type of volcanic activity (spanning from the lava lake to Strombolian) also
influences the detectability from spaceborne sensors [43].

4.5. Detection of Surface Changes

Regarding the spatial resolution of the thermal channels and the repetition rate, the TET-1 satellite
is in between the class of the low spatial resolution/high repetition rate sensors, such as MODIS and
Sentinel-3, and the class of high spatial resolution/lower repetition rate sensors such as Landsat-8. Its
high flexibility and the aforementioned characteristics make the TET-1 satellite well-suited for rapid
detection of larger changes at the Earth’s surface. Section 3.3 showed the application of TET-1 data for
the detection of the ash coverage of the Villarrica glacier caused by the 3 March 2015 eruption. This
flexibility allowed TET-1 to acquire the first image after the 3 March 2015 eruption earlier than the first
available post-eruption Landsat-8 acquisition.

We found that the difference of the pre- and post-event MWIR surface temperature is much better
suited for the detection of changes in the glacier area than the difference of the reflectivity of the pre-
and post-event RED bands. The best results could be obtained by a combined analysis of both channels.
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5. Conclusions

Villarrica Volcano is, with over 50 eruptions reported since the 16th century, one of the most
active volcanoes of the South Andes Volcanic Zone. A time series of nine thermal images of the first
satellite Technology Experiment Carrier-1 (TET-1) of the German Aerospace Center’s (DLR) FireBIRD
mission was analyzed to study the time before and after the 3 March 2015 eruption. We presented an
atmospheric correction of the TET-1 data. The emissivity information was derived from the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Emissivity Database and the
corresponding water vapor data from the Moderate Resolution Imaging Spectroradiometer (MODIS)
acquisition with the shortest temporal baseline to the TET-1 acquisitions.

The detected thermal anomalies were investigated at subpixel level by deriving the subpixel
temperature, the percentage area coverage of a pixel, and the radiant power. These observations were
compared with hotspot information derived from MODIS and Visible Infrared Imaging Radiometer
Suite (VIIRS) data. Analysis of TET-1 data showed thermal activity of Villarrica Volcano nine days
before the 3 March 2015 eruption. The measured radiant power showed a decrease after this first
eruption. An increase of the volcanic activity was again observed on 25 April 2015.

In addition to the analysis of the thermal hotspots at subpixel level, also the eruption-related
ash coverage of the glacier at Villarrica Volcano was investigated by means of TET-1 imagery. The
changes detected using TET-1 imagery matched well with the reference information derived from
higher spatial resolution Landsat-8 imagery.

In summary, the information extracted from the thermal data of the flexible FireBIRD mission
could be used in future to support and complement ground-based observations of active volcanoes.
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Abstract: Modern volcano monitoring commonly involves Interferometric Synthetic Aperture Radar
(InSAR) measurements to identify ground motions caused by volcanic activity. However, INSAR
is largely affected by changes in atmospheric refractivity, in particular by changes which can be
attributed to the distribution of water (H,O) vapor in the atmospheric column. Gas emissions from
continuously degassing volcanoes contain abundant water vapor and thus produce variations in
the atmospheric water vapor content above and downwind of the volcano, which are notably well
captured by short-wavelength X-band SAR systems. These variations may in turn cause differential
phase errors in volcano deformation estimates due to excess radar path delay effects within the
volcanic gas plume. Inversely, if these radar path delay effects are better understood, they may
be even used for monitoring degassing activity, by means of the precipitable water vapor (PWV)
content in the plume at the time of SAR acquisitions, which may provide essential information on
gas plume dispersion and the state of volcanic and hydrothermal activity. In this work we investigate
the radar path delays that were generated by water vapor contained in the volcanic gas plume of
the persistently degassing Lascar volcano, which is located in the dry Atacama Desert of Northern
Chile. We estimate water vapor contents based on sulfur dioxide (SO;) emission measurements from
a scanning UV spectrometer (Mini-DOAS) station installed at Lascar volcano, which were scaled by
H,0/50; molar mixing ratios obtained during a multi-component Gas Analyzer System (Multi-GAS)
survey on the crater rim of the volcano. To calculate the water vapor content in the downwind
portion of the plume, where an increase of water vapor is expected, we further applied a correction
involving estimation of potential evaporation rates of water droplets governed by turbulent mixing
of the condensed volcanic plume with the dry atmosphere. Based on these estimates we obtain
daily average PWV contents inside the volcanic gas plume of 0.2-2.5 mm equivalent water column,
which translates to a slant wet delay (SWD) in DInSAR data of 1.6-20 mm. We used these estimates in
combination with our high resolution TerraSAR-X DInSAR observations at Lascar volcano, in order to
demonstrate the occurrence of repeated atmospheric delay patterns that were generated by volcanic
gas emissions. We show that gas plume related refractivity changes are significant and detectable in
DInSAR measurements. Implications are two-fold: X-band satellite radar observations also contain
information on the degassing state of a volcano, while deformation signals need to be interpreted
with care, which has relevance for volcano observations at Lascar and for other sites worldwide.

Keywords: gas emission monitoring; X-band InSAR; scanning Mini-DOAS; Multi-GAS; volcanic
gases; precipitable water vapor; radar path delay; Lascar volcano
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1. Introduction

Volcano monitoring is effectively based on multi-parametric datasets, often characterizing surface
deformation, degassing, seismicity and temperature changes in time and space. However, even
though comparison of independent datasets is common, they are only rarely integrated into a common
evaluation scheme to enhance the relative strengths of the individual applied methods. Seismic and
deformation data for instance are increasingly being integrated to improve spatio-temporal localization
of magma movement beneath a volcano, which enables to better constrain the geometries of magma
pathways and reservoirs, and to derive more precise physical models of the associated processes [1,2].
Gas emission and deformation data, however, have not yet been deeply considered as integrated
information, though it has been shown that variations in degassing and deformation are often
intimately coupled [3]. A combined analysis of time series measurements of volcanic degassing
and deformation rates proved to be a powerful tool for the evaluation of volumetric changes in magma
reservoirs due to the accumulation or discharge of volcanic gases (e.g., [4,5]). Dynamics of degassing
are furthermore critical for understanding pressure fluctuations in a magmatic and hydrothermal
system, which additionally may manifest as temporary deformation of the volcanic edifice [6-8].
However, these datasets are commonly considered separately, and the fate of gas emissions downwind
of the emission source is typically not taken into account, which is why the contribution of gas
emissions on the radar signal used for deformation measurements has not been comprehensively
demonstrated. Differential interferometric synthetic aperture radar (DInSAR) measurements allow for
the detection of mm-scale line of sight (LOS) displacements of the observed surface [9]. It has been
well demonstrated that the accuracy of satellite radar ground deformation measurements is affected
by changes in atmospheric refractivity, in particular by changes which can be attributed to the highly
variable distribution of water vapor in the observed atmospheric column [10,11].

Atmospheric contributions to DINSAR data often have similar magnitudes and wavelengths as
the actual ground deformation signal, and thus they need to be removed from interferograms, when
deformation measurements are the purpose of monitoring. There have been two main strategies for
this, (i) time-space-based filtering, and (ii) modeling of atmospheric contribution [12]. In particular,
the latter is highly successful, as interfering contributions from a moist atmosphere can coarsely
be predicted and compensated by means of high-resolution numerical weather models (e.g., MM5,
and WREF), which provide the information required to predict the atmospheric phase delay in the LOS
of an interferometric measurement [13-16].

Degassing volcanoes; however, produce their own atmospheric disturbances, which are typically
not well captured by weather models [17,18]. The large and variable amounts of water vapor in
volcanic plumes may cause differential phase errors in interferometric measurements due to reduction
of radar propagation velocity within the plume above and downwind of the volcano [19-22].

The leeward sector of a degassing volcano is hence prone to be affected by pronounced differential
phase signatures, which can be misinterpreted as a deforming ground surface, and may thus obscure
the real ground deformation information of an interferogram. Rosen et al. [19] described the possible
consequences that such propagation delays would have on DInSAR measurements using the examples
of phase signatures that occurred on Kilauea volcano, Hawaii. Similarly, Wadge et al. [20] observed
enhanced tropospheric delays in radar data of Soufriere Hills. Instead of using weather models for the
correction of their DINSAR data, these authors exploited data from Global Positioning System (GPS)
measurements on the leeward side of the volcano. Based on local SO, flux and gas compositional
measurements, and assuming a homogeneous distribution of water vapor inside the volcanic gas
plume, they however obtained an estimate of the gas plume related radar delay of only about
0.05 mm, which is far below, and thus negligible with respect to INSAR resolution. Gas plume related
disturbances are nevertheless also identified elsewhere in interferograms of degassing volcanoes (e.g.,
at Pico do Fogo as described in Gonzalez et al. [21]), but remained to be quantitatively demonstrated
and validated for a selected showcase.
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To reach this aim, the precipitable water vapor (PWV) content in the plume at the time of SAR
acquisitions has to be determined. PWYV is the amount of water vapor (in kg-m~2 or mm) vertically
integrated in an atmospheric column. Space borne radar interferometric delay measurements in
principle can be used to map the spatial distribution of water vapor in the atmosphere [23-25], if the
contributions from topographic phase and ground deformation are known, or when independent PWV
estimates are used as a reference. Accordingly, those measurements also enable to map the spatial
extent of a volcanic gas plume when the strength of the degassing source is known, and independent
PWYV estimates are integrated into analysis.

Even though water vapor by far is the largest and most abundant component in the gas emissions
of most volcanoes, volcanic water vapor emissions to date only rarely have been measured and
quantified by means of remote sensing (and preferentially by means of indirect methods as e.g.,
in [26]), due to the missing contrast relative to the high water vapor concentrations in the ambient
atmosphere, which commonly preclude its quantification in the volcanic cloud. During the present
decade, however, some progress has been made in this respect, and volcanologists have adopted and
adjusted several technologies known from meteorological applications to remotely map and quantify
volcanic water vapor emissions despite a variable background atmosphere. Fiorani et al. [27] for
instance, successfully measured water vapor fluxes of Stromboli volcano in Italy using a ground-based
LiDAR system, and Bryan et al. [28] introduced a combined millimeter-wave radar/radiometer system
(also ground-based), which enables 3-dimensional mapping of the spatial distribution of ash and water
vapor in eruptive clouds. These methods have in common that they use active sensors, which transmit
a signal that is able to penetrate the volcanic cloud and thus allow measuring the reflection, refraction,
or scattering of the signal occurring inside the cloud. Such methods thus are largely superior to
methods deploying passive optical imaging sensors (such as UV- and IR-spectroscopical methods),
which typically are strongly affected by the presence of liquid water and aerosols [29], and therefore
fail to work in very dense clouds. Ground-based active sensors are, however, rather exotic, and are
cost- and labor-intensive, and thus have not yet routinely been used for permanent gas emission
monitoring purposes.

We thus used a combination of more common sensors, which enable unsupervised continuous
monitoring. Because direct measurements of volcanic water vapor emissions by means of optical
remote sensing are challenging [30], we measured SO, column density profiles in conjunction with
molar HyO/SO; ratios in this work, in order to estimate the apparent PWV contents in the gas plume
above a volcano. These estimates were integrated as an a-priori knowledge into the analysis of
DINSAR observations in order to investigate the propagation delay that was generated by volcanic gas
emissions. We demonstrate the repeated contribution of the volcanic gas plume to the radar delay in
the interferometric measurements and thus determine the plume-induced delay variations which can
be falsely interpreted as a deformation signal.

2. Study Area

The study was conducted at Lascar volcano, one of the most active volcanoes of the central
Andes [31,32], which has been identified as the second largest emission source of volcanic gases in
Northern Chile [33]. The volcano is located east of the Salar de Atacama basin (23.37°S, 67.73°W),
on the western margin of the Puna plateau (Figure 1a), which is one of the driest areas on Earth.
Much of the plateau around the 5592 m high Léscar volcano has an altitude of more than 4 km above
sea level. Background atmospheric PWV over the region is very low most of the year, and generally
less than 1 mm total water column [34]. Cloudless skies, an extremely low atmospheric water content,
and the high altitude lead to an exceptionally high atmospheric transparency [35], which in general is
conducive for remote sensing applications and hence for the purpose of our study.

The volcanic edifice of Lascar comprises two truncated intersecting composite cones, termed
Western and Eastern edifice hereafter, and hosts 5 nested craters, which are aligned along an ENE-WSW
trending lineament [31,36,37]. During the past two decades Lascar exhibited several periods of cyclic
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dome growth and collapses, which were punctuated by occasional explosive vulcanian to plinian
eruptions [38]. Recent activity is characterized by gradual subsidence [39,40] and persistently strong
fumarolic degassing from the remnants of a dacitic dome [41] located in the westernmost crater of
the Eastern edifice (Figure 1b,c). The dome remnants cover an area of about 40,000 m? (about 230 m
in diameter) in the central depression of the 800 m wide and 400 m deep crater. Numerous high
temperature fumaroles (about 300 °C) are distributed on top of the dome and the surrounding inner
crater walls [41-43]. Several low temperature fumaroles and diffuse vent sites are located in the eastern
craters of the Eastern edifice and on the southern crater rim, but the high temperature gases ascending
from the dome and the fumaroles in the active crater are the main emission source [41]. These hot gas
emissions produce a persistent thermal anomaly in the middle of the crater, which has been subject of
numerous remote sensing studies using infrared satellite imagery (e.g., [44-48]). Gas emissions from
Lascar volcano are very moist in contrast to the dry atmospheric background. Water vapor emissions
from Lascar account for more than 90% of its total gas emissions, approaching rates of several metric
kilotons per day [33]. The persistently degassing, and largely unvegetated stratovolcano (Figure 1d)
thus provides ideal conditions to examine radar propagation delays caused by refractivity variations
in volcanic gas.

Aguas Calientes

active crater \f‘
Nl S

W Lascar ® Mini-D0AS

67.80 W 67.75W 67.70W 67.65W 67.60W

Lascar Aguas Calientes

800 m
Ehaes 9

active crater

® Mini-DOAS

Figure 1. Lascar and adjacent Aguas Calientes volcanoes. The location of the scanning Mini-DOAS
station is indicated by the white dot on the southern flank of Aguas Calientes volcano. (a) Aster
visible range composite of 29 April 2013 draped onto SRTM-1 grid; (b) Close-up of high temperature
fumaroles in the active crater; (c) View from the southern crater rim towards NNW into the active
crater of Lascar showing fumarolic activity during the Multi-GAS survey on the Southern crater rim on
2 December 2012. The white bounding box framing the area shown in (b) roughly spans 200 m in width
and 100 m in height; (d) Panoramic view from South towards NNW showing a dispersed gas plume
emanating from Léscars’ active crater on 5 December 2012, and drifting towards SE, which corresponds
to the main transport direction during daylight time. Distance between Mini-DOAS in the foreground
and active crater in the background of the image is about 6 km.
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3. Data and Methods

In this section, we will introduce a method that enables us to isolate and map gas plume related
phase delay contributions in interferometric radar measurements by means of correlating a-priori
information on the temporal variations of PWV contents in the volcanic gas plume with the signal
strength variations at each range azimuth position of a DInSAR time series. Application of the method
further requires involving several different prior constraints encompassing the temporal variations of
all other processes that potentially contribute to total DINSAR phase in order to derive an estimate
of the gas plume related interferometric signal in the DInSAR time series. In the following we will
specify which data were used for our case study spanning the period October 2013 to February 2014
(later often simply referred to as the considered period), present the techniques used to derive the
necessary a-priori knowledge, and describe how the estimation technique works.

3.1. SO, Column Density Retrieval

SO, path-length concentrations were measured in the plume of Ldscar volcano using a
NOVAC-type stationary scanning Mini-DOAS instrument (Figure 1; [49]; NOVAC: Network for the
Observation of Volcanic and Atmospheric Change) that was permanently installed in April 2013 by the
Chilean Observatorio Volcanolégico De los Andes del Sur (OVDAS). The DOAS station (Lejia DOAS)
was deployed east of Lascar (at Lat —23.387°, Long —67.678°), according to prevailing westerly wind
directions. The DOAS-instrument scans across the sky from horizon to horizon along a semi-conical
surface (Figure 2a) and measures the spectra of the incoming scattered sunlight at 51 angular steps of
3.6° [49]. Each complete scan takes about 5-10 min and yields a crosswind SO, total column profile,
i.e., perpendicular to the transport direction of the volcanic gas plume. Measurements are conducted
during daylight, i.e., when UV intensities are sufficiently high to achieve an acceptable signal-to-noise
ratio. At these latitudes the required conditions are met during a time interval approximately ranging
from about 11:00 a.m. to 10:00 p.m. (UTC) in austral summer, and 12:00 a.m. to 09:00 p.m. (UTC) in
austral winter.

SO, differential slant column densities (SCDs) were retrieved from the sunlight spectra by
means of the DOAS method [50], as implemented in an automated evaluation routine of the
NOVAC-software [49]. Evaluation was performed in the wavelength range 310-325 nm using
absorption cross sections of SO, [51], and O3 [52], which were convolved to the spectral resolution
of the instrument. In addition, a Ring spectrum was included in the DOAS-fit, in order to avoid the
filling in of the Fraunhofer lines of the solar spectrum as a result of rotational Raman scattering [53].
Shift correction was applied to the measured spectra using the known features of a pixel-wavelength
calibrated solar spectrum, which was derived from the Solar flux atlas of Kurucz et al. [54].
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Figure 2. Spatio-temporal relationships between the methods used for the gas plume estimate.
(a) Sketch showing the measurement geometry and location of the Multi-GAS and scanning Mini-DOAS
instruments at Lascar volcano during an overpass of TerraSAR-X. Refractive delay of the radar occurs
inside the volcanic plume, which is heading towards East, due to predominantly westerly winds.
See text for discussion; (b) Date versus time plot depicting acquisition times of scanning DOAS
measurements and SAR images. Measurement times are indicated using Coordinated Universal
Time (UTC), which is offset by +3 h with respect to Chile Summer Time (CLST). Red arrows indicate
the temporal offset between SAR images and scanning DOAS data chosen for analysis; (c) Spatial
and temporal baselines of SAR images used in DInSAR time series subsets 01 (blue) and 02 (red).
Master scenes of subset 01 and subset 02 are from 18 October 2013 and 12 December 2013, respectively,
and each computed interferogram is represented by a line between the corresponding two images.
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3.2. Estimation of Water Vapor Contents in the Ldscar Plume

Water vapor contents in the Lascar gas plume were obtained by scaling the SO, SCDs with the
molar H,O/SO; ratio determined from gas concentration measurements, which were in turn conducted
using a multi-component Gas Analyzer System [55] during a field survey on 2 December 2012 (see [33]
for details), that is roughly one year in advance of the period that we consider here for the analysis of
our SAR and Mini-DOAS observations (Figure 2b). The Multi-GAS instrument basically consists of an
air pump feeding ambient air into a suite of electrochemical sensors for the measurement of SO, HpS
and Hy, and a non-dispersive closed-path IR spectrometer for measuring CO, and H,O concentrations.
Gas concentrations were measured for several hours in a dilute and partly condensed volcanic plume
crossing the southern rim of the active crater (roughly at Lat —23.366°, Long —67.734°; see Figure 2a),
and the signals of all sensors were recorded at 0.5 Hz by a data-logger, yielding a large number of
measurements. The raw data was processed according to [56,57], in order to identify the characteristic
molar gas ratios [33].

Multi-GAS instruments, however, exclusively measure gaseous water vapor and do not take into
account the liquid water content (LWC) in the volcanic cloud. Due to the obvious condensed nature
of the plume at the crater rim, our PWV contents were thus estimated on the basis of the maximum
molar H,O/SO, ratio obtained for the measurement period, which was used to scale the SO, SCDs
yielding a first PWV estimate. This first estimate, we however consider to be representative solely for
the proximal portion of the volcanic plume (see Appendix A for details on the conversion of SO, SCDs
to PWV contents).

To estimate PWV contents also from the distal portion of the volcanic plume, we additionally
consider condensation and evaporation processes, which change the liquid-to-vapor ratio during
transport of the volcanic plume. LWCs are typically elevated close to the emission source and
decrease with increasing downwind distance, due to gradual entrainment of dry ambient air, causing
evaporation of cloud droplets (e.g., [58]). This in turn results in an increase of water vapor in
the downwind portion of the volcanic cloud, which may further be promoted by the presence
of aerosols [59], and which is expected to be reflected as an enhancement of the radar delay in
interferometric measurements.

Potential evaporation rates were thus determined for the measurement periods of the scanning
DOAS and then used to upscale our fixed molar gas ratio, which was thereby adjusted to increase
proportionally to evaporation rates, which on the other hand strongly depend on wind speeds over
arid areas (see Appendix B for details on evaporation calculation). The resulting variable ratio was
used to upscale the SO, SCDs at each scan angle of the plume cross sections as described above (and
in Appendix A), yielding a second PWV estimate, which we deem to be representative for the distal
part of the gas plume.

3.3. SAR Data and InSAR Methods

The aforementioned water vapor maps into the used DInSAR data, which are now briefly
described. TerraSAR-X was tasked to acquire high resolution spotlight SAR scenes covering a
10 x 10 km large area around Lascar volcano on both ascending and descending passes of the
orbit. TerraSAR-X flies along the day-night boundary of the Earth in a near-polar sun-synchronous
dusk-dawn orbit with an 11-day repeat cycle. SAR observations of a given point on Earth’s surface are
thus conducted within fixed time windows, which at Lascar correspond to day times of about 10:00 a.m.
(UTC) on descending nodes and 11:00 p.m. (UTC) on ascending nodes of the orbit. The DINSAR time
series considered here covers a 5 months period from 18 October 2013 to 16 February 2014 (Figure 2b).
DInSAR preparation and analysis was done using the dedicated modular InSAR software system
GENESIS from DLR [60]. A set of 9 SAR images from descending track 111 was chosen according
to availability of complementary scanning DOAS data (Figure 2b), and these images were used to
create two temporally overlapping disjoint interferogram time series, termed subset 01 and subset 02
hereafter. The subsets consist of 3 and 4 temporally interconnected interferograms, respectively, i.e.,
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the interferograms of each subset are based on a common master scene (Figure 2¢; Table 1). SAR images
were combined to form interferograms with very small spatial baselines, which accordingly resulted in
different temporal baselines for each interferometric pair as depicted in Figure 2c and Table 1. The very
small spatial baselines chosen here minimize phase contributions from topography and prevent from
unwrapping failures due to a coarse digital elevation model (DEM).

Table 1. Combinations of SAR acquisitions used in DINSAR time series subsets 01 & 02, and their
respective spatial and temporal baselines.

Master Scene Date Slave Scene Date Spatial Baseline (m) Temporal Baseline
(yyyy-mm-dd) (yyyy-mm-dd) (Days)

Subset 01

2013-12-12 2013-11-20 11.8 —22

2013-12-12 2013-12-01 6.2 11

2013-12-12 2014-02-05 —0.5 55
Subset 02

2013-10-18 2013-12-23 16.6 66

2013-10-18 2014-01-03 —23.5 77

2013-10-18 2014-01-14 6 88

2013-10-18 2014-02-16 -13 121

3.4. Determination of Gas Plume Related Phase Delays

PWYV contents determined for the gas plumes of each SAR acquisition were used to compute the
corresponding differential phase delays encountered in each interferogram. For this purpose we first
determined the slant wet delay (SWD) that such PWV contents theoretically would produce in the LOS
of a SAR image. Determination of the theoretical SWD is straightforward, since it can be inferred from
the zenith path delay (ZPD), which is linearly related to the vertically integrated water vapor (IWV)
contents, where 1 mm in PWV contents roughly results in a 6.5 mm ZPD of microwave signals [61,62],
and the ZPD accordingly is

6P =11 WY, 1)

where 67" is the ZPD in (mm), WV is the columnar integrated water vapor in (kg-m~2), which is
approximately equal to PWV contents in (mm), and I ! (~ 6.5) is a dimensionless conversion factor
that is approximated using surface temperature Ts in (K). Calculation of the SWD thus merely requires
further conversion of the ZPD, taking into account the incidence angle of acquisitions, in order to
obtain the corresponding delay along the LOS. The conversion factor used for the calculation of the
theoretical SWD is

sw_ szp_ 1
=0 cos(0)’ @
where 6" corresponds to the path delay along the LOS, and 6 to the incidence angle of SAR
observations. The incidence angle of the SAR acquisitions we used in this work (TerraSAR-X
descending track 111, see Section 3.3 for details) was inclined 37° with respect to zenith path resulting
in a conversion factor of 1/cos(37) = 1.25.

Finally, the differences between PWV contents estimated for the acquisition dates of the master
image and the slave images were calculated (PWVpirr = PWViuaster — PWVa0e), and used to
determine the differential SWD (dSWD) that such differential PWV contents theoretically would
produce in the gas plumes of each interferogram.
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3.5. DInSAR Preparation

Estimation of the gas plume related radar path delays in interferometric SAR measurements
requires several pre-processing steps, involving the removal of large-scale phase contributions related
to topography and refractivity changes in the troposphere, the latter of which are commonly referred to
as the atmospheric phase screen (APS). First, the raw interferograms were corrected using the baseline
information of the interferograms in conjunction with a DEM from the Shuttle Radar Topography
Mission (SRTM-1), which provides elevation data at a resolution of one arc second grid spacing (i.e.,
a relative horizontal precision of 15 m) and a relative vertical precision of 46 m. The results are
terrain corrected differential interferograms (DInSARs), which however still contain some small-scale
topographical errors, due to the coarse resolution of the DEM.

The terrain corrected DINSARs were then unwrapped and further corrected by means of path
delay difference maps obtained from numerical weather hindcasts of the WRE, using a horizontal grid
spacing of 900 m and a vertical division of 51 eta levels for the simulations. The WRF simulations were
initialized with the ERA interim dataset from ECMWEF at 06:00 a.m. (UTC) of each SAR acquisition
date, and the 900 m fine-resolution domain covering the area of interest further was embedded into
two larger coarse-resolution domains using 2700 and 13,500 m grids, respectively, which were used to
update the boundary conditions of the inner high resolution domain. This correction was done in order
to reduce atmospheric phase contributions, and in particular to avoid altitude correlated distortions
known as stratification effect, which is the most prominent atmospheric disturbance in the presence of
strong topography [15]. After removal of the linearly stratified atmosphere, the resulting DInSARs,
however, still contain phase contributions that were caused by small-scale lateral refractivity variations
of a turbulent atmosphere and the volcanic steam plume, which we decomposed as described in the
following section.

3.6. DInSAR Decomposition

To extract the gas plume related phase contribution from our interferograms, we used a
wavelet-based DINSAR decomposition (WBDD) technique, which enabled us to integrate our estimates
of the PWV contents in the volcanic gas plume into DINSAR analysis and thus allowed for the separate
evaluation of gas plume related phase delays and their comparison with respect to all other phase
contributions. The WBDD technique [63] was developed to deal with temporally unconnected DInNSAR
time series subsets and small stack sizes, and does not use the isotropy assumption to mitigate the
atmospheric effect. The algorithm is based on Dual-tree complex wavelet transform (DT-CWT),
which is being used in a wide range of applications in the field of signal and image processing [64].
The DT-CWT calculates the complex transform of a signal using two separate discrete wavelet
transform decompositions (tree a and tree b), which may be regarded as equivalent to filtering the
input signal with two separate banks of bandpass filters, that separately produce the real and imaginary
coefficients of the complex wavelet. The DT-CWT allows to capture both frequency and location
information of a multidimensional signal, i.e., the times and locations at which these frequencies occur.

The WBDD technique requires at least two temporally interconnected interferograms as an input
and the workflow is as follows (Figure 3). First, the DT-CWT representations of all interferograms in
the DInSAR time series are derived, i.e., complex wavelet coefficients are determined for each range
azimuth position, where the phase of the coefficient determines the exact position of the wavelet
in the interferogram and the modulus of the coefficient corresponds to the strength of the wavelet
at given position. Second, each of these complex wavelet time series is analyzed using so-called
priors, respectively prior time series containing information on the temporal evolution of any of the
processes that possibly contributed to the total phase of the interferograms. That is, we are including
prior information on the signal strength variations related to (i) inaccuracies of the DEM, (ii) linear
deformation of the ground surface, and (iii) changing refractive properties of the ambient atmosphere
and (iv) the volcanic gas plume (details on the determination and compilation of these priors are
given in the following section). This prior information allows assigning each complex wavelet to their

45



Remote Sens. 2018, 10, 1514

likely causes, depending on their best temporal correlation with the prior knowledge, and therefore
enables to decompose the interferograms into signals related to the priors. The decomposition thus
yields one separate radar propagation path delay estimate for each prior that was incorporated in the
decomposition analysis of the DINSAR time series.
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Figure 3. Technical diagram depicting the processing steps of the WBDD algorithm. In a DInNSAR
time series each DINSAR pixel (respectively range azimuth position) is characterized by a certain
temporal evolution of its differential signal strength. Computation of the DT-CWT representations of
each DINSAR enables to capture the temporal evolution of the signal strength of all SAR pixels of the
DInSAR time series by means of a small number of complex wavelet coefficients. Similarly each process
which causes changes in SAR signal strength can be described by a time series, which reflects the
temporal variations of the process (e.g., variations of water vapor contents in the volcanic gas plume,
variations in spatial baseline, relative humidity, ground temperature, and pressure). The algorithm
uses the time series of these processes as an a priori knowledge of a related possible change in SAR
signal strength and assigns the SAR signals to their likely causes by comparison of the prior time series
with the temporal evolution of SAR signal strength at each range azimuth position, which decomposes
the interferograms into different phase screens.

3.7. Priors Used for DInSAR Decomposition

To model the signal strength variations associated with different sources/processes affecting the
interferometric measurements we used the following prior time series reflecting the temporal behavior of
the corresponding processes. The dSWD time series, which were determined following the descriptions
given in Section 3.4, were used as prior information for our algorithm, aiming to determine exclusively
those interferometric phase variations, which are characterized by a similar temporal evolution as that
of the PWV contents in the gas plume. As a result, we obtained the intersecting set of all gas plume
related phase contributions contained in the DInSAR time series. Thus, our gas plume related phase
delay estimates exclusively cover the area in which gas plumes of the different interferograms overlap.

The spatial and temporal baseline histories of the interferograms were included as prior
information in order to capture small-scale topography related phase contributions, which were
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caused by errors in the DEM, and respectively by linear ground surface deformation. This works,
because the effect of the DEM error typically evolves proportionally to the spatial baseline history
of a DInSAR time series [65], and linear ground surface deformation evolves proportionally to the
temporal baseline history. The values of the baseline histories were taken as they are and did not
require any further computation, since these already represent differential values.

Furthermore, we estimated the refractivity related phase contributions of the ambient atmosphere
in order to prevent them from leaking into the gas plume estimate, which involved incorporation
of several priors in the analysis. In our approach we separately consider non-repeating phase
contributions, which are caused by turbulent mixing of the atmosphere, and repeating phase
contributions, which are rather related to the vertical stratification of the atmosphere and orographic
effects, and thus typically correlate with the underlying topographic relief. Dirac-function priors were
used to model APS spatial variation at each SAR acquisition, encompassing all non-recurrent phase
contributions, which e.g., resulted from the turbulent transport of atmospheric and volcanic water
vapor in the lower part of the troposphere, and thus were exclusively present at the times of single SAR
observations. For this purpose one Dirac-function prior was included for each of the SAR scenes (using
positive Dirac-functions for master scenes, and negative Dirac-functions for slave scenes), providing
the benefit that no external information is required for this type of estimate, which in the following
will be referred to as so-called single event APS estimate. In addition to single event APS estimation, we
incorporated prior time series containing information on the differential temporal variations of relative
humidity, surface temperature and surface pressure, which were derived from the detailed WRF
simulation (described in Section 3.5) over a single spot on the summit of the volcano. This was done in
order to also cover repeatedly occurring small-scale disturbances, which are related to stratification
and to recurring formation of localized orographic clouds, and thus had not yet been captured by the
single event APS estimates. Moreover, this approach decomposes the refractivity related propagation
delay into different contributions of the single physical processes, which contribute to the variations of
the tropospheric delay (compare with Equation (1) in Smith and Weintraub [66]), and thus enables
us to separately examine the small-scale phase delay effects of the different physical processes in
the troposphere.

4. Results

4.1. PWV Contents in the Volcanic Gas Plume of Ldscar

During the days of the Multi-GAS survey in December 2012 and in the investigated period,
the activity of Lascar volcano was characterized by quiescent degassing from the active crater (Figure 1).
Webcam and visual on-site observations confirmed the frequent wind-blown dispersal of a white gas
plume in south-easterly direction over the Puna plateau (Figure 1d). This gas plume therefore very often
is also fully captured by the well-located scanning DOAS station. SO, SCDs measured within the gas
plume on the days with TerraSAR-X acquisitions ranged from 2.5 x 10'° to 2.8 x 10'® molecules-cm 2
and averaged at 7.2 x 107 molecules-cm~2. SO, SCDs exhibited diurnal variations, which were on
average slightly enhanced during the early morning and evening hours.

The Multi-GAS measurements conducted during the field survey in December 2012 showed
considerable fluctuations of the water contents at nearly constant CO,/S molar ratios, suggesting
variable water loss due to condensation of water inside the cooling plume prior to the sampling by
the instrument [33]. This in turn resulted in a particularly low average molar H,O/SO; ratio of 9.37:1,
as Multi-GAS instruments exclusively measure gaseous water vapor and do not take into account the
LWC in the volcanic cloud. Using the values of Tamburello et al. [33] we thus determined a maximum
molar HyO/SO; ratio of 34:1, by means of which we finally arrived at a water content constituting
roughly 90 mol.% of total gas emissions, which is in the range of typical values (85-99 mol.%) for high
temperature gases from arc volcanoes elsewhere (e.g., Table 5 in Oppenheimer et al. [67]).
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Our PWYV estimates were thus obtained by conversion of SO, SCDs at each scan angle of the
plume cross sections using the fixed molar H,O/SO; ratio of 34:1 (Figure 4a; see Appendix A for
details). The amount of water vapor in the centerline of the plume was determined by finding the
maximum PWV contents of each DOAS scan, and these were used to constrain the daily average PWV
contents for days with TerraSAR-X acquisitions. Estimated daily average PWV contents obtained from
the centerline of the plume ranged from 0.007 to 0.015 mm at the times of SAR observations (Figure 4b),
translating to SWDs of 0.07 to 0.1 mm (Table 2, columns 3 and 8). Additionally, the average amount
of water vapor in each DOAS scan was determined and used to calculate the daily average PWV
contents of the bulk plume, i.e., by taking into account the whole plume cross sections at this time.
Daily average bulk plume PWV contents ranged from 0.002 to 0.0035 mm (Figure 4b), corresponding
to SWDs of 0.02 to 0.03 mm. Differential SWDs from the plume center were used as a prior time series
(Table 3, column 3) for the estimation of the gas plume related phase contribution in the proximal
portion of the gas plume. These values reflect HyO vapor contents at the crater rim, and are thus not
representative for PWV contents arriving at the scanning plane of the scanning DOAS (Figure 2a),
since they do not take into account downwind evaporation.

Potential evaporation rates were thus determined for the measurement periods of the scanning
DOAS (Figure 4c; see Appendix B for details on evaporation calculation), and used to upscale the
H,0/S0; ratio, which was thereby adjusted to increase proportionally to evaporation rates, which in
turn strongly depend on wind speeds (Figure 4d) over arid areas. The resulting variable ratio was
then used to upscale the SO, SCDs at each scan angle of the plume cross sections as described above
(and in Appendix A), at this time, however, taking into account the effect of downwind evaporation
(Figure 4e).

We assume that such adjusted estimates provide a more reasonable approximation of the temporal
variations in PWV encountered above various points of the plume cross sections. Estimated daily
average PWYV contents obtained from the centerline of the plume ranged from 0.8 to 9.6 mm at the
times of SAR observations (Figure 4f), translating to SWDs of 6.4 to 77.0 mm (Table 2, columns 4 and 9).
Daily average bulk plume PWV contents ranged from 0.2 to 2.5 mm (Figure 4f), which correspond to
SWDs of 1.6 to 20 mm (Table 2, columns 5 and 10). The daily average bulk plume PWV contents were
used for the determination of the second dSWD prior time series (Table 3, column 4), which in turn was
used for the estimation of the gas plume related phase contribution in the distal portion of the volcanic
gas plume.
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Figure 4. (a) Time series of PWV contents determined for plume cross-sections recorded by scanning
DOAS on days with TerraSAR-X acquisitions (18 December 2013 to 16 February 2014). The time scale
is not linear. Result without consideration of evaporation; (b) Daily average PWV contents in the

centerline of the plume (stippled line) and the bulk plume (solid line), which are representative for the

moisture distribution above the crater rim on days with available SAR acquisitions; (c) Time series of
potential evaporation rates at plume height above the summit of Lascar volcano. Evaporation rates at
the times of SAR observations are indicated by red (master scenes) and blue (slave scenes) dots; (d) Time

series of wind speeds at summit altitude used for calculation of potential evaporation rates; (e) Time
series of PWV contents in plume cross-sections considering downwind evaporation; (f) Daily average
PWYV content in the centerline of the plume (stippled line) and the bulk plume (solid line) downwind of

the volcano on days with available SAR acquisitions.
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4.2. Gas Plume Related Phase Delays

PWYV contents obtained for the distal portion of the volcanic gas plume (Figure 5a) were used to
exemplify how the DINSAR decomposition analysis can be used to map the corresponding refractivity
anomalies in the DINSAR time series. To this end, we used the entire DINSAR data set described in
Section 3.3, and applied all priors listed in Section 3.7. The differential interferograms, which were
coarsely corrected according to the steps described in Section 3.5, show a relatively large amount of
coherent pixels (Figure 5b). Pronounced phase changes are visible around the summit and on the
flanks of the volcano, representing the sum of phase contributions from individual sources including
slow and linear ground surface deformation [40], residual topography due to errors in the DEM,
and refractivity fluctuations in atmosphere and volcanic gas plume.

The coarsely corrected DINSARs were decomposed (Section 3.6) in order to obtain the intersecting
set of repeating gas plume related phase contributions, which are present in all interferograms of the
analyzed DINnSAR time series. Owing to the different temporal development of PWV contents which
were determined for the two different sections of the plume (Figure 4b,f), we accordingly retrieved
two contrasting phase delay results for the ascending part of the plume above the crater (Figure 6a)
and the downwind portion of the gas plume (Figure 6b). The phase delay map obtained for the
prior time series of the gas plume related SWDs above the crater rim (Table 3, column 3) displays a
weak altitude correlated shortening of the delay over an area which is largely confined to the summit
region of the volcano (Figure 6a). The phase delay map obtained for the downwind portion of the
gas plume (Figure 6b) in contrast shows a lenticular pattern that indicates lengthening of the radar
propagation path over an area that agrees well with the most common eastward plume transport
directions observed during spring and late summer of that period (see Appendix A, Figure Alc,d).

DInSAR decomposition further yielded phase delay maps for each of the other priors that were
included in the analysis. A detailed description of these maps (which are displayed in Figures 6 and A4)
would however go beyond the scope of this paper and thus can be found in the Appendixs E and F.

51



Remote Sens. 2018, 10, 1514

Master  Slave ed DINSARs APS and gas plume residuals
PWV contents in gas ti E Jiffe (wit ume +
a) plume cross sections b) d d) c ut e) Linear deformation

. 0y WdSWD:"9.78 mm
¥,
"ﬂ‘

2
3 3

40
20

12.12.2013 - 20.11.2013
scanangle (degrees from zenith)
o

1212.2013 - 01.12.2013
scanangle (degrees from zenith)
bhAR NB O

2588533

&
3

S WdSWD: 3.40 mm
%
e

o
3 3

[N
R

18.10.2013 - 23.12.2013
IS
S

&
S

scanangle (degrees from zenith)
ey
5

&
S

2
3 3

[
S oSS

-40)

18.10.2013 - 03.01.2014

scanangle (degrees from zenith)
g
2

&
3

2 »
3 3

A na
S S o 83

18.10.2013 - 14.01.2014
&
3

&
3

12.12.2013 - 05.02.2014
scanangle (degrees from zenith)
bbbt NEow®

ey sy pe———— s A =

Y
S5 33

o

18.10.2013 - 16.02.2014
scanangle (degrees from zenith) ~ scanangle (degrees from zenith)

& b
3 S S

o
. J P “n WdSWD: -3.60 mm
irj N
A w
XN 3

Figure 5. (a) PWV contents in plume cross-sections obtained for the downwind portion of the volcanic

&
S

gas plume on acquisition dates of SAR master and slave scenes, and (b—e) corresponding DInNSAR maps
(10 x 10 km in azimuth and range direction). Scales of the DINSAR maps indicate range change in units
of mm, and are unique to each image using the same scale bounds for the sake of comparability with
other phase contributions. Incoherent areas are masked out; (b) Coarsely corrected DINSAR maps used
for decomposition analysis and retrieval of the gas plume estimate. DEM and major APS contributions
derived from WRF were removed; (c) Phase difference maps of the gas plume estimates obtained for
the downwind portion of the volcanic gas plume. Corresponding theoretical dSWDs are indicated in
the upper right corner of each map; (d) DInNSAR maps from 5b, where the phase contributions of the
gas plume were removed; (e) Linear deformation estimates obtained from the refined correction using
the delay estimates obtained from WBDD analysis.
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Figure 6. (a-h) Delay correlation maps depicting the estimated repeating patterns of SAR delays
obtained from priors included in the WBDD analysis. Location of active crater is indicated by the red
circle; (a) Delay estimate for the gas plume aloft the crater (b—d) Delay estimates for the downwind
portion of the gas plume (b) with and (c) without additional removal of pressure and temperature
dependent phase screens by including/excluding respective priors in the WBDD analysis; (d) Gas
plume estimate as in c), however omitting the SAR observation of 3 January 2014. Scales correspond to
estimated delay (mm) per theoretical delay (mm). Scale bar limits of the gas plume estimate obtained
for the proximal part of the plume above the crater indicate that theoretical delays are by a factor
100 smaller than the delay estimate. Upper and lower limits of the scale bars of the estimates obtained
for the downwind portion of the gas plume are equal to unity, indicating concurrence of theoretical and
estimated delay. The red to yellow colored signature in the lower right corner of the image indicates a
lengthening of the delay, where the effect of HyO emissions is large. The affected area corresponds to
the most common plume transport directions (see Appendix D, Figure A3a,b) and locations where the
volcanic plume regularly touches the ground (fumigation); (e) Estimates of surface temperature and
(f) surface pressure related delays. Scales indicate mm estimated delay per Kelvin, respectively hPa of
the input prior; (g) Delay estimate obtained for the relative humidity prior (h) Delay estimate for the
spatial baseline prior; (i) Scatter plot of theoretical delay (mm) versus determined signal strength of the
gas plume contribution in the DINSARs used for the gas plume estimate in (b). Each asterisk symbol
represents one of the DInNSARs and corresponding slave dates (mm-dd) are indicated.
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4.3. Isolation of the Gas Plume Related Signal in DInSARs

The phase delay map obtained for the downwind portion of the gas plume (Figure 6b) was used to
determine the gas plume related phase contributions in each DInSAR image of the time series. For this
purpose the theoretical ASWDs, which were used as a prior for this estimate (Table 3, column 4), were
multiplied by the respective phase delay estimate, which resulted in simple phase difference maps
depicting the repeating gas plume related phase contribution present in each of the DINSAR maps
(Figure 5¢). The phase difference maps use the same scale bounds as those used in Figure 5b in order
to display the relative effect of the gas plume related phase delay on the interferometric measurements
with respect to other phase contributions. Each of these maps reveals a lenticular phase difference
pattern, which equals the pattern that was already observed in the corresponding phase delay map
(Figure 6b), and which persists throughout the entire DINSAR time series. As a consequence of the
mathematical operation used to retrieve these maps, the amplitude of the pattern varies in proportion
to the a-priori constraints on the differences in gas plume PWV content and is most pronounced in
those DINSARs, in which the differential PWV contents determined for the epochs of master and slave
SAR acquisitions were the highest (compare Figure 5a,c). Moreover, it is interesting to note that the
contrast between plume related and atmospheric signals was more pronounced in the DInSAR images
of subset 01.

As a next step, the gas plume related phase difference maps depicted in Figure 5¢c were subtracted
from the coarsely corrected DINSAR maps depicted in Figure 5b in order to mitigate the gas plume
related phase contribution. The resulting DINSAR maps (Figure 5d) differ clearly from the coarsely
corrected DInNSAR maps, which still contain the gas plume related signal. As expected, the removal of
the gas plume related signal is most obvious in the DINSARs of subset 01, where the mitigation in two
cases (DInSARs 1 and 3) even resulted in a change to the opposite delay direction over the area which
was affected by the gas plume (Figure 5d, rows 1 and 3).

4.4. Residuals of the Refractivity Related Phase Delay and Ground Deformation

To verify the efficiency of our decomposition analysis, we now examine the residual phase,
which persists when all estimated refractivity and DEM error related phase contributions have been
removed from the DInNSAR maps. To this end, the complete set of refractivity and DEM error related
phase delay estimates obtained from WBDD analysis as shown in Figures 6 and A4 (and further detailed
in Sections 4.2 and 5.3 and the Appendix) were multiplied with the values of their respective input prior
time series to obtain phase difference maps corresponding to each of the DInSARs. Similarly the single
event APS estimates of individual SAR acquisitions (Figure A4) were combined to form phase difference
maps for each interferogram by subtraction of the slave APS from the master APS. The resulting phase
difference maps were then subtracted from the coarsely corrected DInSARs (Figure 5b) obtaining
interferograms, which mainly contain the residual phase and topographic contributions attributed
to a deforming ground surface (Figure 5e). This refined correction more or less efficiently removed
small-scale phase delay patterns, which were caused by the volcanic gas plume and a turbulent
atmosphere, as well as small-scale DEM errors related to acquisition geometry, respectively spatial
baseline, leaving only some faint and blurry signatures of low amplitude.

In between the blurry residuals of non-deformation related phase contributions a putative
small-scale ground deformation signal can be observed in the central of the three north-eastern summit
craters of Lascar. The signature occurs in each of the DINnSARs, and indicates a progressively subsiding
crater floor confined to an arcuate fault, where Pavez et al. [39] detected co-eruptive subsidence of the
crater floor during the 1995 eruption, and where Richter et al. [40] identified linear subsidence during
the period 2012-2016.
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4.5. Validation of the Gas Plume Signal Estimate

The phase delay estimates which were obtained by decomposition analysis can be validated
by means of relating the position and strength of the estimated DINSAR signal to the input prior
information. We thus compared the signal strength of the lens-shaped gas plume pattern in each of the
DINSAR maps (Figure 5b) to the strength of the theoretical ASSWDs (Table 3, column 4), which served as
a prior for the corresponding gas plume estimate (Figure 6b). For this purpose the signal strength S of
the gas plume related phase contribution was determined for each interferogram using the amplitude
of the gas plume pattern in the phase delay estimate obtained for the downwind portion of the plume
(orange color in Figure 6b) by means of following Equation (3).

S = sgn()??) \ |?(? (3)

- = — — —
here sgn denotes the sign function and X-Y = }; X;Y; is the dot product of vectors X and Y, where X

corresponds to the amplitude of the gas plume estimate obtained from WBDD and ? is the associated
measured signal in each of the DINSARs, which were used in the analysis. The comparison revealed
a moderate positive linear relationship between signal strength S and theoretical strength (Table 3,
column 4), which is fairly well represented by the regression line depicted in Figure 6i, since 61%
(R? = 0.61) of the total variation in measured signal strength can be explained by the linear relationship
between theoretical strength and signal strength. Thus, in principle, this regression line can be used to
determine the gas plume related phase delays even of those DINSARs for which no corresponding
ground-based gas emission measurements are available.

5. Discussion

5.1. Why the Distinction between Periods of Volcano Deformation and Enhanced Degassing is Important

This work constitutes the first serious attempt to quantify gas plume related phase delays in
differential interferometric radar measurements of a persistently degassing and deforming volcano.
We propose a method that enables us to attain gas plume detection by means of satellite-based radar
interferometry and demonstrate that gas plume related phase delays in DINSARs can be isolated
and mapped, if a-priori constraints on the gas plume PWV contents obtained from independent gas
measurements are included in the analysis of DINSAR data.

The distinction between periods of local volcano deformation and enhanced degassing
can be of vital importance both for early warning purposes and for a better understanding
of volcano-tectonic processes. Degassing and deforming volcanoes often display a variety of
deformation sources, which reflect the complex interplay between (i) magma emplacement/retreat,
(if) accumulation/discharge of volcanic gases and (iii) changes in hydrothermal activity, as e.g., was
observed at Campi Flegrei in Italy [68,69], or at Lastarria in Northern Chile [70]. Retention and loss
of magmatic and hydrothermal volatiles play a central role in virtually any of the processes that
lead to volcano deformation. Gas emission measurements on deforming volcanoes thus provide
essential auxiliary information on the ultimate cause of individual deformation observations [71,72],
and deformation measurements likewise may deliver explanations for observed changes in the amount
and composition of gas emissions [73].

5.2. How Methodological Limitations Can be Turned into Benefit

Area-wide precise ground deformation measurements by means of INSAR require adequate
mitigation of atmospheric phase contributions, which may be challenging in small SAR datasets.
In particular, repeatedly occurring spatially correlated errors, which e.g., may be caused by orographic
clouds and volcanic gas plumes, are difficult to remove [74,75]. Insufficient resolution of meteorological
and DEMs used for correction of DINSAR data adds further uncertainties to retrievals of ground
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deformation. Moreover, most modern SAR satellites revolve Earth on a sun-synchronous dusk-dawn
orbit, and record their data along the day-night boundary, i.e., at a time, when emission rates of
continuously degassing volcanoes typically are the highest [76-78], which in turn increases the risk
of having disturbances due to volcanic water vapor emissions in INSAR measurements. Such noise
may, however, be transformed into data, as soon as phase contributions of different sources can be
distinguished, which can be accomplished by integration of a-priori constraints.

In our approach we derive prior constraints of volcanic H;O emissions using measurement
techniques, which are commonly used in volcano monitoring, hence providing the benefit of data
availability for a comparatively large number of volcanoes. Volcano monitoring generally demands
rapid response, in order to assess the volcanic hazard in a timely manner, and the specific information
which would be relevant to identify more rapid ground deformations often may be confined to a limited
number of available SAR observations. Therefore it seems highly desirable to develop a method that
allows removing disturbances of any kind even from small sets of interferograms, where conventional
methods as persistent scatterer interferometry and the small baseline subset algorithm would fail.
The presented method addresses the problems of the different measurement methods mentioned
above, and exploits the fact that DInSAR analysis allows for mapping of water vapor distribution.

In the following subsections, we will discuss the phase delay effects that can be observed in the
phase delay maps which were obtained for the proximal and distal sections of the plume, and relate
our observations to variations in gas emission rates. Furthermore, we will examine the relative and
absolute effects of these phase delays with respect to (seasonal) variations in water vapor contents of the
ambient atmosphere. Finally, we will assess the benefits and drawbacks associated with our approach.

5.3. Phase Delay Effects above the Crater and Downwind of Ldscar

We now elucidate the contrasting phase delay effects that are observed in the phase delay estimates
obtained for the proximal and distal portions of the gas plume (Figure 6a,b).

The phase delay map determined for the downwind portion of the gas plume (Figure 6b) shows a
lenticular pattern that indicates lengthening of the radar propagation path due to enhanced moisture
over an area that agrees well with the most common eastward plume transport directions observed
during spring and late summer of that period (see Appendix D, Figure Alc,d). Westward drifting
plumes, which generally may have occurred during early summer (see Appendix D, Figure Alc,d
and Figure A2), did obviously not occur at times of the SAR acquisitions we used to obtain our
gas plume related phase delay estimates, as these would have prohibited detection of a repeatedly
occurring phase delay pattern. Moreover, such westward drifting plumes would less likely leave any
repeating traces in the SAR signal, due to a less pronounced humidity/refractivity contrast between
plume and surrounding atmosphere in early summer. This is further supported by the fact that
easterly winds over the Atacama region typically have a lower velocity (see Appendix D, Figure A2),
and tend to be less stable with respect to their direction (see Appendix D, Figure Alc,d), resulting in
unsteady plume transport directions, which additionally impedes formation of pronounced repeating
patterns. Wind speeds were generally larger during periods with eastward plume transport (spring
and late summer; see Appendix D, Figures Ala and A2), causing plume transport to be more turbulent,
and thus the volcanic plume was very likely less condensed, and instead contained more vapor during
that period.

Additional phase delay estimates of the distal portion of the gas plume were processed without
(Figure 6¢,d) additionally including prior information on the temporal behavior of surface temperature
and pressure in order to show the effect of APS mitigation by the corresponding temperature and
pressure phase screens (Figure 6e,f). For the computation of the estimate displayed in Figure 6d we
furthermore reduced the number of input DINSARs omitting the interferogram that was formed from
SAR acquisitions of 18 October 2013 and 03 January 2014 (Figure 5, row 5). Prior information on
relative humidity variations were included in all of the mentioned cases, yielding a relative humidity
related phase delay estimate (Figure 6g), which was mitigated from all other phase delay estimates.
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Comparison of the resulting gas plume phase delay estimates clearly shows that the repeating patterns
of the gas plume signal (Figure 6¢,d) can readily be reduced (Figure 6b), when a surface temperature
and air pressure correction (Figure 6e,f) is included in the WBDD analysis. The gas plume related
phase delay estimate depicted in Figure 6b thus clearly represents the result in which the separation of
gas plume related phase delays from other phase contributions was most successful.

The phase delay map obtained for the prior time series of the gas plume related SWDs above the
crater rim (Table 3, column 3) shows a weak altitude correlated shortening of the delay over an area
which is largely confined to the summit region of the volcano (Figure 6a). The location of this phase
delay signature is thus consistent with the assumption that the dSWDs, which were used as a prior for
this estimate (Table 3, column 3), are representative for the temporal evolution of SAR signal strength
variations measured above the crater. The observed shortening of the delay, however, contradicts the
hypothesis that this signature can be ascribed to enhanced moisture over the respective area, since
a water vapor field would produce a lengthening of the delay (compare Equation (1) in Smith and
Weintraub [66]). Furthermore, the phase delay patterns in this estimate strongly resemble the patterns
observed in the DEM error related phase delay estimate (Figure 6h), which was obtained using the
temporal history of the spatial baseline (Table 3, column 8), suggesting that the phase delays, that the
algorithm attributed to the gas plume above the crater, are in fact rather related to errors in the DEM
(detailed in Appendix F). This suspicion is further substantiated, if one compares the shape of the two
corresponding priors, which strongly resemble each other in appearance. As a consequence of this
similarity, the signal obviously was assigned to both priors by the WBDD algorithm, since this signal
does not perfectly match to any of the priors. This phase delay estimate thus is a good example for a
case in which the algorithm failed to isolate possible gas plume related phase delays from other phase
contributions. Thus, care must be taken to avoid misinterpretation of model results.

5.4. Gas Emission Rates from Ldscar Volcano

Gas emission rates from Lascar volcano were determined and compared to our PWV estimates
(Figure 4b,f), in order to illustrate how much water vapor has been emitted from the volcano to produce
the corresponding PWYV contents in the gas plume, and to relate our observations to variations in
volcanic degassing activity. SO, emission rates were calculated from scanning DOAS measurements
using wind field information obtained from GDASI soundings provided in the web-based archive
of the National Oceanic and Atmospheric Administration’s (NOAA) Air Resources Laboratory [79].
These were then upscaled by the HO/SO, molar ratio of 34:1 obtained from Multi-GAS, in order to
retrieve the corresponding H,O-fluxes (Figure 7a).

Assuming a constant HyO/SO, ratio and a constantly strong condensation of the emitted water
vapor, the H,O (SO,) emission rates ranged from 5 to 100 1<t~day’1 (150 to 2900 t~day*1) and averaged
at 12 kt-day~! (350 t-day~—!) during the considered period. Based on these assumptions we estimate
that the total errors of our upscaled H,O emission rates likely were around —15 to +45% and thus
even more skewed towards underestimation than the error envelopes of corresponding SO,-fluxes,
which were constrained to about —10 to +30% (see e.g., [80] for error determination). Gas emission
rates of October and November 2013 showed more pronounced variations and were on average
slightly enhanced (about 19 kilotons of H,O and respectively 550 tons of SO, per day) with respect to
the rest of the period (10 kilotons of H,O and respectively 300 tons of SO, per day). The enhanced
degassing activity of October and November further was accompanied by elevated heat dissipation
from the main active crater as was suggested by intermittent night-time webcam observations of
illuminated gas plumes (obtained on several days during the first half of October and lastly on
20 November 2013; see Figure 7a), which indicated the presence of incandescent material inside the
active crater [81]. Such observations support the repeated influx of fresh magma from depth feeding
the high-temperature gas exhalations at the surface of the crater bottom, thus suggesting a concurrent
increase of magmatic gas emissions and progressive drying of the ambient hydrothermal system
(e.g., [41]), which may have altered gas ratios temporarily. Contemporaneous measurements of SO,
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emission rates confirmed this suspicion and appropriately showed sharp increases over the course of
each of these days (Figure 7a).
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Figure 7. (a) H,O emission rates from Lascar volcano along with a sequence of Aster, Landsat-8 and
EO-1 ALI scenes depicting snow and cloud coverage (upper row: false-color composites of SWIR, NIR
and visible red spectral bands; lower row: true-color images using a combination of visible red, green
and blue spectral bands). Days with incandescence observations are indicated by stippled grey vertical
lines. Precipitation events that were recorded in Toconao (on 10 November 2013, 17 January 2014,
and 26 January 2014) are indicated by vertical blue lines, including information on amount and duration
of the events; (b) Background atmospheric PWV contents estimated from GDAS1 soundings above
Léscar volcano (red curve), compared to radiometer measurements conducted at APEX (blue curve).
Good agreement between the two curves reflects similar weather conditions caused by a similar
morphologic exposition of both sites, and may additionally be attributed to the coarse spatial resolution
of the GDAS1 data. PWYV estimates for the times of SAR observations are indicated by red (master
scene) and blue (slave scene) dots, respectively.
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Bearing these observations in mind, we compared the gas emission rates with the estimated PWV
contents of the gas plume (Figure 4b,f) revealing that gas emission rates evolved differently than the
PWYV contents obtained for the gas plume above the crater (Figure 4b), but displayed a very similar
temporal evolution as that of the PWV contents, which were obtained for the downwind portion of
the gas plume (Figure 4f). The latter thus likewise were enhanced during the period of increased
volcanic activity.

5.5. Estimation of Background Atmospheric PWV Contents

Atmospheric disturbances due to volcanic gas plumes are intuitively expected to be more
pronounced during periods which are characterized by strong variations of gas emission rates and low
ambient atmospheric humidity. Determination of PWV contents in the local atmosphere was thus done
to be able to approach the relative and absolute effects of the plume on the specific SAR acquisitions.
In the Atacama region the driest conditions are typically found during the period late March to
early December, and between local midnight and 11:00 a.m. [82]. Background PWV contents in the
atmosphere above the volcano were retrieved from vertical atmospheric GDASI profiles provided by
NOAA (see Appendix C for equations). These estimates were also cross-checked with PWV estimates
obtained from radiometer measurements (Figure 7b) provided by the Atacama Pathfinder EXperiment
(APEX), which is located about 30 km north of Lascar at a very similar altitude of 5100 m above sea
level (m.a.s.l.), thus reflecting similar weather conditions.

Because PWYV is a measure of how much water is available for potential rainfall, it dictates
precipitation intensity, which thus reversely can be used to infer accompanying PWV. To give an
impression of when to expect enhanced PWV contents and to further complete the picture of the
hydrological cycle of the study area, we will first briefly describe the characteristic seasonal patterns
according to which precipitation typically occurs at Lascar, and narrow down the periods during which
precipitation actually was encountered in the course of the observation interval of our case-study.

The considered period covers parts of the “dry season”, which is characterized by dry and
cold prevailing westerly synoptic winds, and is spanning most of the year (here October, November
and second half of February are included), as well as the “wet season” ranging from December to
February, which is characterized by less stable atmospheric conditions, resulting in more humidity
being transported to the Andes by frequently recurrent warm easterly winds [83]. As a consequence of
this easterly moisture source, precipitation on the leeward slopes of the Puna plateau exhibits a marked
seasonality in particular at elevations below 3500 m.a.s.l., where about 90% of the annual precipitation
(<20 mm-year~1) falls during the (austral) summer months, that is from December to March [84].
The associated rainfall events typically are very short, but can become quite intense. During the
considered period, a weather station (operated by the Instituto de Investigaciones Agropecuarias)
located at 2500 m.a.s.l. in Toconao, a small village roughly 30 km NW of Lascar, recorded 4 events
of precipitation which amounted to a total of 5.7 mm (equivalent to liters per square meter) within
only 3.6 h (vertical blue lines in Figure 7a). At elevations above 3500 m.a.s.l. the situation is slightly
different and precipitation (<200 mm-year~!) occurs even during the dry winter period, mostly
in the form of snow with the greatest snowfall frequency happening to occur near the Tropic of
Capricorn [85], where also Lascar coincidentally is located. Lascar volcano thus commonly is almost
completely (except for the hot bottom of the currently active crater) covered with several meters of
snow during the “dry season”, which however melt and sublimate due to the warm winds of the
“wet season”. Such snowmelt events hence constitute an important source for groundwater recharge,
which potentially affect the hydrothermal activity of Lascar. The temporal development of the snow
and cloud cover encountered at Lascar during the period of our case-study is illustrated by a sequence
of satellite images (Aster, Landsat-8, and EO-1 ALI) in the top panel of Figure 7a in order to give a
visual impression of the situation associated with different epochs of the temporal development of
atmospheric moisture.
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Measured and estimated atmospheric PWV contents were at average below 1 mm during October
and November 2013, sharply increased to 5 mm in December 2013, stayed enhanced through the first
half of February 2014, and finally decreased again to 1 mm in the second half of February 2014 (see
Figure 7b and also Table 2, column 6). The comparatively low PWV values determined for the times of
SAR observations used in this work reflect the pronounced atmospheric transparency around sunrise,
and the resulting SWDs (Table 2, column 11) are in good agreement (R? = 0.96; see Appendix G for
detailed statistics) with the amplitudes of associated phase delays observed in the corresponding
DInSARs (Figures 5b and A4).

It is interesting to note that the apparent SO, (H,O) emission rates generally were particularly
low whenever the ambient atmospheric water vapor levels were elevated, which is clearly visible
especially during the “wet season” (compare Figure 7a,b). This observation suggests the presence
of low hanging clouds beneath the volcanic gas plume, which may have caused attenuation of the
absorption signal due to contributions of scattered light that did not pass through the plume [86].
Moreover, a fraction of the degassing SO, may have been scrubbed by dissolution into the aqueous
phase e.g., during possible events of fresh water influx into the hydrothermal system [87], though this
would most likely only have a marginal effect on the emissions of the hot degassing dome of Lascar,
which is less probably being deeply infiltrated by permeating waters that interact with ascending
magmatic fluids, than the peripheral low-temperature vent sites. Another mechanism, which may be
considered to explain the observed diminution of SO,-fluxes is the dissolution of emitted SO, in the
water droplets of low hanging clouds [88], which, however, usually is not particularly effective over a
short distance, and the associated scavenging rate of SO, emissions is generally estimated being on
the order of merely a few percent of total emitted SO, per hour. This in turn leads to relatively long
atmospheric lifetimes of SO, emissions, which were shown to range between several hours to days
according to weather conditions [89].

Estimated PWYV contents inside the volcanic gas plume (Figure 4b,f) and modeled atmospheric
PWYV contents outside the plume (Figure 7b) were compared in order to assess the humidity /refractivity
contrast between ambient atmosphere and volcanic plume. The comparison revealed that PWV
contents at the downwind plume centerline (0.8 to 9.6 mm) were generally larger than the PWV
contents of the ambient air (<1 mm) during periods with dry atmospheric conditions, i.e., most of
the year. During early summer the situation was different, and the downwind plume PWV content
(<1 mm) was less contrasting with respect to the PWV content of the atmospheric background (2-5 mm).
PWYV contents of the downwind bulk volcanic plume (0.2 to 2.5 mm) were accordingly much less
contrasting most of the year when compared to background atmosphere, and were slightly higher
than ambient atmospheric humidity only during the first three SAR observations of the time series (on
18 October 2013, 20 November 2013, and 01 December 2013). Future studies exploiting a larger InNSAR
dataset of Lascar might therefore well capture these seasonalities in gas plume and atmospheric PWV
contents, the latter of which were already identified at Lascar [39] but also elsewhere, e.g., at Campi
Flegrei and Vesuvius [90]. PWV contents determined for the proximal part of the plume above the
crater rim were in general negligible with respect to PWV contents of the ambient atmosphere (0.007 to
0.015 mm on the centerline of the plume, and 0.002 to 0.0035 mm averaged over the bulk plume).

The corresponding SWDs obtained for the proximal part of the plume above the crater rim ranged
from 0.07 to 0.1 mm in the centerline of the plume (Table 2, column 8) and from 0.02 to 0.03 mm in the
bulk plume and thus were negligible compared to the INSAR accuracy. The SWDs in the more distal
part of the plume downwind of the crater, however, were on the order of background atmospheric
SWDs (5.3 to 41.5 mm; compare with Table 2, column 11), and ranged from 1.6 to 20 mm in the bulk
volcanic plume and from 6.4 to 77.0 mm along the plume centerline (Table 2, columns 9 and 10),
which is more than large enough to produce a detectable effect in interferometric measurements, as
can be seen in the corresponding phase delay maps (Figure 5c).

Our results thus collectively suggest that refractivity changes in volcanic gas plumes may,
particularly under dry climatic conditions, have a significant effect on DINSAR measurements, hence
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requiring extreme caution, when alleged deformation signals are detected above or downwind of
visibly degassing volcanoes, especially if these are located at high elevations.

5.6. Limitations of the Proposed Method

Our approach was hampered by several practical limitations, which were mainly related to spatial
data coverage and temporal coincidence of the different measurement techniques that we combined.

Simultaneous measurements of Multi-GAS and DOAS instruments were unfortunately not
available for the period considered for DINSAR analysis, and thus our PWV estimates had to rely on
the gas concentration measurements obtained during a short Multi-GAS survey conducted about one
year prior to the period considered here. This is of particular relevance, since Lascar exhibited elevated
SO, emission rates and incandescence during the first two months of this period, suggesting a slightly
enhanced magmatic activity, which likely was accompanied by temporarily altered gas ratios. At the
same time, the snow cover on the summit of the volcano was observed to be reducing strongly (satellite
images in Figure 7), which may be an indication for concurrent fresh water influx into the peripheral
hydrothermal system. Thus, there is evidence for both, elevated emissions of magmatic SO, and
increased hydrothermal H,O contributions of meteoric origin. The assumption that molar HO/SO,
ratios stayed more or less constant throughout the entire period of our case study therefore may not be
perfectly appropriate. Availability of data from a stationary Multi-GAS instrument certainly would
have helped to better characterize the temporal variations of molar HyO/SO; ratios, and thus to better
quantify the water vapor contents at the instance of gas sampling by the Multi-GAS.

Moreover, volcanic gas plumes typically contain variable amounts of condensed liquid water
in addition to gaseous water, which are not taken into account by the measurements of Multi-GAS
instruments, and thus unequivocally lead to an underestimation of the water vapor contents, which are
expected to increase in the downwind portion of the volcanic gas plume due to evaporation. Such an
underestimation could be avoided, if water vapor contents were mapped in situ across the whole extent
of the gas plume, e.g., by means of airborne gas composition measurements, though this approach
would not be very practicable but rather labor and cost-intensive in the view of satellite revisit times of
11 days.

Additionally, the DOAS measurements are generally restricted to daylight conditions and thus
deviate from SAR acquisition times by up to 2 h (Figure 2b). Due to this deviation in acquisition times
and because the proposed DINSAR decomposition analysis requires only one representative PWV
value for each SAR image (see Sections 3.6 and 3.7), we thus used daily average gas plume PWV
contents, in order to determine the SWD that such PWV contents theoretically would produce in the
LOS of a SAR image. In the view of strong diurnal degassing variations, which are characterized
by pronounced gas emission maxima around sunrise and sunset [77,78], such time averaged values
however inevitably lead to systematic underestimation of the water content in the volcanic plume at
the times of the SAR observations.

Furthermore, our analyses have shown that different locations within the gas plume may
exhibit a different temporal evolution of the PWV contents, which may appropriately be captured
by inclusion of corresponding priors. However, we point out that modeling the evolution of water
vapor contents over the entire extent of the gas plume even by means of two prior time series still
is a simplification. Prudent sampling of the gas emission data in time and space hence constitutes
an important prerequisite in order to obtain a-priori information, which yields feasible results from
DInSAR decomposition analysis.

This becomes particularly clear, if one notes that the position of the plume center varied during
the measurement period, because the gas plume of Lascar somewhat meanders within the scan range
of the scanning DOAS. Transport of the plume changed between north-easterly and south-easterly
directions approximately every 10 min, which roughly corresponds to the duration of 1 complete
DOAS scan. This resulted in different plume positions in consecutive scans, which is why the sequences
of consecutive scans in Figure 4a,e have a corrugated appearance. We thus assume that the resulting
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daily average plume center statistic may not be representative for the effect that the bulk plume has on
SAR measurements further downwind of the volcano, since the gas distribution along plume cross
sections is highly irregular when the plume meanders. For this reason, we chose to use the PWV
contents of the bulk gas plume instead of those from the plume center in order to estimate related
phase delay in the downwind portion of the gas plume.

Further limitations of our approach lie within the applicability of the WBDD technique.
The method makes extensive use of ancillary data, which have to be made available to obtain reasonable
results. To successfully isolate the plume-induced signal from total phase, it is necessary to additionally
include the priors of all potentially interfering signals in the analysis, i.e., the temporal and spatial
baseline histories, which were used as priors for the estimation of phase delays related to DEM error and
linear deformation, as well as several priors defining the atmospheric phase delay of each acquisition.
We consider that, even when all required priors are being used, the estimated gas plume related
signal still may additionally contain phase information related to any other interferometric signal that
coincidently correlates with the gas plume related signal (as was shown in Section 5.3 for the phase
delay estimates depicted in Figure 6a/h). In the presence of a non-linearly deforming ground surface it
may additionally be necessary to include prior information on the temporal behavior of the associated
deformation signal, which e.g., could be derived from deformation measurements of independent
ground-based methods, such as GPS, or tiltmeters. Last, but not least, the DINSAR decomposition
analysis exclusively yields reasonable results for the gas plume estimate when there is significant
overlap between gas plumes of different SAR acquisitions, since “solitary” plumes would be captured
by the single event APS estimates causing a gap in the temporal evolution of the repeating pattern.
To capture the whole gas plume at the times of SAR acquisitions instead of only the intersecting area
of multiple different gas plumes definitely would have been an asset.

5.7. Advantages of the Proposed Method

The WBDD technique provides a framework for data fusion, enabling to integrate a variety of
external information, such as weather data, results from gas emission monitoring or even independent
deformation measurements into the analysis of DINSAR time series. These time series may be very
short and it is shown that the combination of only three SAR acquisitions already enables us to generate
high-quality DInSARs including estimates of their corresponding phase screens (as demonstrated in
Appendix H). The algorithm does not require any information on the location of the plume, in order
to find the related “disturbance” in the interferometric signal. This is of particular advantage to the
application described here, since we lack precise information on the heading of the plume at the times
of SAR observations, apart from a rough approximation that can be derived from webcam images
and wind directions offered by the weather models. Also, no information about the interferometric
signal strength, rather merely the shape of the prior time series is used, because prior information
about the relations between signal strength and amplitudes of the prior time series is allotted by
chance, which is why the prior information can be scaled arbitrarily without influencing the location
of the associated filtered phase delay patterns. Correspondingly, the radar path delay estimates can be
validated by the position and strength of the estimated signal in relation to the corresponding prior
information (Section 4.5). The gas plume is transported by advection, therefore has a direction, and is
correspondingly anisotropic. For this reason, the WBDD technique arguably is the best choice for the
detection of gas plumes in interferometric measurements. Additionally, the ability to use temporally
unconnected time series subsets enables to use only those DInNSARs which have a very small spatial
baseline. This helps avoid unwrapping errors due to erroneous DEMs.

6. Summary and Conclusions

Here, we presented a novel time-space-based filtering method that allows for the isolation and
mitigation of virtually any conceivable non-intrinsic error source that affects interferometric ground
deformation measurements, by means of including prior constraints on their temporal behavior in the
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DINnSAR analysis. Including prior information on gas plume related refractivity variations furthermore
enabled us to identify and map spatially correlated repeating interferometric phase delay patterns
caused by refractivity changes within volcanic gas plumes that were drifted in a similar direction
during several subsequent SAR acquisitions. Apart from potentially being a new tool to detect
volcanic gas plumes in DInSAR data, the WBDD algorithm thus provides the possibility to mitigate the
plume-induced phase delay, where deformation measurements are the main purpose of monitoring.

Similarly to the small baseline subset algorithm our technique operates on a pixel-by-pixel basis
on areas that show sufficient coherence throughout the entire DINSAR time series. The algorithm
requires only a relatively short time series comprising at least 2 temporally interconnected DINSARs,
respectively 3 observations in order to capture the plume related phase delay, and when more than
2 interferograms are available, these do not necessarily have to be temporally connected. Moreover,
the method allows for iterative determination of PWV contents in the volcanic gas plume by matching
the estimated phase delays with theoretical phase delays derived from ground-based gas emission
measurements, which resulted in reasonably realistic values for the gas plume of Lascar volcano.

To our knowledge this is the first time that phase delay effects in volcanic water vapor emissions
were quantitatively investigated by means of radar interferometry. Examination of PWV contents and
associated phase delay effects in the volcanic gas plume of Lascar yielded daily average bulk plume
PWYV contents of 0.2 to 2.5 mm water column, which would generate plume wide excess path delays
in the range of 1.6 to 20 mm. The corresponding H,O emission rates ranged from 5 to 100 kt-day
and remarkably displayed a similar temporal behavior as the PWV contents that were obtained for the
downwind portion of the gas plume. Our observations consider that the locations of the interferometric
patterns in the phase delay estimates are consistent with determined locations of the volcanic plume,
and variations in phase delay amplitudes are in good agreement with variations in the strength of the
emission source and humidity of the ambient atmosphere. Therefore there is ample evidence, that the
DInSAR phase variations detected by the WBDD algorithm are indeed related to refractivity variations
in the volcanic plume. Additional independent data on plume location and chemistry at the time of
SAR acquisitions would help to further corroborate our results as a proof of concept.

We have illustrated that integrating a-priori information from gas emission measurements and
meteorological data into the analysis of DINSAR time series provides previously unknown possibilities
to efficiently decompose the radar signal into different phase contributions. The implications of
this new technique are wide, ranging from improved deformation measurements to simultaneous
quantification of volcanic outgassing activity, DEM error estimation, and meteorological applications,
such as mapping and quantification of turbulently transported atmospheric PWV in each SAR
acquisition. Our results furthermore encourage the use of data from ground-based gas emission
monitoring networks, such as NOVAC for calibration and validation of satellite-based measurements
on active volcanoes.
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Appendix A. Estimation of PWV Contents in the Volcanic Cloud

Water vapor contents in the volcanic plume were estimated by scaling the SO, column
density profiles measured by our scanning DOAS with the molar H,O/SO, ratio derived from
gas compositional measurements of the Multi-GAS instrument. For this purpose we used the ‘raw’
differential SO, SCD output of the NOVAC-software [91], which in our case provides SO, path length
concentrations in units of ppm-m, that is SO, concentration distributed along the effective light paths
captured at each observing angle of the scans. Several conversions of the ‘raw’ data were necessary, in
order to estimate the precipitable water vapor content of the volcanic cloud in a vertical atmospheric
column right above each point of the plume cross-sections.

The light paths associated with the conical viewing geometry of the scanning DOAS instrument
are generally inclined with respect to the vertical, entailing amplification of the absorption signal in
relation to the signal that would be obtained along the more direct zenith light path due to extension
of the distance that the incoming light has to travel through the absorbing air mass. Extension of the
effective light path along inclined viewing directions is typically taken into account by means of the
so-called air mass factor (AMF), which relates the measured SO, SCDs to their respective vertical
column densities (VCDs). The SO, VCDs thus simply correspond to the ratio of SO, SCDs and air
mass factor as expressed in Equation (A1) (e.g., [92]).

S0, SCD

(A1)

Here, we used a geometrical approximation of the air mass factor AMFg, that can be derived for
each viewing direction of a scan by means of Equation (A2) [91]

(cos(B) cos(8) + sin(p) cos(6) sin(6))> + (sin(B) sin(6))>
(cos(B) sin(8) + sin(B) cos(6) cos(5))*

AMIFE; = +1, (A2)

where 6 is the scan angle (or zenith angle, which corresponds to the angle between observing elevation
and zenith position), § = 0 is the tilt of the scanner of our DOAS station at Lascar, and = 60 is half
the opening angle of the conical scanning surface. More sophisticated radiative transfer corrections
were not performed additionally. The resulting SO, VCDs are given as path length concentrations in
units of ppm-m, and were used to approximate the corresponding PWV contents in units of mm water
column. This required several steps of conversion, which were combined in Equation (A3).

» 502 VCD(ppm-m) x 2.5 x 101°SO, molecules-cm=2 x HyO/SO,

PWV =10
(mm) i 3.34 x 1022H,0 molecules-cm—2

(A3)

Single steps of this conversion equation were derived from the following relationships.
A path length concentration of 1 ppm-m SO, roughly corresponds to a column density of
2.5 x 101580, molecules-cm—2 at standard conditions for temperature and pressure, that is 298.15 K
and 1 atmosphere air pressure (e.g., [91]). The corresponding number of vertically integrated
water vapor molecules per square centimeter thus is readily obtained by scaling the SO, VCDs
in units of molecules-cm~2 with the H,O/SO, molar ratio determined from the Multi-GAS
measurements. H,O VCDs in units of molecules-cm~2 further can be converted to the total
amount of water vapor present in a vertical atmospheric column, also known as column integrated
water vapor (IWV), which is commonly stated as the vertically integrated mass of water vapor
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per unit area (e.g., kg:m~2). At conditions of 1 atmosphere air pressure and 273.15 K one
can find that an IWV of 1 ¢ HO cm™2 (= 10 kg HyO m~?) roughly corresponds to a column
density of 6.02214 x 102 molecules-mol~'/18.015 g-mol~' = 3.34 x 10?2 H,O molecules-cm™2,
and respectively to 10 mm of an equivalent column of liquid water (A4) (pp.3 and 4 of the Appendix in
McClatchey et al. [93]; or p.3 in Wagner et al. [94]).

3.34 x 102 H,0 molecules-cm™2 =1 g-em™2 = 10 kg-m~2 ~ 10 mm water column (A4)

Conversion of IWV in units of kg-m~2 to PWV in units of mm water column is obtained using
Equation (A5) (e.g., [61])
IWv

PWV (mm) = ,
Prw

(A5)

where the density of liquid water pry typically roughly is equal to 1 g-cm~3, and thus a water
vapor column density of 1 kg-m~2 roughly corresponds to 1 mm height of an equivalent column of
liquid water.

Appendix B. Compensation of Downwind Evaporation

LW(Cs in the plume above the crater rim were unknown, thus it was not possible to determine
the actual evaporation rate from a predefined amount of liquid water. Considering increasing water
vapor concentrations, respectively increasing HyO/SO; ratios in the downwind portion of the volcanic
plume, we thus calculated the drying power of the ambient air, respectively potential evaporation rates
at plume height, based on climatic variables obtained from GDASI soundings, and terrain surface
roughness. Potential evaporation rates were then used to scale our fixed H,O/SO, ratio in order to
compensate for downwind evaporation.

Potential evaporation rates correspond to the amount of liquid water that can be transformed
to vapor through evaporation, if sufficient water is available (e.g., [95]). Assuming an unlimited
availability of water, evaporation can in such a situation continue until the air above the evaporating
surface approaches saturation humidity, and therefore actual evaporation cannot exceed potential
evaporation. In the present case, availability of liquid water does not seem to be a limiting factor inside
the plume, since we made the observation that the plume typically still is partly condensed when it
arrives at the scanning DOAS. We thus assume that scaling by the potential evaporation rate yields a
feasible approximation of the increase in water vapor at the expense of liquid water in the downwind
portion of the volcanic cloud. We further assume that downwind dilution of water vapor due to
dispersion of the plume is largely covered by the variations of the SO, column densities measured by
the DOAS, since both water vapor and SO, are equally affected by diffusion and turbulent mixing
processes (e.g., [96]). The amount of evaporation occurring inside the plume is largely controlled
by the humidity of the entrained ambient air and the degree of turbulent mixing with air parcels
of the plume, which is mainly governed by wind speed and atmospheric stability. Evaporation is
thus commonly more pronounced during periods with dry atmospheric conditions and high wind
velocities, which cause the transport of the plume to be more turbulent, and it is less significant, when
the atmosphere is more humid and less turbulent, due to small transport velocities.

Evaporation rates were calculated by an aerodynamic (respectively mass-transfer) method
(e.g., [97]), using temperatures, dew point temperatures, and wind speeds obtained from GDAS1
soundings provided by the National Oceanic and Atmospheric Administration (NOAA) [79].
The aerodynamic approach can be expressed by a Dalton-type Equation (A6) [98,99],

Ep (cm-sec’l) = f(u)(es —e), (A6)

in which Ep is the rate of potential evaporation (cm-sec™!), f(u) is a wind speed function
(cm-sec™!-hPa~!), respectively the vapor transfer coefficient, which is based on a logarithmic vertical
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wind velocity profile, and the second term (es — e) is the humidity term corresponding to the vapor
pressure deficit of air (hPa). The product of both is typically referred to as the drying power of air.
The wind function of the Dalton-type equation can be written as (A7) (Equation (4) in [100])

2
fu) (cm~sec’1-hPa*1> _ PaIR €k "

, A7
ow P In(z1/20)? (A7)

where p ;g and pryy correspond to the density of moist air and liquid water (g-cm~3), respectively.
€ = 0.622 is the ratio of the molar mass of water vapor (18.015 g-mol~!) to the average molar mass
of dry air (28.9647 g-mol~1), and k = 0.4 is the dimensionless von Karmén'’s constant describing the
logarithmic velocity profile of a turbulent air flow near a rough boundary with a no-slip condition [101],
i.e., it is assumed that wind speed is zero directly above the surface. u; refers to the wind speed
(cm-sec™!) at measurement height z; (cm above ground surface), and P is barometric pressure
(mbar or hPa) at measurement height z;. zp is the surface roughness height (cm above surface),
which corresponds to the average height of obstacles in the trajectory of the wind [102]. The density of
moist air parr (g-cm_s) was calculated using the ideal gas law (A8)

( .Cm73> B 0.1P
PAIR 8 = Ry(1+0.60840)(T +273.15)’

(A8)

where R; (J-kg~1-K~1) = 287.04 is the gas constant for dry air, P is barometric pressure (hPa), T air
temperature (°C), and gv specific humidity (g- gfl), which in turn was approximated by Equation (A9).

qo (gug’l) = e% (A9)

Here, € = 0.622 again is the ratio of the molar mass of water vapor to the average molar mass of
dry air, e is the partial pressure of water vapor in hPa, and P is barometric pressure in hPa.

Saturation vapor pressure es (hPa) was calculated using the August-Roche-Magnus
formula (A10) [103] with coefficients determined by Sonntag [104] (Table 1 in [105]).

17.62T

es (hPa) = 6.112exp BT

(A10)
where T is temperature in Celsius degree. Water vapor partial pressure e (hPa) was calculated as a
function of relative humidity and saturation vapor pressure using Equation (A11)

RH
hPa) = — All
¢ (hPa) = Ja5¢s, (A11)
where RH /100 is the fractional relative humidity, and es saturation vapor pressure at the ground level
of the GDAS1 sounding. Relative humidity (%) was obtained by comparison of actual water vapor
partial pressure e and saturation vapor pressure es, using Equation (A12) with coefficients determined
by Alduchov and Eskridge [105].

RH (%) — 1005 _ 10063(;)(17.625TD)/(243.04-i- Tp) (A12)

: exp(17.625T)/ (243.04+ T)

where T and Tp are air temperatures, and respectively dew point temperatures in Celsius degree.
Density of liquid water prpy (kg-nf3 ) was calculated from temperatures T (°C) at plume height using
Equation (A13) that was empirically determined by Jones and Harris [106].

prw (kg-m™3) = 999.85308 + 6.32693 x 1072 T — 8.523829 x 103 T2
—6.943248 x 107°T3 — 3.821216 x 10~7T* (A13)
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The roughness height zy was approximated by Equation (A14), which was experimentally
determined by Plate and Quraishi [107] in wind tunnel experiments, and which yields fair results in
the absence of more precise information [108].

z (cm) = 0.15h, (A14)

where F is the average height of roughness elements (cm). As in this work the volcano is the main
obstacle, and since the evaporating surface, respectively the volcanic plume typically is located roughly
at summit altitude of the volcano, the average height of roughness elements relevant for the turbulent
mixing of the plume with the atmosphere, was assumed to be equal to the height of the volcano above
the surrounding plateau (about 750 m).

Appendix C. Estimation of PWV Contents in the Atmosphere

Background PWYV contents in the atmosphere above the volcano were approximated by means
of an empirically determined regression Equation (A15), which is based on the experimental results
of Garrison and Adler [109] and proved to be applicable over a broad range of climatic conditions
(e.g., [110]). The calculation requires climatic variables including pressure, dew point temperature and
temperature, which were obtained from vertical atmospheric GDAS1 profiles provided by NOAA.

41173 RH P
PWV(mm) = 1513 3507315 7 1y + 0% (AL5)
where RH is relative humidity (%), which was calculated using Equation (A12), P is barometric
pressure in hPa, T is temperature in Celsius degree, and es saturation vapor pressure at the ground
level of the GDASI sounding was calculated using Equation (A10). Note that we reduced the intercept
of the equation from +2 to +0.2 mm water column, in order to adapt the formula to hyper-arid
conditions that are characterized by average PWV contents of less than 1 mm.

Appendix D. Wind Field during SAR Acquisitions

Wind, in particular over arid regions, plays a major role for the transport of humidity in the
atmosphere, which is also true for the humidity emitted from volcanoes. In order to understand
humidity variations in the atmosphere above a volcano, it is thus necessary to know about the local
wind field. The temporal variations of the wind field above Lascar volcano were examined using
atmospheric soundings of the Global Data Assimilation System (GDAS1) with one-degree grid spacing
provided by NOAA. The soundings were concatenated to form a time series of wind speed and
direction encountered at Lascar volcano during the period of interest (Figure Ala,b). Wind speeds at
plume altitude ranged from 0.1 to 18 m-sec™! during the period of interest, and generally decreased
throughout the whole atmospheric profile during austral summer (December to February) (Figure Ala).
High altitude winds over the region usually are prevailing westerly throughout the year (orange colors
in the upper part of Figure Alb), and are interrupted by short periods, which are dominated by easterly
wind anomalies during austral summer. Surface winds typically are oriented according to topography,
and exhibit pronounced diurnal variations (alternating blue and orange colors in the lower part of
Figure Alb). These diurnal variations are characterized by valley winds (anabatic upslope breezes
depicted by orange colors in the lower part of Figure Alb) that typically occur during daytime due to
insolation of mountain flanks, and increasing wind speeds towards the evening (light blue colors in
the lower part of Figure Ala), whereas rather calm mountain winds (katabatic downslope breezes and
over-hill flows) prevail during the night (depicted by blue colors in the lower part of Figure Alb and
dark blue colors in Figure Ala). Diurnal variations in surface wind directions are more prominent
during summer, frequently resulting in a characteristic diurnal pattern of plume transport directions.
We observed that in the morning hours of a summer day the plume typically drifts towards west or
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northwest, turning over south towards east before noon, where it stays more or less steady until sunset.
Downslope winds frequently force the plume to follow the steep morphology of the volcano.

Time series of wind directions in the range of typical plume heights, namely several 100 m
above and below the summit of Lascar volcano were extracted from the 500 and 550 mbar pressure
levels of the GDAS1 soundings, respectively, in order to narrow down the range of possible
plume transport directions at the times of SAR acquisitions (Figure Alc,d). Wind directions at the
time of SAR acquisitions of track 111, which were conducted around sunrise at about 10:00 a.m.
UTC (Figure 2b), were predominantly westerly during spring 2013 and late summer 2014, whereas
easterly directions prevailed during early summer 2013. Wind directions were generally very similar
over the broad altitude range of both pressure levels, indicating relatively stable wind conditions.
Pronounced differences in wind directions above and below summit were mainly observed during

early summer, when winds tended to be less stable with respect to the direction, and were characterized
by low velocities.

GDAS1 soundings: wind speed (m/s) at Liscar volcano.

H
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date (yyyy-mm-dd)

o
2014-02-03  2014-02-15  2014-02-28

b)
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Figure Al. (a,b) Time series of vertical atmospheric profiles depicting variations in (a) wind speed and
(b) wind direction. Note the weak winds accompanied by strong variations of wind directions during
austral summer (ranging from December 2013 to February 2014). (c,d) Time series of wind directions
some 100 m (c) above and (d) below the summit of Lascar (500 and 550 mbar pressure levels of the
GDASI soundings, respectively). Wind directions at the time of SAR observations are indicated by
red (master scene) and blue dots (slave scene). Wind directions during austral summer (ranging from
December 2013 to February 2014) were predominantly easterly at the time of SAR observations.

We further complemented our observations by means of an additional high resolution wind field
analysis, which is based on 3-dimensional gridded hindcasts of the Weather Research and Forecasting
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model (WRF). This we did, in order to resolve how the wind field evolved from turbulent flow close to
the ground surface to laminar flow at higher altitude during the times of SAR acquisitions, because the
gas plume typically is being emitted at the interface between surface flows and higher altitude flows.
To this end, the WRF simulation was run using a 900 m horizontal grid spacing and a vertical division
of 51 (terrain-following) eta levels.

Surface wind fields obtained from the lowest eta level of the WRF simulation, reveal that katabatic
(downslope) winds prevailed during most SAR acquisition times (Figure A2).

Figure A2. Time series of surface wind fields obtained from the lowest eta level of WRF, determined
for acquisition times of each SAR image. Katabatic (downslope) mountain winds prevail at the time
of SAR acquisitions, which were recorded during the early morning hours at about 10:04 a.m. (UTC),
respectively 07:04 a.m. (CLST).

The wind fields of all acquisition times were averaged, in order to match the cumulative SAR
delay estimates produced by WBDD. This was done for the first eta level, which represents the wind
conditions closest to the surface (Figure A3a). Changing conditions with increasing altitude were
captured by means of gradually increasing the number of eta levels, which were included into the
averaged wind field. In other words eta levels 1-5, 1-10, and 1-15 were combined to yield averaged
wind fields (Figure A3b-d). Average wind direction of the terrain following winds close to the surface
was predominantly towards southeast aloft the plateau, and heading downslope, which is mainly
oriented towards west, over the western flank of the plateau (Figure A3a). Gradual integration
of more eta levels into the average wind field nicely illustrates the turning direction of the winds
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with increasing altitude (Figure A3a-d), finally arriving at upper tropospheric westerly trade wind
directions, which are typical for this region (Figure A3d).

a) WRF eta level 1(surface winds) = J7 il b) WREF eta levels1-5 (up to 387 m abovelsurface)

/ Sy ©asve ey , / SR

c)WREF eta levels1-10(up to 1402 m abdv; Surface) d) WREF eta levels1-15 (up to 3193 m,abov‘e Surface)

Figure A3. Averaged wind fields combining wind fields of all SAR observation times. (a) Average
surface winds from eta level 1 (b) Average winds up to 387 m above surface (c) Average winds up to
1402 m above surface (d) Average winds up to 3193 m above surface.

Appendix E. The Decomposed APS: Non-Repeating and Repeating Atmospheric Phase Delays

E.1. Single Event APS Estimates

Delay maps of single event APSs were generated to mitigate non-repeating atmospheric
disturbances from the gas plume estimate, and were used to infer the meteorological conditions
during each SAR observation (Figure A4). These APS estimates are presented in the form of simple
phase delay maps, where the scale indicates lengthening or shortening of the radar delay in units of
millimeters. Such phase delay maps are snapshots of the meteorological situation, reflecting the spatial
distribution of water vapor fields at the times of SAR acquisitions. Atmospheric disturbances aloft
volcanoes are generally more pronounced and show more complex flow patterns on the lee side of the
volcanic edifice [18]. This anisotropic distribution of turbulent atmospheric patterns can be attributed
to the presence of volcanic gas plumes on the one hand, but also to orographic effects that govern the
transport of moist air over mountainous terrain [17,20]. Orographic effects comprise diabatic heating
of air masses over insolated mountain flanks and orographic lifting of air masses that are pushed by
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the wind, causing upslope advection of moist air that is forced to rise following the steep topography,
and to cool adiabatically causing an increase of the relative humidity.
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— % L v A
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0.0 7.0

WD:345.1°
WS: 1.6
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WD:1118.62
WS: 1.8
RWY: 36
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Figure A4. Single event APS estimates superimposed by surface wind fields obtained from the lowest
eta level of WREF (thin white arrows). Scales indicate range change in millimeters, and are unique to each
image, in order to enhance contrast by depicting the full range of each image. Katabatic (downslope)
mountain winds prevail at the time of SAR acquisitions recorded during the early morning hours
(10:04 a.m. GMT, local time is offset —3 h). Wind barbs indicate wind directions and wind speeds
above the summit of Lascar volcano, which were obtained from GFS hindcasts at the times of SAR
acquisitions. The barbs are displaced upstream in order not to cover the delay signatures of the
summit area. The individual lines of the barbs represent the wind speeds in units of knots (half strokes
correspond to 5 knots and full strokes correspond to 10 knots). Wind directions (clockwise degrees from
North), wind speed (m-sec™!) and estimated average PWV contents (mm) are additionally indicated in
the upper right corner of each image.
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APS delay patterns were compared to wind directions and atmospheric PWV contents estimated
for the times of SAR acquisitions to assure that the modeled and measured wind directions and
PWYV estimates are consistent with the location and strength of associated phase delay patterns.
Wind directions determined for the summit region of Lascar were prevailing westerly during the early
morning hours of the “dry season”, whereas wind directions of the “wet season” were predominantly
easterly (see Figure Alc,d, Figures A2 and A3). This is reflected by the spatial distribution of cloud
shaped signatures, which are confined to the plateau east of the volcano during the “dry season”,
while pronounced cloud shaped signatures are mainly confined to the western flank of the volcano
during early summer, indicating that moist air has been transported at low-altitude by easterly winds
towards the edge of the plateau during the “wet season” (period comprising SAR acquisitions of
23 December 2013 to 14 January 2014). Wind directions are thus consistent with the spatial distribution
of observed phase delay patterns and PWYV estimates agree with the strength of these patterns.
Enhanced humidity variations encountered during SAR acquisitions of early summer can further
be ascribed to the SAR acquisition strategy. Space based SARs typically repeat their observations at
the same local time, causing SAR observations of early summer to be more affected by atmospheric
disturbances, since they are recorded later with respect to sunrise, due to variations in the length of the
day (Figure 2b). At Lascar volcano this effect is additionally enforced by more humid conditions that
generally occur during that period.

E.2. Repeating Atmospheric Phase Delays

The phase delay estimates obtained for air temperature, air pressure and relative humidity priors
comprise refractivity related phase contributions, which repeatedly occurred in all DInSARs of the
time series and thus were not captured by the single event APS estimates. Such phase contributions
therefore may contain residues of the stratification, which have not yet been removed through the
coarse atmospheric correction that was performed prior to WBDD analysis utilizing the phase delay
simulations obtained from the WREF, as well as repeating orographic effects, which may occur in
multiple interferograms due to similar weather conditions.

Phase delay patterns in the air temperature dependent phase screen (Figure 6e) are asymmetrically
distributed with respect to topography of the volcanic edifice, which can be ascribed to the distinct
exposure of mountain flanks to sunlight. All SAR observations used in this study were made around
sunrise, thus the western flank commonly lies in the shadow of the volcanic edifice, resulting in cooler
air masses with a higher refractivity aloft the western flank, which produces a lengthening of the
propagation path delay, whereas the air masses above the flat plain southeast of the volcano, the summit
region, and the eastern flanks are subjected to diabatic heating due to a more pronounced insolation,
which causes refractivity in the overlying air mass to be smaller due to higher air temperature.

Phase delay patterns of the pressure related phase screen (Figure 6f) indicate a lengthening of
the delay over several confined steep-sloped areas, which are particularly exposed to westerly winds.
The phase delay patterns of the temperature and pressure phase screens (Figure 6e,f) thus have the
opposite direction, if compared to the phase delay patterns of the gas plume estimates (Figure 6¢,d),
resulting in a partial cancellation of the plume related phase delay (Figure 6b). Cancellation of the
opposing phase screens hence reflect the negative dependence of volcanic gas emissions on barometric
pressure and ambient temperature [77,78]. This is further supported by the spatial distribution of
phase delay patterns in the relative humidity related phase screen (Figure 6g), which indicate enhanced
relative humidity over exactly the same areas, which show a decreased temperature in the temperature
phase screen (Figure 6e).

Appendix F. DEM Error Related Phase Delays

The SRTM-1 DEM that we used as a reference surface for our DINSAR observations is based
on data which have been recorded in February 11-22, 2000. Since then several explosive eruptions
occurred at Lascar volcano (July 2000, October 2002, December 2005, April 2006, and April 2013),
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which locally may have resulted in substantial changes in surface altitude that occurred previous
to the period considered here. This in turn may have given rise to phase differences in our SAR
interferograms, where the ground surface geometries measured by SAR observations and modeled
digital elevation are different. The amplitude of such topographical artifacts is largely controlled
by the measurement geometry of the DINSAR measurement, and generally increases proportionally
to the length of the spatial baseline. As these phase differences can become exceedingly large in
interferograms with a long spatial baseline, we instead used very small baseline interferograms for our
DInSAR decomposition analysis.

The patterns in the phase delay estimate that we obtained for the spatial baseline prior are indeed
intimately linked to topographic features (Figure 6h), and thus very likely reflect the development
of the land surface during the period following the SRT Mission. The most prominent feature of this
phase delay estimate is a pronounced shortening of the phase delay in the summit region of Lascar
and on the SW flank of Aguas Calientes, which may be attributed to the deposition of erupted material.
Furthermore, a lengthening of the phase delay occurs along morphological depressions, which follow
the steep southeastern flank of Lascar and the base of Aguas Calientes, and therefore may be a result
of removal or compaction of sedimentary deposits.

Appendix G. Estimation of APS Amplitude using Modeled Atmospheric PWV Contents
Obtained from GDAS1 Soundings

The atmospheric phase contributions in our coarsely corrected DINSAR maps (Figure 5b) are
mainly caused by the presence of water vapor. Amplitudes of the atmospheric contribution to total
DINSAR phase thus to a certain extent may be predicted using the modeled atmospheric PWV contents
that were obtained from GDASI soundings for the summit region of Lascar volcano (Figure 7b and
Table 2, columns 6 and 11).

In order to assess how well these modeled PWYV values are suited to reproduce the APS amplitudes
we therefore utilized the calculations described in Section 3.4 to determine the differential slant wet
delays (dSWDs) that the PWV contents would produce in respective DINSARs, and compared their
absolute values to the measured amplitudes of associated phase delays in each of the corresponding
DInSAR maps (Figure 5b).

As a first step, we compared these predicted dSWDs (Table A1, column 4) to visually determined
estimates of the mean APS amplitude in each of the DINSARs (Table A1, column 5). Using the scale bar
ranges of the DINSAR maps in Figure 5 as reference, the mean APS amplitudes in five of the DInSARs
(DInSARs 1-3, 5 and 6) were estimated to roughly amount to half of the scales, because a majority
of the APS amplitudes does not exceed half of the associated scale, while they rather span 2/3rds
of the scale bar in DInSAR 4, and only about 1/4 in DInSAR 7. Comparing the absolute values of
the predicted dSWDs with our estimates of the mean APS amplitudes measured in corresponding
DInSARSs reveals that the latter are surprisingly well represented by the modeled dSWDs (R? = 0.96;
Figure Ab5a), which at average are offset from measured APS amplitudes by merely 2.1 mm.

In order to obtain more representative values for the measured amplitudes of the atmospheric
delays in the DInNSAR maps (Figure 5b) we further determined the root-mean-square-deviation (RMSD)
of the phase delay amplitudes in each DINSAR map (Table Al, column 6) and compared it to the
absolute values of the dSWDs, which the GDAS1 soundings predicted for the acquisition times of
corresponding DINSARs. The comparison revealed that the absolute values of the predicted dSWDs
are in good agreement with the RMSDs of DINSAR amplitudes (R? = 0.70; Figure A5b).
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Table Al. Absolute values of predicted dSWDs, obtained from GDAS]1 soundings, along with estimates
of the mean measured APS amplitudes (= scale bar fractions of DInSARs) and RMSDs of phase delay
amplitudes in DInSARs.

Master Scene  Slave Scene Estimated Mean APS

DInSAR # Date Date predicted Amplitudes = DInSAR

RMSD of DInSAR

|dSWD| (mm) . Amplitudes (mm)
(yyyy-mm-dd) ( mm-dd) Scale Bar Fraction (mm)

subset 01
DInSAR 1 2013-12-12 2013-11-20 8.8 10 =1/2*20 1.6
DInSAR 2 2013-12-12 2013-12-01 113 10=1/2*20 14
DInSAR 3 2013-12-12 2014-02-05 17.6 15=1/2*30 2.3

subset 02
DInSAR 4 2013-10-18 2013-12-23 36.2 33.33 =2/3*50 51
DInSAR 5 2013-10-18 2014-01-03 18.7 20 =1/2*40 2.5
DInSAR 6 2013-10-18 2014-01-14 23.8 20=1/2*40 3.8
DInSAR 7 2013-10-18 2014-02-16 8.5 10 = 1/4*40 3.2
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Figure A5. Comparison of the absolute values of the predicted dSWDs with (a) estimates of the mean
measured APS amplitudes, and with (b) RMSDs of phase delay amplitudes in DInSARs. Best fitting
linear regression lines (thick black lines) are depicted along with their corresponding equations and
R-squared values. Additionally, to guide the eye, linear regression lines that are forced through zero
(thin dashed lines) are given as reference.

Appendix H. Gas Plume Related Phase Delays of DInSAR Time Series Subsets 01 and 02

Interferograms of DINSAR time series subsets 01 and 02 were decomposed, in order to separately
examine the associated gas plume related phase delays. Estimates of gas plume related phase delays
were computed for each of the two disjoint time series subsets, i.e., using a limited number of three
(subset 01), and respectively four temporally interconnected interferograms (subset 02). Presented are
the results obtained from the WBDD run, that was conducted omitting surface temperature and
pressure priors, i.e., the phase delays associated to refractivity changes caused by atmospheric pressure
and temperature variations were not prevented from leaking into the phase delay estimates obtained
for the gas plume. Gas plume estimates of both subsets show a fan-shaped interferometric pattern
indicating lengthening of the radar path over the south-eastern flank of Lascar volcano (depicted by
yellow to orange colors in Figure A6a,b), which is in good agreement with the common direction of
plume transport (see supplementary Figure Alc,d, Figures A2 and A3 in Appendix D, where a detailed
description of the wind field is given). Furthermore, this delay lengthening is coherent regarding the
expected effect (Equation (1) in Smith and Weintraub, [66]), because the enhanced water vapor content
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of the volcanic gas plume is expected to increase the refractivity with respect to its surroundings.
Negatively correlated phase delay patterns (depicted by cyan to blue colors in Figure A6a,b), which are
distributed over the western flanks of Lascar and Aguas Calientes volcanoes, in contrast are incoherent
in terms of the expected sign of the phase delay (Equation (1) in Smith and Weintraub, [66]) and thus
cannot be attributed to the gas plume. They rather indicate the contribution of another process (or other
processes), which was (were) not mitigated from the gas plume estimate. Subset 02 was additionally
processed without the SAR acquisition of 3 January 2014, in order to display the resulting reduction of
the phase delay amplitude in the repeating plume related signal (Figure A6c). PWV contents inside
the plume and their respective differences were larger for SAR observations of subset 01, than they
were for observations of subset 02 (Table 2), suggesting a stronger influence on the gas plume related
phase delay signal of subset 01 (Figure A6a), if compared to subset 02 (Figure Aéb,c). The amplitudes of
the estimated phase delays displayed in Figure A6a—c are thus consistent with their respective input
dSWD values (Table 3, column 4), and are also in accordance with humidity contrast between plume
and atmosphere (Table 2).

downwi downwind wio Tps & PPs

-1.0 0.0 . -2.0 0.0 20 -2.0 0.0 2.0
(mm/mm) (mm/mm) (mm/mm)

Figure A6. Delay correlation maps depicting estimated interferometric gas plume patterns from
(a) subset 01 and (b) subset 02. (c) Estimated interferometric pattern from subset 02, where the SAR
observation of 03 Januray 2014 was omitted. All three estimates contain phase contributions of the
temperature and pressure related phase screens (TPS & PPS not removed). Scales correspond to
estimated delay (mm) per theoretical delay (mm). Upper and lower bounds of the scale bar are equal
to unity in subset 01, but not in subset 02, indicating that the estimated delay in subset 02 was by a factor
2 larger than the theoretical delay.
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Abstract: In May 2016, three powerful paroxysmal events, mild Strombolian activity, and lava
emissions took place at the summit crater area of Mt. Etna (Sicily, Italy). During, and immediately after
the eruption, part of the North-East crater (NEC) collapsed, while extensive subsidence affected the
Voragine crater (VOR). Since the end of the May eruptions, a diffuse fumarolic activity occurred from
a fracture system that cuts the entire summit area. Starting from 7 August, a small vent (of ~20-30 m in
diameter) opened up within the VOR crater, emitting high-temperature gases and producing volcanic
glow which was visible at night. We investigated those volcanic phenomena from space, exploiting
the information provided by the satellite-based system developed at the Institute of Methodologies for
Environmental Analysis (IMAA), which monitors Italian volcanoes in near-real time by means of the
RSTyorc (Robust Satellite Techniques—volcanoes) algorithm. Results, achieved integrating Advanced
Very High Resolution Radiometer (AVHRR) and Moderate Resolution Imaging Spectroradiometer
(MODIS) observations, showed that, despite some issues (e.g., in some cases, clouds masking the
underlying hot surfaces), RSTyorc provided additional information regarding Mt. Etna activity.
In particular, results indicated that the Strombolian eruption of 21 May lasted longer than reported
by field observations or that a short-lived event occurred in the late afternoon of the same day.
Moreover, the outcomes of this study showed that the intensity of fumarolic emissions changed
before 7 August, as a possible preparatory phase of the hot degassing activity occurring at VOR.
In particular, the radiant flux retrieved from MODIS data decreased from 30 MW on 4 July to an
average value of about 7.5 MW in the following weeks, increasing up to 18 MW a few days before
the opening of a new degassing vent. These outcomes, in accordance with information provided
by Sentinel-2 MSI (Multispectral Instrument) and Landsat 8-OLI (Operational Land Imager) data,
confirm that satellite observations may also contribute greatly to the monitoring of active volcanoes
in areas where efficient traditional surveillance systems exist.

Keywords: Mt. Etna; multi-platform satellite observations; RSTyorc

1. Introduction

Several papers have shown that satellite remote sensing may play an important role for studying
and monitoring thermal volcanic activity, due to global coverage, continuity, and high frequency of
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observation, particularly in remote areas where ground-based surveillance systems are often lacking
(e.g., [1-5]).

Sensors such as TM (Thematic Mapper) and ASTER (Advanced Spaceborne Thermal Emission and
Reflection Radiometer), that have a repeat cycle of 16 days and offer channels in the SWIR (shortwave
infrared) and TIR (thermal infrared) bands with a spatial resolution of 30-90 m, were widely used to
investigate volcanic thermal anomalies (e.g., lava bodies, fumarole fields) [1,6-8]. HYPHERION,
which is a hyperspectral imaging spectrometer providing VNIR (visible, near-infrared)/SWIR
data at 220 wavelengths, was profitably used even for characterizing hot magmatic surfaces
(e.g., [7,8]). AVHRR (Advanced Very High Resolution Radiometer) and MODIS (Moderate Resolution
Imaging Spectroradiometer), acquiring data in the MIR (medium infrared) band and offering a
good compromise between spatial and temporal resolution (1.1 km at the nadir; up to 6 h for
AVHRR), represented key instruments for monitoring active volcanoes from space (e.g., [9-14]).
SEVIRI (Spinning Enhanced Visible and Infrared Imager), like other geostationary satellite sensors,
enabled the prompt identification of short-lived eruptive events (e.g., [15-19]), thanks to the high
frequency of observation (15 min) and despite the low spatial resolution (3 km at the sub-satellite
point).

Data from the above-mentioned sensors were exploited to retrieve the volcanogenic radiant flux,
the time variations of which can be used as a proxy of the intensity changes of volcanic eruptions
(e.g., [20-24]). This parameter enables the estimation of lava effusion rate, which is a critical parameter
for numerical models that aim to predict lava flow paths (e.g., [25]).

In this paper, we present the results of satellite monitoring of Mt. Etna (Sicily, Italy) thermal
activity between May and August 2016, integrated with ground-based structural and volcanological
data. In particular, we investigate the eruptive events occurring in May and the fumarolic emissions
recorded before the opening of a small degassing vent within the Voragine crater (VOR). The latter is
one of Mt. Etna summit craters which has opened at the top of the central conduit, see Figure 1 [26,27].
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Figure 1. Structural map of the summit area of the Mount Etna volcano, updated in August 2016.
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These events were investigated by means of a satellite-based system developed at IMAA
(Institute of Methodologies for Environmental Analysis) implementing the RSTyorc algorithm [28].
This monitoring system integrates AVHRR and MODIS observations for monitoring Italian volcanoes
in near-real time, generating hotspot products (i.e., JPG, Kml, and ASCII files) a few minutes after the
sensing time [29]. The work aims at assessing the contribution that multi-platform satellite observations
may provide for better monitoring Mt. Etna, complementing the information provided by traditional
surveillance systems.

2. The 2016 Mt. Etna Eruptive Activity

Five months after the early-December 2015 eruptions [30,31], ash emissions resumed at the
North-East crater (NEC) during the night of 15-16 May 2016, while a Strombolian activity started
the day after [32]. On the morning of 18 May, a 20-30 m long, short-lived (a few minutes) eruptive
fissure activated on the northern flank of the NEC displaying weak spattering, immediately followed
by violent Strombolian activity which occurred at the VOR crater. At that time, an eruptive fissure also
opened feeding a lava flow, which expanded on the high Western flank of Mt. Etna. Within a couple of
hours, the Strombolian activity at VOR totally filled this crater and the adjacent Bocca Nuova crater
(BN), finally overflowing the BN western rim. The eruptive activity ceased the following night but
resumed on early 19 May for ~1 h. On 20 May, a strong explosive activity started again at VOR and a
new fracture field opened between VOR and the New South-East crater (NSEC), feeding a lava flow
that expanded toward the east in the high Valle del Bove depression. At the same time, a new lava
overflow occurred from the western rim of the BN. After a break of about a day, mild Strombolian
activity resumed during the night between the 22 and 23 May at NEC, while lava fountaining occurred
on the 24-25 May at VOR which eventually caused the total filling and obstruction of NEC, VOR,
and BN.

At the end of the 15-25 May eruptions, a ~N-S fractured area characterized the volcano’s summit.
This fracture field was ~400 m wide and ~2000 m long, extending from the northern flank of the NEC to
the eastern flank of the NSEC cone, crossing the eastern rim of the VOR, see Figure 1. This fracture field
is bounded towards the east by a graben several tens of meters wide that also caused the collapse of
the southern portion of the pyroclastic cone of the NEC, radically changing its morphology. As stated
before, in the central crater, which contains VOR and BN, see Figure 1, the eruptive activity emerged
at VOR only. After the end of the Strombolian activity that occurred on the 23-25 May, the VOR
showed conspicuous subsidence phenomena, evidenced by the formation of numerous sub-circular
and concentric fractures (lunar cracks) placed around a weakly degassing vent positioned at the bottom
of this crater. Moreover, the BN was totally obstructed by products that erupted in May 2016; however,
soon after the end of the eruption a weak subsidence also began to affect this crater.

Late in the evening of 7 August 2016, the top of Etna showed almost continuous flashes. Since that
moment, a new 20—30 m wide vent, placed on the inner eastern rim of VOR, emits a pulsating emission
of incandescent gases up to over 600 °C, see Figure 2; video footage of this activity can be found as a
supplementary material. The new degassing vent fits perfectly into the structural framework inherited
from the eruption of May 2016, see Figure 3. It is located in the area where the graben, described before,
intercepts the edge of the VOR; i.e., an area subject to open for the “pull” induced by the movement of
the eastern flank of the volcano [33-37] and for the subsidence that affects the bottom of the VOR.
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(b)

Figure 2. Mt. Etna activity of 10 August 2016 from the degassing vent opening within the Voragine
crater (VOR) crater; (a) morning picture; (b) afternoon picture with evidence of the volcanic glow
(credits: Marco Neri).

New degassing
vent

NE Crater

Figure 3. New degassing vent opened on 7 August 2016 and located along the fracture system formed
during the May 2016 eruption (see Figure 1 for map view) (credits: Marco Neri).

3. Methods: RSTvyorc Algorithm

The RSTyorc algorithm [28] identifies volcanic hotspots by means of two local variation indices
defined as:
BTmir(x, v, t) — pmir (%, y)

Sy t) = 1

®mIr(x, Y, t) TR Y) 1
AT(x,y,t) — ’

®mIR-TIR(X, Y, 1) = = gM;R(xyyA)T(x . @

In Equation (1), BTyr (X, y, t) is the MIR (medium infrared) brightness temperature measured at
the time ¢ for each pixel (x,y), whereas ppir (X, ¥) and oprr (%, y) are the relative temporal mean and
standard deviation. In Equation (2), AT (x,y,t) = BTmir(x,y,t) — BTrir(x,y,t), where BTrir(x,y,t)
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is the brightness temperature measured in the TIR (thermal infrared) band at around 11 pm wavelength;
uat(x,y) and oa7(x,y) stand for the relative temporal mean and standard deviation. These terms
are calculated after processing cloud-free satellite records selected according to specific homogeneity
criteria (i.e., same spectral channel/s, calendar month, satellite overpass time). In particular, the OCA
(One Channel Cloud-Detection Approach) RST-based method [38] is generally used to filter out cloudy
pixels from the scenes. The iterative ko clipping filter, which is also implemented within the RSTyor ¢
process, enables the removal of signal outliers (e.g., extremely hot pixels) [29].

The @pmir(x,y,t) index identifies anomalous signal variations in the MIR band of sensors
like AVHRR (channel 3: 3.55-3.93 um) and MODIS (channels 21/22: 3.929-3.989 pm), where hot
magmatic surfaces reach the peak of thermal emissions [39,40]. The @ y;r_11r (¥, ¥, t) index is used
jointly with the previous one for minimizing spurious effects associated with non-volcanological
signal fluctuations [28]. RSTyorc, combining those indices, is capable of guaranteeing an efficient
identification of volcanic thermal anomalies (a cloud-masking procedure is used in the daytime before
running the algorithm) under different observational conditions (e.g., [12,18,41-43]).

4. Results

4.1. Monitoring the Paroxysmal Events of May 2016

To investigate the Mt. Etna eruptive events of May 2016, we show, in Figure 4, the curve of
the volcanic tremor (top panel) and the time series of the radiant flux (Q,,4) retrieved from AVHRR
and MODIS data uncorrected for atmospheric effects (bottom panel). In more detail, in Figure 4b,
we also show eruption chronology and overcast periods, for better assessing the impact of clouds on
the achieved results. We estimated the radiant flux from infrared AVHRR data by outputs of a dual
band-three components method [44]; the mean Q,,; value calculated from two end-members was
considered. The formulation proposed by [45] and amended by [46] was used to retrieve the same
parameter from MODIS data.
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Figure 4. (a) Root-mean-square (RMS) tremor amplitude at Etna Cratere del Piano (ECPN) seismic
station, a.u. = arbitrary unit; (b) radiant flux retrieved from Advanced Very High Resolution Radiometer
(AVHRR) (orange bars) and Moderate Resolution Imaging Spectroradiometer (MODIS) (blue bars) data
from the 17 to 31 May. Eruption chronology and information about overcast periods (in light grey),
provided by the One channel Cloud-Detection Approach (OCA) method, is also reported.
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Figure 4b shows that the radiant flux estimated by satellite ranged, during the period of interest,
from a few MW up to a few GW. In particular, the paroxysmal event of May 18 was the most intense,
leading to Q,,, values, retrieved from daytime MODIS and AVHRR data acquired under comparable
values of satellite zenith angle (SZA), in the range 2.5-4.0 GW. This paroxysm, occurring with lava
fountaining from VOR and a lava overflow from BN, generated the major peak in the volcanic tremor,
see Figure 4a. The following Strombolian activity lead to another sudden increase of this parameter
but it was undetected by RSTyop ¢ because of clouds, see Figure 4b.

During 20-21 May, another significant increase of Q,,4, up to about 2.0 GW, was recorded.
This increase of radiant flux was determined by an eruptive activity similar to that of 18 May (see
eruption chronology), leading to the third abrupt increment in the volcanic tremor. The latter increased,
although in a less significant way than before, on 24 May when another lava fountaining activity
occurred. Based on the retrieved Q,,; values, this eruptive episode was slightly less intense than
the previous one. Figure 4b shows that RSTyoLc also identified the Strombolian event of 22-23 May.
Moreover, it detected a thermal anomaly in between the Strombolian activities of 21 May and 22 May,
as indicated by values of the radiant flux retrieved in that period which were mostly lower than 1 GW.
In addition, an abrupt increase of Q,,; was recorded in short-time intervals (e.g., in between AVHRR
and MODIS observations of 24 May at 20:23 UTC and 21:12 UTC), revealing some abrupt variations in
the intensity of the volcanic thermal emissions. However, due to cloud coverage and satellite overpass
times, some thermal activities (e.g., see 24 May) were undetected from space. On the other hand, even
the discontinuous identification of a low-level thermal anomaly after 25 May, possibly associated to a
weak degassing from VOR (leading to a minimum Q,,, value of about 7.5 MW)), is ascribable to clouds.

4.2. Investigating the Thermal Activity of June-August 2016

In Figure 5, we show the temporal trend of the total MIR radiance retrieved from nighttime
AVHRR and MODIS records of June-August 2016. We investigated only data with relatively low
values of satellite zenith angle (i.e., SZA < 40°), unlike the eruptive events of May 2016, for minimizing
the impact of the satellite viewing geometry on the thermal anomaly detected from space.
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Figure 5. Total medium infrared (MIR) radiance retrieved from hotspot pixels identified by Robust
Satellite Techniques—volcanoes (RSTyop ) on nighttime AVHRR (blue bars) and MODIS (red bars)
data of June-August 2016. Dotted green line indicates the start of hot degassing activity at VOR. Note
that no MODIS data were acquired at Institute of Methodologies for Environmental Analysis (IMAA)
during 1—3 July because of antenna problems; AVHRR data acquired in July were unprocessed due to
geo-location issues.
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During the first week of June, no MODIS data were acquired at IMAA because of some antenna
problems. In July, AVHRR records were unprocessed due to some geolocation issues (the system was
back to being fully operational in early August). Despite these limitations, reducing the number of
available satellite scenes, RSTyop ¢ provided information about changes in Mt. Etna thermal activity.

Indeed, after the identification of a sporadic thermal anomaly in June RSTyoj ¢ revealed, since
early July, the occurrence of more continuous thermal emissions at the crater area. In more detail,
Figure 5 shows that after 4 July, the total MIR radiances decreased, because of a less significant thermal
anomaly (see Figure 6), showing small fluctuations until 3 August when an evident increase of this
parameter was recorded. During 10-12 August, detected thermal anomaly was more extended in
terms of hot spot pixels, as shown by RSTyo ¢ maps which are not reported here, leading to peak of
total MIR radiance.

(a) (b)

Figure 6. (a) MODIS channel 22 (MIR) images with an indication (see white arrow) of the volcanic

thermal anomaly identified by RSTyop ¢ (brighter tones indicate higher brightness temperature values);
47July 2016 at 21:06 UTC (BTaomax = 297.65 K); (b) 6 July 2016 at 20:53 UTC (BTzopax = 290.29 K).

To assess RSTyorc detections, as well as changes of thermal activity revealed by Figure 5,
we analysed the cloud-free Sentinel 2A-MSI (Multispectral Instrument) data of June-August 2016
made freely available online by the Sentinel Hub.

The MSI has 13 spectral channels centered in the VNIR and SWIR bands having a different
spatial resolution [47]. In Figure 7, we show a number of false color composite images, nine in total
from 2 June to 28 August, magnified over the Mt. Etna crater area. These RGB (red-green-blue)
products, at a 20-m spatial resolution, were generated by using bands 12 (2.19 um), 8A (0.865 um) and
4 (0.665 um). The figure shows that some crater pixels assumed the red color owing to the dominance
of the SWIR component.

Since high-temperature magmatic surfaces are highly radiant even in the SWIR region (e.g., [48]),
and considering that other features (e.g., clouds) are clearly recognizable in Figure 7, the presence of a
thermal anomaly at the Mt. Etna crater area, before and after the start of hot degassing activity at VOR,
was confirmed. Besides, it can be noted that some VOR pixels were brighter, especially, on satellite
scenes of 2 July (i.e., two days before the evident increase of total MIR radiance revealed by Figure 5)
and 21 August (see Figure 7).

The false color composite imagery, at a 30-m spatial resolution, of Figure 8 generated from
Landsat 8-OLI (Landsat 8-Operational Land Imager) data of 5 July and 6 August provided by UGSG
(United States Geological Survey), further corroborate information provided by RSTyorc. The figure
confirms that a thermal anomaly affected the Mt. Etna crater area before the opening of the new
degassing vent; see pixels, in red, highly radiant in OLI band 7 (2.1-2.3 um).
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4

Figure 7. RGB (Red= Band 12, 2.19 pm; Green = Band 8A, 0.865 pm; Blue = Band 4, 0.665 um) Sentinel-2
products, at 20 m spatial resolution, of June-August 2016 generated from Level 1C data excluding
images completely overcast over target area. The white arrow indicates pixels more radiant in the
shortwave infrared (SWIR) band at VOR.
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Figure 8. RGB (Red = Band 7, 2.1-2.3 um; Green = Band 5, 0.845-0.885 um; Blue = Band 2,
0.450-0.515 um) Landsat 8-Operational Land Imager (OLI) images, at a 30-m spatial resolution, showing
hotspot pixels (in red), magnified at the top-right side of each panel, affecting the Mt. Etna area.
(a) 5 July 2016; (b) 6 August 2016.

To localize, in a more accurate way, the source of the thermal anomaly identified by the satellite,
we analyzed the temporal trend of the SWIR radiance. In more detail, we used the dark object
subtraction (DOS) method [49] to correct SWIR radiance for effects of atmospheric scattering by
subtracting the radiance value of the darkest object from each pixel of the image (e.g., [50]). We focused
our analyses on the VOR area since the thermal anomaly detected by RSTyorc generally did not
include the NSEC; see AVHRR pixel polygon in green overlapped with the OLI sub-scene in the inset
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of Figure 9. The latter shows the similar behavior of SWIR curves at nine VOR pixels, apart from 5 July
when the SWIR signal decreased only at VOR5 and VOR?.
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Figure 9. Temporal plot of the OLI-SWIR radiance retrieved, after applying the dark object subtraction
(DOS) method, over nine different VOR pixels. In the inset, the OLI sub-image of 6 August, with
indication of most radiant pixel (VOR2), and the AVHRR pixel polygon (in dotted green) associated to
thermal anomaly flagged by RSTy oy c before the opening of the new degassing vent.

In addition, the plot shows that the strongest increase in the SWIR signal was recorded at VOR2
on 6 August, see the orange curve. By the temporal trend of the total SWIR radiance retrieved,
pixel by pixel, along the A-B transect region of Figure 10, we found that VOR2, whose geographic
coordinates of the center are reported in Figure 9, was the most radiant pixel in OLI band 7 (see
value of the analyzed parameter retrieved in correspondence to the dotted red line). Hence, it is
reasonable to suppose that the volcanic thermal emissions from the VOR?2 area affected, in a more
significant way, the thermal anomaly detected by RSTyoy ¢ after eruptions of May and before the start
of high-temperature degassing activity on 7 August.
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Figure 10. Spatial profile of the total SWIR radiance retrieved along the A-B transect region intersecting

the VOR area (see OLI data sub-scene in the inset of the figure). The most radiant pixel, whose

location is indicated by the dotted red line, having geographic coordinates of the center 37°45'6.08”N,

14°59'45.08"E, corresponds to VOR2 in Figure 9.
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5. Discussion

In this paper, we have investigated the Mt. Etna activity of May—-August 2016, exploiting the
information provided by the satellite-based monitoring system operating at IMAA (whose products
are currently used only for research purposes) implementing the RSTyoj ¢ algorithm. The latter runs
on both AVHRR and MODIS data, which currently guarantee more than 10 observations per day over
Italy, increasing the probability of processing cloud-free satellite scenes [51].

The results of this study confirm that RSTyorc performed in a similar way when detecting
thermal anomalies regardless of the satellite data used; i.e., despite the different features of AVHRR
and MODIS instruments. Indeed, by combining values of the radiant flux, it was possible to investigate
eruptions occurring in May in a more continuous way than using data from a single satellite sensor;
although, a different retrieval method was used. Indeed, despite the possible inaccuracy in estimating
the radiant flux due to the analysis of satellite records which were uncorrected for atmospheric effects,
we observed a good agreement between temporal changes of Q,,; and information provided by field
observations. High values of radiant flux characterized periods of lava effusion/fountaining, whereas
low values of the same parameter were retrieved in the presence of Strombolian eruptions, as shown
in Figure 4.

Regarding the few discrepancies with ground-based observations, they were mostly related to
clouds. Although recent literature studies performed by means of ground-based hyperspectral imagers
have suggested that these features could be accounted for under certain circumstances [45], clouds
generally represent a common issue for satellite-based methods developed for monitoring thermal
volcanic activity. In this work, clouds had a not negligible impact on the results of the thermal anomaly
detection because, on some days, they partially or completely obscured the underlying hot surfaces.
Consequently, some Strombolian activities were identified by satellite some hours after the eruption
onset; RSTyorc detected, for instance, the first thermal anomaly over the Mt. Etna area on 18 May,
on AVHRR overpass of 01:17 UTC (universal time coordinated); although, a Strombolian activity was
already in progress the day before, see eruption chronology in Figure 4. Moreover, a few daytime
MODIS scenes strongly affected by clouds, which were not completely removed by the OCA method,
showed artifacts. These features were recognized and filtered out from the analyzed time series.

Despite the impact of clouds and satellite viewing geometry on the thermal anomaly identification
(e.g., as for AVHRR data acquired at 17:05 UTC), this study provides additional information concerning
eruptive events occurring in May. Specifically, Figure 2 showed that, in spite of possible lava cooling
effects, the eruptive activity of 21 May probably lasted longer than was indicated by field observations.
Although, the occurrence of a short-lived eruptive event in the late afternoon of the same day cannot be
excluded. The unfavorable meteorological conditions possibly affected the direct/visual observation of
these phenomena. Concerning the short-term variations of Q,,; also revealed in Figure 2, they require
further investigation to be assessed, analyzing, for instance, infrared SEVIRI data.

RSTyorc detections performed after the eruptive events of May revealed that the intensity of
fumarolic emissions from the fracture fields cutting the entire summit area changed before 7 August,
possibly due to a preparatory phase of hot degassing activity occurring at VOR. This is even more
evident from looking at the curve of the radiant flux (in blue), retrieved from nighttime MODIS
data, in Figure 11. The plot shows that Q,,; was around 30 MW on 4 July, then decreased in the
following weeks, when its average value was ~7.5 MW, and increased up to 18 MW on 3 August
(see right axis); i.e., four days before the opening of the new degassing vent marked by the dotted
black line. After a slight reduction, the radiant flux once again increased on 7 August owing to the
high-temperature degassing activity in progress at VOR, reaching its peak of around 33 MW three
days later, see Figure 11.
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Figure 11. SWIR radiance (left axis), from OLI band 7 (red points) and MSI band 12 (green triangles)
data of June-August 2016, measured over VOR2 area and corrected using the DOS method (see
Section 4.2). In blue, the temporal trend of radiant flux (right axis) retrieved after filtering MODIS data
for values of SZA < 40°. The dotted black line indicates the start of hot degassing activity at VOR.

Those variations of radiant flux were consistent with information independently provided by OLI
and MSI data at the VOR2 location, corresponding to the area where the new degassing vent would
later open, see the previous section. Figure 11 shows that SWIR radiance measured at the VOR2 crater
area was higher in early July compared to mid-end July, and significantly increased on 6 August (see
left axis), strengthening the hypothesis formulated above.

The information retrieved by satellite is perfectly compatible with the actual evolution of the
system of degassing fractures, which progressively opened in the summit area of Mt. Etna. It should
be pointed out that, at the end of May 2016, eruptions from all summit craters had conduits almost
totally obstructed by the erupted volcanic products, and, therefore, they were no longer capable of
degassing efficiently. Under these conditions, it is very likely that the pressure of the volcanic gases
that rise inside the obstructed conduits have exerted a considerable pressure, also causing the heating
and the thermal alteration of the rocks in the immediate vicinity of the conduits themselves, looking
for alternative outputs. Therefore, the fracture system opening in the summit area could have been an
alternative way to allow the volcanic gas to reach the surface. At first, this gradual fracturing process
triggered the thermal anomalies observed from space during the first days of July. Finally, the opening
of the degassing vent on August 7 close to the VOR'’s rim could be the culmination of this fracturing
process, which eventually drained most of the gas from the obstructed NEC conduit.

This evolution has already been observed several times during the last twenty years at Etna.
Starting from January 1998, a system of N-S fractures opened, and then progressively propagated,
affecting exactly the same portion of the summit area, generating dry fractures, fumarolic activities,
and eruptive fissures [33], similar to what happened in May—-August 2016. Thus, the opening of the
vent on 7 August was possibly triggered by the intersection of this developing fracture system with the
North-East crater (NEC) plumbing system, leading to the draining of gas that had remained blocked
inside its conduits after the May eruption. Finally, it should be emphasized that the opening of this
fracture system seems to be triggered by an acceleration of the deformations affecting the eastern flank
of the volcano [26,27,35-37]); therefore, it is possible that the opening of new degassing or erupting
vents will continue to take place in this portion of the summit crater area.
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6. Conclusions

This study demonstrates that multi-platform observing systems may also provide a relevant
contribution for monitoring active volcanoes in areas where efficient ground-based surveillance
systems exist, enabling the identification of low-temperature fumarole fields whose intensity variations
may precede new and more significant phases of thermal unrest.

In this context, the performance of the RSTyorc system may be further increased using VIIRS
(Visible Infrared Imaging Radiometer Suite), flying onboard Suomi NPP (Suomi National Polar-orbiting
Partnership) and JPPS-1 (Joint Polar Satellite System) satellites. VIIRS collects data in 22 different
spectral bands, ranging from 0.412 um (VIS) to 12.01 pm (TIR) and including 17 spectral channels
at a 750-m spatial resolution, i.e., the moderate resolution bands (M-bands) and the Day/Night
panchromatic band (DNB), and five imaging resolution bands (I-bands), having a spatial resolution
of 375 m at the nadir. Among the channels, the 14 band (3.55-3.93 um) should guarantee further
improvements in the identification of weak thermal anomalies (i.e., those of low temperature and/or
spatial extent), as indicated by some investigations currently in progress, making RSTyorc even more
effective in detecting subtle changes of thermal volcanic activity at Mt. Etna.
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Abstract: In situ and remote-sensing measurements have been used to characterize the run-up
phase and the phenomena that occurred during the August-November 2014 flank eruption at
Stromboli. Data comprise videos recorded by the visible and infrared camera network, ground
displacement recorded by the permanent-sited Ku-band, Ground-Based Interferometric Synthetic
Aperture Radar (GBINSAR) device, seismic signals (band 0.02-10 Hz), and high-resolution Digital
Elevation Models (DEMs) reconstructed based on Light Detection and Ranging (LiDAR) data and
tri-stereo PLEIADES-1 imagery. This work highlights the importance of considering data from in
situ sensors and remote-sensing platforms in monitoring active volcanoes. Comparison of data
from live-cams, tremor amplitude, localization of Very-Long-Period (VLP) source and amplitude of
explosion quakes, and ground displacements recorded by GBInSAR in the crater terrace provide
information about the eruptive activity, nowcasting the shift in eruptive style of explosive to effusive.
At the same time, the landslide activity during the run-up and onset phases could be forecasted and
tracked using the integration of data from the GBInSAR and the seismic landslide index. Finally,
the use of airborne and space-borne DEMs permitted the detection of topographic changes induced
by the eruptive activity, allowing for the estimation of a total volume of 3.07 4 0.37 x 10 m? of the
2014 lava flow field emplaced on the steep Sciara del Fuoco slope.

Keywords: Stromboli volcano; landslides; effusive activity; Ground-Based InSAR; infrared live cam;
seismic monitoring; PLEIADES; Digital Elevation Models; optical sensors; volcano remote sensing
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1. Introduction

Stromboli volcano (Italy; Figure 1), a stratovolcano located at the easternmost end of the Aeolian
Archipelago, experienced a flank eruption from August-November 2014 [1-7]. In this paper, in situ
and remote-sensing measurements at Stromboli between May and November 2014 are presented.
Data comprise videos recorded by the visible and infrared cameras network [8,9] (Figure 1la),
ground displacement recorded by the permanent sited Ku-band, Ground-Based Interferometric
Synthetic Aperture Radar (GBInSAR) device [10,11], ground displacements in the seismic band
(0.02-10 Hz) [12,13] (Figure 1a), and high-resolution Digital Elevation Models (DEMs) reconstructed
based on tri-stereo PLEIADES-1 imagery and Light Detection and Ranging (LiDAR) data, respectively.
Data allowed us to characterize the precursors and the phenomena that occurred during the eruption,
as well as an estimation of the erupted volume.

Stromboli is characterized by persistent Strombolian activity from several vents within a crater
terrace area [9,14] (Figure 1b). The volcanic edifice is frequently affected by landslides [15], mainly
within the Sciara del Fuoco (SAF; Figure 1b), a collapse depression on the NW flank of the island
formed during the last 13 ka [16,17]. Landslides triggered tsunamis on average every 20 years [18],
especially during flank eruptions or paroxysmal explosions [12,19,20]. Small to large volcano slope
instability characterized the initial phases of the last four flank eruptions (1985-86, 2002-03, 2007,
2014) [21-24], triggering tsunamis only during the 2002-03 event [22,25].

The last flank eruption started at Stromboli on 7 August 2014, preceded by 2 months of increased
Strombolian activity and several lava overflows from the craters expanding along the SdF [2,26].
Overflows were often accompanied by landslides along the SdF [7], described as rock-falls and/or
gravel slides, evolving down slope to gravel flows (Figure 2a). The onset of the 2014 flank eruption
(6-7 August) involved the breaching of the summit cone with emplacement of a landslide along the
SdF (Figure 2b), the opening of an eruptive fissure on the NE flank of the cone [24], and the effusion
of lava from the crater rim at first and from the eruptive fissure later, feeding the 2014 lava flow
field [4,5,7]. The eruption was characterized by the lava effusion in the SAF from a fissure at 650 m
above sea level (a.s.l.) that lasted until 13 November 2014 [4].

The 2014 lava flow field was similar to others erupted from high-elevation vents (as described
for the 2002-2003 lava flow field by [27]), comprising: (i) a series of tumuli and lava flows around the
effusive vent at ~650 m a.s.l. (proximal shield); (ii) a medial zone fed by small flows, and characterized
by frequent lava crumbling down slope and producing a debris field; (iii) a basal toe composed of the
debris flow field emplaced above the stacked lava delta [28]. The erupted volume has been estimated
to be 7.4 x 10° m3 by [4] and ~5.5 x 10° m3 by [5].

2. Materials and Methods

2.1. The Camera Monitoring Network (Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio
Etneo - INGV-OE)

The camera monitoring network comprises thermal infrared and visible cameras located at
11 Pizzo, at ~918 m elevation and ~250 m from the craters, plus visible and thermal infrared cameras
(SQV400 and SQT400, respectively) at 400 m elevation on the N flank of the SAF and ~800 m from the
craters (Figure 1a). The SQV400 and SQT400 cameras allow a view from NE of the North-East Crater
NEC area (Figure 1a) and of the upper eastern sector of the SAF. An additional thermal camera installed
in July 2014, is located at the lower eastern end of the SAF (~190 m a.s.1., Figure 1b) and is focused on the
lower portion of the slope between ~400 m and the N coast line. To obtain a description of the eruptive
activity, the total number of explosive events that occurred during each day of cloud-free observation
was manually counted and plotted as an integer versus time. On average, between 24 July 2014 and 10
August 2014, ~30% of the days were affected by clouds and/or by system failure. In such cases data
are lacking.
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Figure 1. (a) Geographic setting of the Island of Stromboli, located at the easternmost end of the
Aeolian Archipelago, and names of the summit vents within the crater terrace. NEC: North-East
Crater area; CC: Central Crater area; SWC: South-West Crater area (b) 3D-view of the investigated
sectors observed from north, highlighting the location of the measurement stations used in this
work. STR1, STR8, and STRA: broadband seismic stations. SQT400 and SQV400: thermal and
visible live cam, respectively. In both (a) and (b), the line of sight (LOS) displacement map produced
by the GBINSAR apparatus between 30 May 2014 and 6 August 2014 is also shown, highlighting
the strong inflation of the crater terrace and the stability of the Sciara del Fuoco before the 2014
flank eruption. The measure-areas of the time-series are indicated by white circles. All Digital data
were collected in the Projected coordinate system: WGS 1984 UTM zone 33 Projection: Transverse
Mercatore. Maps were generated using ESRI ArcGIS CAMPUS (Universita degli Studi di Firenze
Licence; http:/ /www.siaf.unifi.it/ vp-1275-arcgis-licenza-campus.html).
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Lava overflow front

Lava overflow

y Gravel flow
(mixed lava breccia from the NEC-hornito

and eroded debris)

Figure 2. (a) Gravel flow associated with the 7 July 2014 overflow. The landslide is composed by mixed
breccia from the overflow front and the (mainly fine-grained) debris eroded along the Sciara del Fuoco
(photo taken by the Universita degli Studi di Firenze personnel during field survey). (b) Landslides
associated with the collapse of the NEC-hornito, occurred on 6 August 2014 (photo taken by UNIFI
personnel during boat survey).

2.2. Seismic Network (Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Vesuviano - INGV-OV)

During the 2014 eruption the seismic broadband network of Stromboli [29] was operating with
10 broadband seismic stations. In this work, we used data from 3 seismic stations (Figure 1b). STR1 is
located on the flank of the volcano at an elevation of about 560 m and has the longest and most
complete record of seismological parameters. STRA is located at about 840 m, it is the closest to the
summit craters, therefore is particularly suitable to study the dynamics of explosive activity. Lastly,
STRS, located at about 570 m, is the closest to the SAF, hence it is the best suited to study seismic signals
related to landslides in this area.

The seismological parameters considered here are: the amplitude of volcanic tremor, the amplitude
of explosion quakes and the inclination of the seismic polarization in the Very-Long-Period (VLP) band
(0.05-0.5 Hz). We also performed the analysis of seismic signals, using neural networks, which allows
detecting signals related to landslides occurring along the SAF [30]. Landslides signals have shown
to be a reliable precursor of effusive activity at Stromboli. Their occurrence rate increased markedly
during the onset of the previous effusive eruption in 2007 [12]. To quantify the intensity of landslide
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activity, Esposito, et al. [31] defined a landslide index following a fuzzy logic scheme. This parameter
varies smoothly between 0 and 1, with 0 indicating a low probability of ongoing landslide activity and,
conversely, 1 indicating a high probability of occurrence.

2.3. GBInSAR

InSAR technique has been successfully used to catch slope deformation at active volcanoes [31-33],
though Synthetic Aperture Radar (SAR) satellites are no longer able to follow the evolution of very fast
slope deformation. Conversely, given their repeat time (minutes), GBInSAR can correctly measure very
fast displacements, thus the InNSAR technique is ideal for monitoring, surveillance, and early-warning
applications [24,34]. At Stromboli, a GBInSAR apparatus is working since 2003, located in a stable area
N of the SAF (Figure 1b), and consisting of a transmitting and a receiving antenna moving along a
3 m long rail [10]. The GBINSAR, working in Ku-band, has also the great advantage of penetrating
the dust clouds (abundant especially during the collapse events, see Figure 2), and working in every
light and atmospheric condition. The GBINSAR measures ground displacement along the line of sight
(LOS; Figure 1a,b), by computing via cross correlation the phase differences between the backscattered
signals associated with two SAR images. Range and cross-range resolution are on average 2 x 2 m,
with a measured displacement precision lower than 1 mm [10,11]. Due to the short-elapsed time
(11 min) between two subsequent measurements, the interferometric displacements are usually smaller
than half the wavelength (8.6 mm for the Ku-band), therefore unwrapping procedures are generally
not necessary [10]. Moreover, unwrapping is a time-consuming process, avoiding the operational use
of the GBINSAR during crisis management. For the Stromboli GBINSAR images, a coherence mask
(threshold equal to 0.8) is set to reduce the noisy areas of the interferogram [11]. Displacement maps
and time-series are obtained “stacking” the interferogram phase with a displacement measurement
precision of 0.5 mm, obtained using 1-h averaged SAR images [35].

2.4. Topographic Data and Co-Registration

Topographic change detection of Stromboli island due to the 2014 eruption was performed by
comparing pre- and post- eruptive DEMs, the former generated from airborne LiDAR data and the
post-eruption DEM from PLEIADES-1 satellite data.

The pre-2014 LiDAR-DEM was obtained elaborating the 3D point cloud acquired during
an airborne survey carried on May 2012 by “BLOM Compagnia Generale Ripreseaeree S.P.A.”
(www.blomasa.com). The data were acquired using the Leica ADS80 sensor which has instrumental
vertical and horizontal accuracy of £10/20 cm and £25 cm, respectively (see [36] for 2012 DEM
features). The acquired point cloud has a mean point density of 8 pt/m?.

The post-2014 DEM was derived from the very high-resolution (VHR) tri-stereo optical
imagery from the PLEIADES-1 satellites. PLEIADES-1 constellation is composed by two satellites,
PLEIADES-1A (PHR1A) and PLEIADES-1B (PHR1B). These satellites can sense three or more
synchronous images of the same area, with angles variable between ~6° e ~28°. The stereoscopic triplet
is composed of three nearly simultaneously acquired images, one backward looking, one forward
looking, plus a third near-nadir image [37-41]. Tri-stereo images are 100% cloud free and were acquired
by PHR1A on 27 May 2017, with a total areal coverage of 58 km?. This acquisition mode permits
to obtain a DEM using the photogrammetric processing of three images (tri-stereo mode), with a
pixel xy resolution of 1 m x 1 m. The dataset comprised also VHR optical imagery (0.5 m x 0.5 m
resolution for Panchromatic + 2 m x 2 m Multispectral data). To assess the accuracy of the heights and
their horizontal position in the Pleiades-1 DEM, six Ground-Control Points (GCPs) were collected on
the map database (Cartographic XY standard deviation: 0.15 m). Nine tie points were automatically
collected in the images. A block adjustment including all the satellite scenes was performed. The block
adjustment was validated when the following accuracy was achieved: (i) pixel xy bias smaller than
0.3 pixels; (ii) pixel xy standard deviation smaller than 0.3 pixels; (iii) pixel xy maximum smaller
than 2 pixels.
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Topographic change detection using multi-temporal DEMs was performed by differencing two
DEMs of the same area derived from data taken at different time. This calculation is often affected by
errors depending on mismatches between the two DEMs, which lead to artefact Az [42]. This error can
be detected and reduced by measuring and minimizing the DEM differences in areas where the two
DEMs are supposed to be equal, i.e., those areas not reasonably affected by relevant natural changes.

The 2012 and 2017 topographic data were here co-registered by minimizing the root mean
square (RMS) error between two DEMs. The methods used iteratively vary the three angles of
rotation, the translation, and the magnification or reduction factor of one DEM using a custom-made
algorithm based on the MINUIT minimization library [43], as described by [44—46]. MINUIT is
a tool to find the minimum value of multi-parameter functions and can be freely downloaded
(http:/ /www.cern.ch/minuit). The LiDAR-PLEIADES DEMs co-registration was performed by
calculating the minimization parameters for the whole volcano with the exclusion of the investigated
areas (i.e., the SAF). The RMS error in this case is given by the MINUIT output. The 2012 LiDAR was
used as reference for co-registering the PLEIADES DEM. It is worth emphasizing that this RMS error
is the root mean square residuals (in elevation) between a 3D point cloud and the reference DEM,
rather than a true absolute error. Co-registration decreased the RMS error from the initial 3.37 m to the
final 1.27 m.

The differences between the co-registered DEMs were used to detect and outline the extent of the
areas affected by topographic changes in the considered time spam, and to calculate the volume and
thickness variations inside them. Moreover, the perimeters of observed changes were double-checked
using the ortho-rectified PLEIADES-1 images. Field surveys also strengthened data interpretation.

Volume (V) emplaced or lost between two acquisitions was calculated from the DEM difference
according to the equation:

V=Y AYAz, 1)

(see [42] and references therein), where x is the grid step and z; is the height variation within the grid
cell i. These values were then summed up for all the cells in the selected areas in which we want to
calculate volume changes.

The residual volume errors were calculated as:

Err (Vhigh) = AO'AZ, (2)

where A is the investigated area and oy, is the co-registration residual RMS error between the two
DEMs. Following [42], this formula assumes that the errors were completely correlated, and thus the
volume error calculated as above is overestimated.

3. Results

Explosive activity at Stromboli from the crater terrace was at an average of ~10 explosions h~!
during the first four months of 2014 (INGV Reports, available at www.ct.ingv.it). Between end of
June—early July, the explosion number peaked at ~25 explosions h~! (INGV Reports, available at
www.ct.ingv.it), when also several lava flows poured out from the South-West crater (SWC, Figure 1a),
and from two of the three vents located in the NEC area (NEC1 and NEC-hornito, Figure 1a, Table 1,
Supplementary Materials), spreading along the SAF. Between 22 June and 5 August 2014, several
powerful explosions and small landslides along the SAF occurred (Supplementary Materials).

The GBInSAR recorded an increase in the LOS displacement rate directed towards the sensor in
the crater terrace area, indicating inflation of the summit plumbing system, starting from 30 May 2014
(Figure 3B,C). The following months (June-early August 2014) were characterized by slightly
fluctuating displacement rate, with values always above the threshold that distinguishes the anomalous
from the persistent activity (>0.05 mm/h directed towards the sensor; as defined by [11]). A small
deflation of the crater terrace occurred around 24 July 2014, after the output of several small overflows,
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then a more rapid inflation of the crater terrace, and a week later also of the NEC-talus, was observed
(Figure 3C).

Table 1. Summary of the eruptive activity during the run-up and onset phases of the 2014 flank
eruption, as derived from the camera monitoring network.

Date Live-Cams Observations

Frequent explosive activity (~15 explosions/hour)
Overflows
Landslides

30 May 2014-31 Jul 2014

01 Aug 2014-05 Aug 2014 Increased explosion frequency (up to 30 explosions/hour)

06 Aug 2014 at 08:50 Overflow (between NEC2 and NEC-hornito)

06 Aug 2014 at 11:00 Arcuate fractures on the NE crater rim between NEC1 and NEC-hornito
06 Aug 2014 at 12:22 First incandescent blocks from the NEC2/NEC-hornito into the sea
06 Aug 2014 at 12:29 Overflow (between NEC-hornito and SWC)

06 Aug 2014 12:32-13:00

Landslide (N flank of the crater terrace)

06 Aug 2014 12:35-13:00

Incandescent blocks accumulation along the coast

06 Aug 2014 at 13:08

Overflow from NEC-hornito reached the coast

06 Aug 2014 14:05-14:08

Three hot “gravel flows” from the NEC-hornito along the SAF, reached the coast and
went on spreading along the sea surface for several tens of meters

06 Aug 2014 at 14:50 Overflow from NEC-hornito reached the coast
06 Aug 2014 at 15:46 Overflow from NEC-hornito reached the coast
06 Aug 2014 at 16:02 Hot “gravel flows” from the NEC-hornito along the SAF
06 Aug 2014 at 16:08 Overflow from NEC-hornito reached the coast

07 Aug 2014 ~02:30

Hot “gravel flows” from the NEC-hornito along the SAF

07 Aug 2014 ~03:00

- NEC-hornito lava decreased
- Explosive activity from NEC increased
- Increased size of the hot avalanche deposit

07 Aug 2014 at 03:40 Hot “gravel flows” from the NEC onto the Pianoro flat area
NE flank of NEC1 started to collapse
07 Aug 2014 04:01 Lava flow from the NEC towards the Pianoro flat area
Hot “gravel flows” from the NEC-talus onto the Pianoro flat area and along the SAF
07 Aug 2014 05:01 Downslope curved fracture opened on the flank of the cone
V1 opened at 05:04 and V2 at 05:16, both at ~650 m a.s.1.
07 Aug 2014 05:04-05:16 Landslides onto the Pianoro flat area and along the SAF
Lava flow onto the Pianoro flat area
07 Aug 2014 05:30 Lava flow along the SdF
07 Aug 2014 ~06:02 Hot “gravel flows” from the NEC-talus reached the coast
07 Aug 2014 06:24 Lava flow from V1 reached the coast

One of the most striking features in the seismological parameters during the 2014 eruption was
the progressive, but rapid increase in both volcanic tremor and explosion-quake amplitude, starting
approximately on 2 August 2014 (Figure 3D,E). Both quantities showed a steady increment, followed by
a sudden drop in the amplitudes occurring about on 6 August 2014 at 12:00 (Figure 3D,E). This event
was associated with the onset of the effusive activity on 6 August 2014, clearly evidenced by the
landslide index, approaching the value of 1 in the same period (Figure 3A). However, a detailed
analysis of the VLP polarization (Figure 3F), which is a good indicator of changes in the level of the
magmatic column within the conduits, revealed that the most significant drop in the magma column
level occurred only at about 04:00 of 7 August 2014, just before the effusive vent opened at 650 m a.s.1.
(V1 and V2; see Table 1, Figure 4, and Supplementary Materials for further details).

The displacement rate suddenly increased on 5 August 2014 for both the external flank of the
crater terrace and the NEC-talus, reaching their maximum on 6 August 2014 (Figure 3B,C). An increase
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in the explosion rate and intensity was recorded on 6 August 2014 morning, especially from the NEC.
Several overflows occurred since 08:50 (flows F1 to F3 in Figure 4), and the rim of the crater terrace
started to be clearly unstable since 11:00, when three arcuate fractures on the NE crater rim formed
between NEC1 and NEC-hornito (Table 1, Supplementary Materials).

The GBINSAR recorded an increase in the displacement rate (since 10:00 of 6 August 2014) in both
the external flank of the crater terrace and the NEC-talus. The maximum displacement was recorded
mainly in the NEC-hornito area (Figure 5a). Rock-falls started to occur at 12:22, and soon after a
lava flow erupted from the saddle between the NEC-hornito and the SWC (Flow F2A in Figure 4a),
expanding N along the SAF (12:32). Between 13:00 and 14:21, the GBInSAR recorded a large loss
in the SAR coherence in the NEC-hornito, consistent with the occurrence of fast-moving material
(landslides and/or overflows) from the NEC-hornito (Figure 5b). Three landslides (starting at 14:05,
14:06, and 14:07, Figure 6), described as rock-falls/gravel slides evolving in rapid gravel flows, were
directly observed (Figure 2b). The collapse scar observed on a photo taken from helicopter (Figure 2a)
had an estimated size of ~ 40 m width, 30 m high and 20 m depth, with a total collapsed volume
estimated in ~ 24,000 m3. Effusive vents moved northward from the NEC-hornito towards the NEC1.
Afterwards, the displacement towards the sensor (up to 236 mm h~1) shifted from the NEC-hornito
towards the NEC-talus (Figure 5¢). Between 01:29 and 01:32 of 7 August 2014 (Figure 5c), the GBInSAR
detected the formation of a fracture upslope of the NEC-talus. At the same time, the GBInSAR recorded
an inversion in the LOS displacement rate (movements directed away from the sensor) in the crater
terrace area, coherent with the deflation of the shallow conduit (Figure 5d).
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Figure 3. Relevant geophysical time-series from May to August 2014. (A) Landslide index derived
from seismic data; GBINSAR cumulative displacement data for (B) the crater terrace and (C) for the
NEC-talus. (D) Volcanic tremor amplitude at station STR1. (E) Explosion-quake amplitudes at station
STRI1. (F) VLP polarization inclination at station STRA.
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a
F1: 6 August 2014 11:44
F2A: 6 August 2014 12:32

F2B: 6 August 2014 16:08

F3: 6 August 2014 18:50 - NEC talus.
7 August 2014 03:45 landslide

F4A: 7 August 2014 05:04 ",
F4B: 7 August 2014 05:16 y

7y V1

F4A

NEC tqlus/'

V2
(650 m a.s.l.)

F4B

NEC talus breaching

of the crater: |
terrace

NEC talus

Figure 4. (a) The external flank of the crater terrace after the onset of the 2014 flank eruption (photo
taken by INGV personnel on 11 August 2014 from helicopter survey). Lava overflows emitted during
the run-up phase (F1 to F3) and lava flow produced during and after the onset (F4A and F4B) are
also reported. (b) Detail of the NEC-talus area highlighting the scar produced during the onset of
the eruption (7 August 2014), the first lava flow after crater breaching (F4A, erupted from vent V1),
the upper portion of the 2014 lava flow field (F4B), and the vent of the 2014 flank eruption (V2) (photo
taken by UNIFI personnel on 8 October 2014 from field survey). It is interesting to note the internal
stratification in the NEC-talus remnants (consisting of volcaniclastic levels) that are continuous in all
the inner walls of the landslide scar.
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Figure 5. GBInSAR interferograms formed using a pair of images recorded between (a) the 12:09
and 12:20 on 6 August 2014, evidencing the instability of the NEC-hornito; (b) the 13:59 and 14:10 on
6 August 2014, evidencing the instability of the NEC-talus; (c) the 01:29 and 01:40 on 7 August 2014,
evidencing the concomitant instability of the NEC-talus and the deflation of the crater terrace, coherent
with the sliding of the NEC-talus induced by the NE-ward magma migration from the crater terrace;
(d) the 05:26 and 05:37 on 7 August 2014, characterized by loss in SAR coherence due to fast movement
both in the crater area (sliding processes) and along the SAF (lava flow emplacement). Interferograms

in (a—c) are affected by phase wrapping.

At 05:04 V1 opened at ~650 m a.s.l. (Figure 4) and at 05:08 the NE flank of NEC1 started collapsing,
as evidenced by the associated high-frequency seismic signal (Figure 7). At 05:01, the live cam detected
a downslope curved fracture opened on the flank of the NEC cone, followed at 05:16 by the opening of
the effusive vent V2 at ~650 m a.s.l. (Table 1 and Figure 4). The onset of the increased landslide activity
occurred at 05:08, and its amplitude reached a peak at ~05:24, i.e., during the opening of V1 and V2
(Table 1 and Figure 7). With the shift of the active vent from V1 to V2, a lava flow started spreading
along the Pianoro (Supplementary Materials) and the flank eruption started.

We analyzed in detail 24 h of high-frequency seismic signals related to landslide activity along
the SAF starting from 10:00 on 6 August 2014 (Figure 7B). Between 10:00 and 18:00 on 6 August 2014,
the repeated lava overflows triggered a moderate landslide activity along SAF (Figure 7A). Before
the opening of vent V1, at 04:01 on 6 August, we observed a progressive increase in the landslides,
which dropped just after this event. However, the clear onset of the increased landslide activity
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occurred at 05:08 and the amplitude reached a peak at around 05:24, a few minutes after the opening
of vent V2 at 05:16. After a pause of about 8 min, the landslide activity resumed at 05:32 and lasted for
about 1 h, before reaching a stationary level (slightly higher than the value observed before 05:08) and
possibly related to the ongoing lava flow (Figure 7C).

The GBInSAR recorded a large loss in coherence at the NEC-talus and the SAF area, consistent
with the onset of the effusion (Figure 5D). At 05:29 the flow had travelled the Pianoro flat surface and
at 05:30 started to expand along the SAF steep slope (Supplementary Materials). Here it formed at least
5 lava flow branches (Supplementary Materials), reaching the coast with a hot avalanche 30 min later
(Table 1, Supplementary Materials). The landslide activity resumed at 05:32, and the collapse lasted for
about 1 h, coherent with several landslides” pulses (Figure 8). By 06:24 several lava branches reached
the sea, forming a lava fan ~500 m wide (Table 1, Supplementary Materials). Effusive and explosive
activity declined between 7 and 8 August 2014, with only one lava flow active along the coast and
deeper magma level within the feeder conduit, evidenced by more collimated jets produced during
the explosive activity at the summit vents (Table 1, Supplementary Materials).

H

/4:06:4400  SCT

Figure 6. Thermal images recorded by the SCT camera located at Labronzo, ~100 m a.s.1. (see Figure 1b
for location), showing the hot “gravel flows” that reached the sea on 6 August 2014, at 14:05 (A-D),
14:06 (E-H) and 14:07 (I-L), spreading on the sea surface. Temperature is in °C. The velocities of the

1

three landslides of hot blocks in the frontal region were 9.8 m s 59ms1and9.8ms !, respectively,

based on web-cameras measurements.
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Loss in SAR coherence persisted until 8 August 2014 on the whole scene illuminated by the
GBInSAR device. In the crater terrace, the coherence increased again since 9 August 2014 when no
explosive activity was observed from the monitoring cameras, and the GBInSAR recorded displacement
away from the sensor until late September indicating deflation of the summit.

The images recorded by the thermal camera located at Il Pizzo (SPT; see Figure 1B for location)
showed significant morphology changes of the summit craters since 9 August 2014, showing that the
apex of cones and hornitos within NEC1, NEC-hornito and SWC had been removed by the several
collapses and hot “gravel flows” of the previous days. The thermal images displayed also a much
lower temperature of the whole crater area, indicating a decline in the explosive activity. Likewise,
the rate of effusion decreased significantly from the previous day, with only one wider lava flow
starting from the eruptive fissure and replacing the 4-5 branches of the previous day. This flow was
reaching the coast forming a narrow channel apparently cooling down, with overflows sometimes
spilling over the channel levees.
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Figure 7. Plot of the high-frequency (>10 Hz) seismic amplitudes averaged over 10 s windows (station
STR8, EW seismic component) for: (A) details referred to the time interval 10:00-18:00 of 6 August 2014,
highlighting the signals associated with landslides that occurred soon after the onset of the overflows,
whose onset is marked by orange vertical lines; (B) the time interval 10:00 on 6 August 2014-10:00 on

7 August 2014; (C) details referred to the time interval 03:00-10:00 of 7 August 2014, highlighting the
signals associated with landslides that occurred at the opening V1 and V2 vents (red vertical lines).
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Until 15 October 2014 the GBInSAR recorded displacement towards the sensor, indicating inflation
of the crater area. Afterwards, very low displacement rate (<0.05 mm/h) oscillating between away
and towards the sensor, have been recorded. In the SAF area, after the onset of the 2014 flank eruption,
the radar recorded a very low coherence for three days; this was related to the initial fast-moving lava
flow. Since 10 August 2014, low coherence zones were related only to a small part of the monitored
scenario, corresponding to active lava tongues, while the rest of the monitored SAF showed variable
displacement rates (1-10 mm/h).

The seismic signals related to minor landslides along SAF continued to be recorded after the
development of the lava flow on SdF.

Figure 8. Lava flows (white) and hot avalanches (yellow, green, and purple dotted outline) spreading

along the lower slope of Sciara del Fuoco and to the sea, as observed by the thermal images recorded
by the SCT camera located at Labronzo, ~100 m a.s.l. on the east side of the Sciara on 7 August 2014.
See Figure 1b for camera location. (A-C): lava flow spreading to the coast, flanked by a hot avalanche
(yellow dotted outline) at 5:59; (D-F): another hot avalanche spreading at 6:00 (yellow dotted line);
(G-I): a much bigger hot avalanche spreading at 6:01 (red dotted outline) forming a conspicuous
dust cloud).

In the period between the acquisitions of the two DEMs (May 2012-May 2017), large topographic
changes occurred. The areas interested in volume gain and loss are shown in Figure 9, which includes
the crater terrace and the SAF depression. The largest variations were related to the emplacement
of the 2014 lava flow field in the NE part of the SAF (Figure 9). The total emplaced volume is
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3.07 + 0.37 x 10° m%, calculated inside the black dashed line. The average thickness of lava was
10.45 + 1.27 m, with the maximum value reaching 35 m (Figure 9, profile 1).
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Figure 9. Stromboli topographic changes detected comparing 2012 and 2017 DEMs. Dashed black line
encloses the area covered by the 2014 lava flow. Dashed yellow lines, labelled with P1, P2 and P3, show
the position of the profiles along the flow represented in the insets.

In the central part of the SAF, between 0 and ~518 m a.s.1,, an increased volume of 1.70 & 0.30 x 10 m3
has been estimated, with an average thickness of 7.11 & 1.27 m. This volume is related to the accumulation
of volcaniclastic material derived from the erosion of the SAF, from the overflow-induced landslides, and
from the NEC-talus collapse [7].

4. Discussion

The run-up phase of the 2014 flank eruption was characterized by very vigorous explosive
activity and episodic lava overflows from the crater terrace. This activity was preceded by an
increase in the displacement rate towards the sensor of the crater terrace at anomalous level since
the end of May 2014, and by frequent landslides along the SAF. Ground deformation of the crater
terrace strongly increased on 26 July 2014 and was followed by increase of the volcanic tremor and
explosion-quake amplitude, starting approximately on 2 August 2014. The explosive activity peaked
on 5-6 August 2014, anticipating by ~1 day the increase in the displacement rate towards the sensor
(inflation of the crater terrace).

Different authors [1,3,6] suggested that the 2014 eruption was triggered by a gradual recharge of
the shallow plumbing system and upper conduits. The SO, flux in the persistent Stromboli plume
has been measured for two months before the onset of the eruption, detecting a strong increase above
normal activity in the SO, pulses (puffing and explosions) before the effusion onset. This is consistent
with the increase in gas bubble supply and magma transport rate feeding the uppermost storage
system at Stromboli [47]. Ground displacement is consistent with the presence of a very shallow
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reservoir below the crater terrace [2]. Long-term (month to weeks) increase in the ground deformation
recorded by the GBInSAR in the crater terrace area, as well as the long-term rise of the VLP seismic
source towards the surface [5,6], are associated with the accumulation of magma in the uppermost
storage system at Stromboli [2]. Contrarily, the detected increase in short-term (days to hours) ground
deformation and amplitude of volcanic tremor are associated with the impulsive bulk degassing from
the shallow plumbing system [35,48], whereas the increase in the explosion number and intensity
and amplitude of explosion quakes are indicative of the increase in the release rate and overpressure
intensity of individual explosions.

One of the most interesting aspects of the data presented here is the relationship between the
instability events and the effusive activity at Stromboli volcano (Figure 10). Other authors have already
shown the critical state of Stromboli during the very early stages of effusive eruptions [2,5,11,22,49].
During the run-up to the 2014 flank eruption, gravel flows consisting of mixed breccia and loose
volcaniclastic deposits were generated mainly in two ways: (i) by the crumbling of the overflows,
or (ii) by the collapse of some portions of the external part of the crater terrace and apex of the hornitos
(Figure 2). The second type of collapse is a recurring phenomenon at Stromboli, occurring when
there is a large accumulation of magma below the crater terrace (causing overflows, increase in the
frequency of explosions, spattering activity, inflation of the whole summit). Furthermore, weakness
of the crater wall (e.g., induced by the strong explosive activity on 5 August 2014), and mechanical
erosion caused by vent opening and by lava fingering, may have triggered the NEC-hornito collapse
on 6 August 2014 [48]. Here we have documented for the first time that, after the NEC-hornito
collapse, eruptive vents migrated from south to north (Figure 10a). Overflows and mass-wasting in the
NEC-hornito area preceded the formation of fracture below the NEC1 (Figure 10b) by ~11 h, and the
onset of the flank eruption and NEC1 collapse by ~15 h, suggesting that 11-15 h before the onset of the
effusive eruption, the crater terrace was full of magma. Then, the location of effusive vents displayed
a clockwise rotation along the rim of the crater terrace, from the NEC-hornito towards NEC2 and
NECI1 (Figure 2), and finally magma migrated towards the NEC-talus, inducing fracture opening and
landslides occurrence. This process suggested a gradual pressurization and/or expansion of the feeder
dike along a SW-NE direction, which is also the main tectonic trend of the island [49,50]. Lava started
to outflow from a first vent (V1; Figure 10c) before the NEC-talus collapse and shifted at vent V2
simultaneously with the beginning of the NEC-talus landslide (Figure 10d). There could be different
explanations for this vent shift:

1.  astructural barrier generated by the presence of a buried structure [51,52] or different stratified
material (Figure 2b), which in turn has caused the magma-filled fracture to re-orientate [53,54];

2. magma to flow from V1 at V2 in response to the tensile stress occurring in the talus produced by
the downwards displacement observed by GBInSAR.

It is important to emphasize that this shift has prevented the dike from intruding within the SdF,
as happened in the early stages of past eruptions (e.g., the 2007 eruption) [8]. Instead during the first
days of the 2002-03 flank eruption, the intrusion of magma propagating laterally from the conduit
towards a lower altitude was considered the cause that destabilized the SAF slope, with the triggering
of tsunamigenic landslides on 30 December 2002 [22-25].

The flank eruption onset produced the drainage of a superficial magma reservoir [5,49], inducing
ground deflation [55], a deepening of the VLP seismic source [5], and the cessation of summit explosive
activity [5].

The volume of the drained magma can have critical implications on the eruption style and on
its transition from effusive to explosive [56]. A previous author [4] calculated a total bulk volume of
7.4 x 10° m3 using data derived by the new satellite Technology Experiment Carrier-1 (TET-1) by the
German Aerospace Center (DLR), whereas others [5] evaluated a total bulk volume of 5.5 x 10° m? by
thermal images from satellites using the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor on-board the Terra and Aqua satellites. This last value was also confirmed by [57]. In MODIS
approach, the error is usually estimated at 50% [58].
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Figure 10. Schematic sketches representing the onset of the 2014 flank eruption as reconstructed on
the basis of the new data presented in this paper. (a) The run-up phase of the 2014 flank eruption was
characterized by high magma level beneath the crater terrace, which peaked on 6 August 2014 morning,
with the occurrence of a large overflow from the NEC-hornito, triggering its collapse. Then the activity
migrated from the NEC-hornito towards the NEC1. (b) The onset of the eruption coincided with the
lateral dike propagation from the crater terrace along a NE-SW direction, triggering the instability of the
NEC-talus, as evidenced by the increase in displacement rate at NEC-talus (until the loss of coherence
in the GBINSAR data, compare with Figure 5) and landslides number (Figure 7). (c) Then the shift in
the effusive vent from V1 to V2 occurred, (d) closely related to the NEC-talus collapse. Magmatic and
mass-wasting phenomena are represented in red and in black, respectively.

To improve the volume estimation, we calculated the topographic change by comparing the 2012
and 2017 DEMs. This approach considers the volume variations due to erosion and accumulation
occurred between the two acquisitions, therefore also the topographic changes occurred before or
after the eruption and the volume of the lava flow emplaced below sea level during the first days
of the eruption. However, in this area there was no evidence of significant erosive phenomena [7],
and moreover the evidence of large accumulation (i.e., more than 1-2 x 10° m3) of lava or a debris
flow under the sea is still missing [28].

We estimated that during the 2014 flank eruption, a volume of 3.07 £ 0.37 x 10° m of lava was
emplaced on the steep SAF slope, i.e., most of the volume emplaced in the subaerial part of the volcano.
This value is close to the previous estimations of 5.5 x 10° m? [5,57], which however comprises also
the minor portion emplaced below sea level.

Some authors [57] proposed that the critical factor for triggering the most violent explosive events
(paroxysms, [59-61]) is the decompression rate, suggesting that rates >10 Pa s~! can potentially favor
the ascent of gas-rich magma batches responsible for the paroxysmal explosions that occurred at
Stromboli during the 2002-03 and 2007 flank eruptions.

A critical aspect is that the paroxysmal explosions of both 5 April 2003 and 15 March 2007
occurred while effusive activity was still going on, and when the lava effusion rate (related to
the magma decompression rate) was decreasing with respect to the initial phases of the eruptions.
Moreover, the 2002-03 and 2014 flank eruptions were characterized by the same mean effusion
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rate [57] but, differently from the 2002-03, the 2014 eruption did not produce any paroxysm during the
effusive activity.

A different approach to understand the transition from effusive to explosive style can be obtained
by estimating the cumulated effusive volume. In fact, a previous author [56] proposed that the erupted
volume during flank eruptions at Stromboli is very important for hazard estimation, because it is
considered a key factor for the triggering of paroxysmal explosive activity. Calvari et al. [56] proposed
that there is an erupted magma bulk volume limit of 6.5+ 1 x 10° m®. Once that this volume is poured
out, for example by drainage due to the opening of a flank fissure, the decompression induced on the
shallow storage can trigger paroxysmal activity, by bringing at shallow levels the gas-rich magma that
is in the lower conduit [62-64]. Calvari et al. [56] point out that the rate of effusion, and consequently
the decompression rate, is less crucial to trigger powerful explosive activity. This interesting aspect has
also been observed trough laboratory experiments allowing direct observations of explosive expansion
of a slowly decompressed magma analog [65]. The analog experiments highlighted that under these
conditions an explosive eruption would only occur when sufficient magma was spilled from the
conduit, in agreement with the considerations of [56]. The inferred volume of 2014 emitted lava
(3.07 & 0.37 x 10° m?), even adding 1-2 x 10° m? of underwater volume not measurable with our
DEMs approach, is below the limit of 6.5 + 1 x 10° m® suggested by [56] and, therefore, consistent with
the absence of the paroxysmal explosion. This consideration also explains the different behavior of the
2014 eruption (with absence of paroxysmal activity), respect to the 2002-03 eruption (with paroxysmal
explosion). In fact, although the two eruptions had the same mean effusion rate, the 2014 emitted
volume did not reach the critical limit (6.5 x 10° m®) that was instead overcome by the 2002-03 eruption.

5. Conclusions

Integration of in situ and remote-sensing measurements can strongly support the management of
eruptive crises at active volcanoes. In this paper, data from the in situ (visible and infrared) live-cam and
seismic monitoring network, measuring the ground motion in the seismic band (0.02-10 Hz), have been
integrated with ground displacement recorded by a GBInSAR device. Furthermore, to constrain the
erupted lava volume, DEMs from LiDAR and PLEIADES-1 tri-stereo were compared, also supported
by the high-resolution PLEIADES-1 optical images, supporting the areal mapping of the 2014 lava flow
field. The main findings are:

e  live-cam and explosion-quake data revealed that the explosive activity peaked between 5 and
6 August 2014, whereas the GBInSAR device recorded a drastic increase in the displacement rate
since the morning of 6 August, consistent with a strong inflation of the crater terrace;

e ground displacement started to show evidence of sliding in the crater terrace after the 6 August 2014
evening, as also evidenced by seismic signals;

e  the onset of the 2014 flank eruption involved the breaching of the summit cone with emplacement
of a landslide along the SAF (anticipated by the GBInNSAR measurements, observed by the live
cam, and recorded by the seismic data), the opening of an eruptive fissure on the NE flank of the
cone (observed by the live cam), and the effusion of lava from the crater rim at first and from the
eruptive fissure later, feeding the 2014 lava flow field;

e the eruption was characterized by the lava effusion along the SAF from a fissure at 650 m above
sea level (a.s.l.) that lasted until 13 November 2014, with a total volume of 3.07 4 0.37 x 10° m?
of lava emplaced on the steep SAF slope;

e  this volume is below the limit of 6.5 & 1 x 10° m3 expected for triggering a paroxysmal explosion.

This work highlights the importance of considering data from in situ sensors and remote-sensing
platforms in monitoring active volcanoes. Comparison of data from live-cams, seismic monitoring,
and ground displacements recorded by GBINnSAR devices provide information about the eruptive
activity, nowcasting the shift in eruptive style from effusive to explosive. At the same time, the landslide
activity during the run-up and onset phases could be forecasted and tracked using the integration of
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data from the GBINSAR and the seismic landslide index. Finally, the use of airborne and space-borne
DEMs permitted the detection of topographic changes induced by the eruptive activity, allowed for
the estimation of the total erupted volumes.
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Abstract: Volcanic history of Santorini over recent years records a seismo-volcanic unrest in 2011-12
with a non-eruptive behavior. The volcano deformation state following the unrest was investigated
through multi-sensor Synthetic Aperture Radar Interferometry (INSAR) time series. We focused on the
analysis of Copernicus Sentinel-1, Radarsat-2 and TerraSAR-X Multi-temporal SAR Interferometric
(MT-InSAR) results, for the post-unrest period 2012-17. Data from multiple Sentinel-1 tracks and
acquisition geometries were used to constrain the E-W and vertical components of the deformation
field along with their evolution in time. The interpretation of the INSAR observations and modelling
provided insights on the post-unrest deformation pattern of the volcano, allowing the further
re-evaluation of the unrest event. The increase of subsidence rates on Nea Kameni, in accordance
with the observed change of the spatial deformation pattern, compared to the pre-unrest period,
suggests the superimposition of various deformation sources. Best-fitting inversion results indicate
two deflation sources located at southwestern Nea Kameni at 1 km depth, and in the northern
intra-caldera area at 2 km depth. A northern sill-like source interprets the post-unrest deflation
attributed to the passive degassing of the magma intruded at 4 km during the unrest, while an
isotropic source at Nea Kameni simulates a prevailing subsidence occurring since the pre-unrest
period (1992-2010).

Keywords: volcano deformation; SAR interferometry; post-unrest deflation; inversion modelling; Santorini

1. Introduction

Santorini volcano is considered to belong in caldera-forming systems undergoing long-term
periods of quiescence, of approximately 20,000 years (Figure 1). Although its last big eruption dates
back 3600 years, its volcanic activity up to the most recent eruption in 1950 [1] was intertwined with
the building of the intra-caldera islets of Palea and Nea Kameni. The latest volcano’s reactivation was
followed by the restless period of 2011, which did not culminate in an eruption. Increased microseismic
activity [2] and significant ground uplift [3] reaching 14 cm from March 2011 to March 2012 at Cape
Skaros (Figure 1), and 9 cm at Nea Kameni islet [4], underlined the seismo-volcanic unrest. Most
studies based on geodetic data interpret the episode with a single inflation source due to magma
intrusion, at the northern part of the caldera, estimated within 3—4 km depth [4-8]. An alternative
model based on GPS data [9], proposes two inflationary magmatic sources that relocate in depth
and geographic location throughout the unrest. The evolution of the shallow magma body beneath
Santorini appears to have been regulated by the episodic rapid magma supply from a deeper magmatic
system, while a significant volume of magma was intruded in short pulses between January 2011 and
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April 2012 [6,10]. Since the ending of the 2011-12 unrest, the volcano has presented no further activity,
as confirmed by geodetic measurements [4,11] and seismicity [2]. Similar behavior, with extended
periods of quiescence, interrupted by short non-eruptive activity, is also observed in other caldera
volcanic systems [12-14].
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Figure 1. Location map of Santorini volcano and seismicity distribution for the period 2011-17 [2].
Earthquake foci in gray color represent the unrest period between January 2011 and May 2012
(ML < 3.3), whereas epicenters in red correspond to the post-unrest period from September 2012 to
August 2017 (ML < 2.3). KFZ and CFZ represent the Kameni and Columbos Fault Zones, respectively.
CS indicates Cape Skaros undergoing the maximum uplift (14 cm) during the 2011-12 unrest episode [4].

Recent advances in geodetic imaging techniques and the systematic availability of Synthetic
Aperture Radar (SAR) data from spaceborne missions provided the necessary tools and data, in order
to monitor the deformation field of Santorini volcano over the post-unrest period, and to re-evaluate
the deformation mechanism during the unrest. MT-InSAR techniques were employed to generate and
analyze the SAR deformation time series. A comprehensive analysis of multi-sensor SAR acquisitions
of Copernicus Sentinel-1, Radarsat-2 and TerraSAR-X satellite missions was performed to investigate
the evolution of ground deformation from 2012 to 2017. The Copernicus Sentinel-1 and Radarsat-2
measurements were further analyzed in an inversion framework to estimate the source parameters
that can best resolve the observed displacements, while TerraSAR-X data provided an additional
source of information to verify the deformation pattern. Finally, insights on the post-unrest response
of the volcano and the interrelationship between the post-unrest interval and the unrest event were
investigated, while ERS-1 and -2 and ENVISAT data from 1992 to 2010 [3,4] were additionally used to
interpret the similarity between the pre- and post-unrest volcano’s deformation.

2. Santorini Volcanic Setting

Santorini volcano is part of the Hellenic Volcanic Arc in the Southern Aegean Sea (Figure 1), and
it is partly situated on a SW-NE trending tectonic horst, the Amorgos Ridge, whereas the northwestern
half of the volcanic field lies within the Anydros Basin [15]. Extensional tectonics seems to have a
profound effect on Santorini volcano. Regional fault systems, namely the NE-SW striking Kameni and
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Columbos Fault Zones (KFZ, CFZ) [16-18] mark the alignment of several eruptive vents [16,19] and
have been interpreted as major normal faults moving in response to a NW-SE extension [20].

Volcanism in Santorini evolved with time from an early formation of volcanic cones, two
successive explosive cycles of pyroclastic eruptions, and the later collapse of the caldera with the
development of shield volcanoes within the caldera [16]. Since the caldera-forming Minoan eruption
in the late 1600s BC, a peculiar volcanic configuration was finally set, with two active volcanoes, the
Nea Kameni volcano located at the center of the caldera and the Columbos submarine volcano located
almost 7 km NE of Thera [21-23] (Figure 1). The largest volcanic eruptions date to 197 BC, 1866, 1925
and 1949-50 and are all associated with Nea Kameni volcano. However, an eruption in 1650 AD took
place offshore at Columbos volcano [24,25]. Aseismic and small-scale intrusions are inferred to have
been emplaced on the northern caldera between 1994 and 1999 [26]. Marine geophysical surveys
in the same area provide evidence of shallow intrusions of the post-Minoan activity [27]. The most
recent activity of the volcano was recorded at the beginning of 2011 lasting up to the first half of
2012 [3-9]. This activity was marked by an increase of low magnitude (ML < 3.2) earthquakes, mainly
aligned along the Kameni fault [28], deformation and changes in the geochemical parameters of the
gas emissions. These unrest signals were concentrated within the caldera sector surrounding Nea
Kameni and Thera [2,29]. Since the ending of the unrest, seismicity associated with caldera volcanic
activity has decreased (Figure 1).

3. Materials and Methods

3.1. SAR Interferometric Processing

Differential Interferometric SAR (DInSAR) techniques are widely used to detect and monitor
subtle ground displacements associated with volcanoes, such as dome growth and subsidence [30,31].
By combining SAR observations from different sensors and viewing geometries, over common
acquisition periods, a proper characterization of the spatial and temporal deformation patterns
can be robustly achieved. Advanced Multi-Temporal INSAR (MT-InSAR) time series analysis
techniques offer the capability to monitor the temporal evolution of ground deformation phenomena.
These techniques lie on the capability to utilize large series of SAR imagery to measure small
deformation signals, to millimeter level of accuracy, on individual Persistent Scatterers (PS) point
targets (human infrastructures, natural scatterers). Several MT-InSAR techniques have been proposed
(e.g., References [32-45]), each following different approaches for the identification of point scatterers
and resolving displacement histories. A detailed review of proposed MT-InSAR techniques in the
literature is presented in Reference [46].

In this study, the MT-InSAR approach proposed by Reference [47] was adopted, by using
the GAMMA s/w packages. The implemented Terrain Observation by Progressive Scans (TOPS)
acquisition mode [48] on Sentinel-1 mission required specific/particular interferometric handling
to ensure proper coregistration of burst-type data compared to standard stripmap acquisitions [49].
Sentinel-1 captures 250 km in three sub-swaths in range, each divided into nine bursts in azimuth.
Burst synchronization ensures the interferometric capability of the mission. Since accuracy at 0.005
pixels is required [50], coregistration is performed on a pixel basis using initial orbital information
and DEM-assisted cross-correlation methods, while an iterative refinement procedure is followed, by
using the Enhanced Spectral Diversity (ESD) technique [49,51]. The coregistration scheme was further
adapted to avoid temporal decorrelation effect on ESD estimates, especially since the burst overlap
areas for Santorini are spatially limited over land. The estimation of ESD offsets for each scene were
based on the temporally closest already coregistered slave, in such a way that coregistration proceeds
successively, starting from the scenes closest to the master to the most temporally distant ones.

Interferometric processing with multi-looking factors of 6x2 in range and azimuth, respectively,
was considered in order to mitigate signal variability and to obtain comparable pixel spacing to
previous ERS-ENVISAT results. Topographic phase was simulated and subtracted based on a 20 m
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resolution Digital Elevation Model (DEM) generated from 1/50.000 scale topographic map of the
Hellenic Military Geographical Service (HGMS).

Since no variability of deformation within a 6-day interval was expected, only acquisitions from
Sentinel-1A satellite were considered (12-days repeat cycle), offering a sufficiently dense temporal stack,
to minimize unwrapping artifacts due to decorrelation effects, and characterize the spatio-temporal
behavior of the deformation signal. More specifically, three Sentinel-1 orbit geometries were used
(Table 1), covering the period from October 2014 up to December 2017. Data used for the ascending
relative orbit A029 amounts to 91 acquisitions, while for the descending relative orbits D109 and D036
correspond to 93 and 92 acquisitions, respectively (Figure 2).

Table 1. Overview of SAR data in-use.

Mission Orbit Track Acquisition Mode Incidence Observation Period ~ No. Scenes
Sentinel-1A Ascending 029 TOPS IW1 33.9 2014-17 91
Sentinel-1A  Descending 109 TOPS IW1 33.9 2014-17 93
Sentinel-1A  Descending 036 TOPS IW3 43.9 2014-17 92

Radarsat-2 Descending - Stripmap 33.5 2012-16 20
TerraSAR-X  Descending - Stripmap 27.2 2012-13 25
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Figure 2. (a) Sentinel-1 IW burst coverage over Santorini volcano for the Sentinel-1 ascending
029 (A029), and descending orbits 109 (D109) and 036 (D036), and for Radarsat-2 (RS2) and
TerraSAR-X (TSX) frames; (b) Temporal distribution of Sentinel-1 data for the A029, D109 and D036
acquisition geometries.

A key point of the processing, given the size of the data stack, was to derive a redundancy
of all possible interferometric pairs. The final selection of the interferograms was done by limiting
the temporal baselines, as well as by using an upper threshold on the maximum normal baseline
value. Although the orbital tube of Sentinel-1 is well-tuned for interferometric applications (within
120 m radius), the presence of steep slopes along the caldera walls, of height differences up to approx.
300 m, led to the further control of the baselines. Interferometric stacks of 160, 160 and 242 pairs
were generated for the A029, D109 and D036 orbits accordingly, for the final MT-InSAR configuration
(Table 2).

Table 2. Interferometric pairs considered in Sentinel-1 MT-InSAR processing.

Mission Orbit Track Temporal Separation (Days)  Normal Baseline (m)  No. of Pairs
Sentinel-1A Ascending 029 120 < dt <240 Bp <20 160
Sentinel-1A Descending 109 120 < dt <240 Bp <20 160
Sentinel-1A Descending 036 90 < dt <270 Bp <20 242
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The Singular Value Decomposition (SVD) approach was used to obtain a solution for the phase
time series, based on a set of multi-reference point differential interferograms. Deformation phase time
series were estimated using a weighted least-squares algorithm that minimized the sum of squared
weighted residual phases [36]. The phase model included a height related term proportional to the
derivative of the interferometric phase with respect to height, allowing the update of PS heights
during the interferometric processing. To mitigate the atmospheric contribution, filtering based on
assumptions of atmospheric statistics [33] was applied in both temporal and spatial domains, in a way
to minimize the effect of spatially correlated and temporally uncorrelated signal.

Redundancy of interferometric pairs reduces uncertainties in the time series mainly due to
phase errors introduced by decorrelation and residual topography. With respect to the selected
pairs (Figure S1), few scenes per orbit were excluded from the analysis; still temporal sampling was
sufficiently dense to examine temporal variability in PS displacement histories. For each solution the
linear displacement phase rate, the standard deviation of the phase time series relative to the linear fit,
as well as the unwrapped phases for each PS target were stored.

3.2. Hosted Processing on Geohazards Exploitation Platform

The Geohazards Lab initiative, originated by the European Space Agency (ESA) with the support
of several other space agencies of the Committee on Earth Observation Satellites (CEOS), is based
on a group of interoperable platforms with federated resources providing Earth Observation (EO)
data access, hosted processing and e-collaboration capabilities to animate and support the geohazards
user community [52]. One of its precursors is the Geohazards Exploitation Platform (GEP) (https:
/ / geohazards-tep.eu), developed in the framework of the ESA Thematic Exploitation Platforms (TEP)
initiative and has been available since 2016. Today, GEP has primary focus on mapping hazard-prone
land surfaces and monitoring terrain deformation. The platform has been expanded to include a
broad range of products and services, currently available or under development on cloud processing
resources like the GEP, to support experts and users to better understand geohazards and relevant risks.

In the framework of the ESA funded project “Disaster Risk Reduction using innovative data
exploitation methods and space assets”, ground deformation maps were produced on GEP for the
Santorini volcano. Processing was based on a customized implementation of the StaMPS Persistent
Scatterer Interferometry (PSI) software [40]. For the period 2012-16 average Line-Of-Sight (LOS)
velocities were based on 20 descending Radarsat-2 images, while TerraSAR-X data (25 scenes in
descending orbit) were used for the 2012-13 period (Table 1). Datasets are available via Zenodo
repository [53].

GEP PSI results are provided as raw velocities generated from automatic processors and have
not undergone any post-processing. The adjustment of the reference point was addressed to ensure
compatibility with Sentinel-1 results obtained herein, and visual inspections were performed to exclude
regions potentially affected by isolated unwrapping errors.

4. Interferometric Results

A multi-temporal interferometric analysis approach was implemented to explore the dense
temporal series of Sentinel-1 data, and to provide the displacement time series for each identified
PS target. The MT-InSAR results are shown in Figure 3, presenting the measured LOS displacement
rates for each of the Sentinel-1 acquisition geometries. Common deformation patterns are retrieved,
indicating LOS motion rates up to —7 and —9 mm/yr over Nea Kameni islet. Variations of maximum
observed motion could be partly attributed to the different incident angles between the acquisition
geometries. Despite the large amount of data, the relatively short observation period (3.2 years) does
not permit substantial decrease of the measurement uncertainties, though they were maintained at a
level of 1.5-2.0 mm/yr (Figure S2). Additionally, the relatively high coherence levels, due to the short
span of the interferometric pairs used, especially over Nea Kameni, underline the robustness of the
obtained results.
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Figure 3. Sentinel-1 MT-InSAR LOS displacement rates of Santorini volcano for the period 2014-17 (a)
Ascending orbit 029; (b) Descending orbit 109; (¢) Descending orbit 036. Displacement rates are given
relative to the reference point, marked by a rectangle. The line-of-sight and azimuth directions of the
satellite are displayed by blue and black arrows, respectively. LOS velocity is negative away from the
satellite. Values in degrees correspond to the incidence angles.

It is worth mentioning that deformation does not seem to follow exactly the same pattern among
the different orbits (Figure 3). Therefore, the southwestern part of Nea Kameni seems to be most
affected in the ascending orbit, while in the descending ones, maximum deformation is shifted to
the central and northern parts of the islet. This spatial variability implies the presence of horizontal
motion, also mentioned in previous study [4].

The displacement time series for a PS target over Nea Kameni islet is shown in Figure 4. It is
possible to observe the presence of a periodic (annual) component of the displacement, identical
both in terms of period and amplitude for all Sentinel-1 datasets (Figure 5). The amplitudes of the
oscillations (up to 5 mm) are not negligible with respect to the expected linear deformations rates. Such
cyclic motions can therefore significantly affect, by under- or over-estimation, the deformation rates
calculated based on linear regression of the displacement time series over a few years’ time-spans.
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Figure 4. Temporal evolution of LOS displacements over selected PS target located on Nea Kameni, for
the three Sentinel-1 acquisition geometries shown in Figure 2.
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Figure 5. (a) Time series of LOS displacements at a selected point (see Figure 4); (b) Seasonal component
obtained by Fourier transform; (c) Time series corrected for the seasonal oscillations.

To compensate for this source of error, a linear interpolation to the time series was initially
applied to produce a regular 6-day sampling, in order to fill gaps in the temporal series. To quantify
quasi-annual motion, we then calculated a Fourier transform of the time series by only selecting periods
between 200 and 500 days. Other frequency intervals were set to zero. The maximum amplitude of the
resulting spectrum was then identified. The corresponding cyclic function (d) of time (f) was retrieved
on the basis of the amplitude (A), period (T) and phase (¢) of the Fourier transform for the frequency
of the spectrum’s maximum (Equation (1)):

d = Acos(2m % +¢) (€]

The obtained cyclic component was finally removed from the initial time series and the LOS
displacement rates for each PS were re-computed as the slopes of the corrected displacement time
series (Figure 5). Such periodic signal can be attributed to the topography-dependent atmospheric
component of the SAR, also reported for several other volcanoes [54,55].

By compensating for the seasonal signal in the time series, a noteworthy decrease in the
displacement rates is apparent for the major part of the volcano (Figure 6). The new estimation
of the displacement rates provided the actual deformation that was used to model the source dynamics.
It was not in fact possible for such correction to be derived from Radarsat-2 PSI results, as data
provided via GEP platform [53] concerned only LOS velocities and not actual time series.

Furthermore, LOS measurements were decomposed into vertical and E-W motion components to
facilitate the better interpretation of motion patterns. The E-W and vertical components were calculated
using all three Sentinel-1 geometries in a comprehensive decomposition scheme, considering as well
the variability of the incidence angles within the scenes (Figure 7). The procedure involved rasterization
of MT-InSAR point vectors and calculation of the two components on common pixels. Then, spline
interpolation was applied to fill gaps and obtain a more visually appealing result. It is worth noting
that, for the comparison against modelling results and the calculation of misfits, only pixels presenting
real and not interpolated data were considered.
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Figure 6. Sentinel-1 MT-InSAR LOS displacement rates after the correction for seasonal effects (a)
Ascending orbit 029; (b) Descending orbit 109; (¢) Descending orbit 036. Displacement rates are given
relative to the reference point, marked by a rectangle. The line-of-sight and azimuth directions of the
satellite are displayed by blue and black arrows, respectively. Values in degrees correspond to the
incidence angles.
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Figure 7. (a) Vertical and (b) East-West displacement rate maps of Santorini volcano for the period
2014-17, decomposed and interpolated, by combining Sentinel-1 LOS observations (see Figure 2).
Displacement rates are given relative to the reference point, marked by a rectangle.

Prevalent subsidence for the entire Nea Kameni is indicated by the vertical motion map of
Figure 7, reaching —7 mm/yr. The observed concentric deformation pattern presents an opening
towards northern parts of the islet, where high deformation rates are also evident. Motion for the
rest of the area has also been reduced after compensating for the seasonal signal, with overall rates
(a couple of mm/yr), mostly within the uncertainties of the measurements. Concerning horizontal
E-W motion, as expected, the N-S extending zero deformation zone on Nea Kameni is well aligned
to the local concentric subsidence pattern, showing opposite motions on both sides and towards the
area of maximum deformation. For the rest of the volcano, of significant interest is the relatively
high westward motion of Cape Skaros, an area that accumulated the highest inflation rates during
the 2011-12 unrest [4]. On the basis of the SAR Interferometry results, Nea Kameni remains the area
exhibiting the highest ground deformation during the post-unrest period, with higher rates compared
to the pre-unrest period (average subsidence rate of —5 =+ 0.6 mm/yr for the 1992-2010 period) [3,4,56].
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In addition to this, the ongoing deformation at Cape Skaros on the main island indicates that the
volcano has not fully recovered yet.

Finally, regarding GEP PSI results and specifically those of Radarsat-2 (2012-16), having major
overlap with the Sentinel-1 observations (2014-17), they are showing comparable motion in terms
of both spatial pattern and magnitude (Figure 8a). Providing a complementary LOS measurement
angle and sufficiently large time span for obtaining a robust solution, they were considered in the
source modelling. On the contrary, for TerraSAR-X PSI (Figure 8b), and mainly due to the difference
in the temporal coverage (2012-13), as well as the level of noise in the data, a decision was made
not to include them in the inversion modelling. Nonetheless, they provided valuable information to
underline the higher deflation rates observed during the early post-unrest phase. LOS displacement
rates up to —12 mm/yr were observed in the center of the Nea Kameni islet with a visible concentric
deformation pattern, whereas a similar localized deformation is denoted at the northern part of the
islet. Apart from the higher deformation of TerraSAR-X data, due to the temporal proximity to the
unrest, spatial deformation patterns are consistent with Sentinel-1 data, indicating the persistence of
the deformation maxima areas since 2012.
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Figure 8. PSI average LOS velocities for (a) Radarsat-2 data (2012-2016), and (b) TerraSAR-X data
(2012-2013), obtained from GEP [53]. The line-of-sight and azimuth directions of the satellite are
displayed by blue and black arrows, respectively. Values in degrees correspond to the incidence angles.

5. Source Modelling

InSAR data show subsidence of the inner islets and, partially in the main island of Thera, across
the inner walls (Figure 6). This pattern is quite new with respect to the pre-unrest, since 1992-2010
InSAR results show a subsidence pattern limited to the Kameni islets, and negligible deformation for
the rest of the caldera [3,4,56,57]. Furthermore, the subsidence on the Kameni islets after the unrest
extends to a wider area with respect to the pre-unrest period. During the unrest, higher uplift was
concentrated on the main island at Cape Skaros, whereas Nea Kameni demonstrated comparable uplift
rates of the northern part, with an observed tilting towards the south.

SAR modelling of a single deflating source attributed to the caldera-wide deformation yielded
residuals in Nea Kameni justifying the use of a second source for the inversion (Figure S3). In order
to take into account the localized subsidence at Nea Kameni and the caldera-wide deformation,
two separated sources of deformation were considered. A joint inversion of mean velocity data
was performed from ascending and descending Sentinel-1, together with descending Radarsat-2.
The datasets were pre-processed by masking the areas undergoing layover issues, affecting in particular
the inner cliffs in the ascending orbit of Sentinel-1 data. Afterwards, the four datasets were subsampled
with a step of 60 m in the inner islets and 200-300 m in the remaining islands of Santorini.
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The non-linear geodetic inversion was performed considering a 2-steps procedure based on the
Neighbourhood Algorithm [59,60]. The VSM (Volcano and Seismic source Model) is a FORTRAN code
retrieving not only the best-fit model, but also performing a second step with a Bayesian inference
in the generated model ensemble. For the reasons described above, two sources were adopted, one
for the caldera-wide deformation, and another one for the localized subsidence at Kameni islets.
After several attempts aiming to minimize the residuals (a chi-square function) between data and
models, we obtained a chi-square equal to 1.2, and the preferred source models are to be a sill-like
source [58] for the caldera-wide deformation, and an isotropic source for the localized deformation in
Nea Kameni [61,62].

Results are shown in Figures 9 and 10 by combining Sentinel-1 data for the East-West and
vertical components. The modelled data is simply the East-West and vertical component of the mean
model, without further interpolation. Detailed comparisons for all the datapoints jointly inverted are
reported in Figure 54, while the posterior probability density functions are shown in Figures S5 and S6.
The caldera-wide source is located below the sea, north of Kameni, at a depth of 2 km. It has a radius
of a few hundred meters and underwent a volume variation rate of —12-10* m® yr~! during 2012-17
(Table 3). The volume variation is not inverted, but it is computed from the sill parameters, considering
the medium as Poissonian. The second source is located below the area of maximum subsidence at Nea
Kameni, at a depth of about 1 km, and characterized by a volume variation rate of —1.4-10* m3 yr—1.
The surface projection of the source center coincides with the change of direction of the East-West
component, as expected for isotropic sources. The residuals show a trend of underestimation in the
northern islands of Santorini for the horizontal component. However, the horizontal displacement
is affected by larger errors than the vertical, amounting to few mm/yr. The vertical component
shows some residuals across the northern cliffs, but as that area was affected by layover issues in the
ascending orbit, it is therefore characterized by a larger uncertainty than the rest of the dataset.
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Figure 9. Results from the VSM (Volcano and Seismic source Model) inversion of the four datasets
reported in Table 3. Data comparisons concern East-West and vertical components. In the first column
are the East-West (a) and vertical (d) data, in the second column (b,e) the model, and in the third
column (c,f) the residuals, respectively. Black open circle and black dot are the surface projections of
the center of the caldera-wide source and the Nea Kameni source, respectively.
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Figure 10. (a—c) Distribution of the deformation source location presented in this study, compared to
previously published solutions. 2D posterior probability density functions of the two sources inverted
are reported with 20% confidence contour. The mean models of this study are marked by a black star.
Previous sources are reported as empty squares if referred to the unrest (inflation), filled squares if
referred to the slow pre-unrest subsidence.

Table 3. Mean values of the inverted source parameters.

Model E? N2 Depth AV/t Radius AP/u/t
km km km 10* m3 yr—1 m 10~ 4yrt
Sill (caldera—wide) 355.7 £0.3 4033.7 £0.3 20£03 —12+6" 520 4 200 —44+3
Mogi (Kameni) 356.0 £ 0.1 4029.8 £0.2 1.1£02 —14+03 n.a. n.a.

@ Easting and Northing are in Universal Transverse Mercator (UTM) projection, zone 35N. b Volume variation rate
not inverted, but computed from Reference [58].

6. Discussion

The temporal evolution of ground deformation at Santorini, after the unrest episode, seems to be
controlled by a set of two shallow sources, favoring a more complex scenario of the volcano dynamics
(Figure 11). The model proposed here, probed with four different C-band SAR observations from
Sentinel-1 and Radarsat-2 missions, led to better constrain the deformation sources acting during the
post-unrest period. The two-source model considers two deflating sources with a 4 km distance in
between. The first source is a deflating, Mogi-like source located at about 1 km depth and centered
below Kameni island. The second source is a sill-like body at 2 km depth located just above the deeper
(about 4 km) source of the 2011-12 unrest episode [4-9]. According to the available geochemical
data, an increase of CO, concentration has been observed after the unrest period [63]. This increase
has been interpreted as an increase in the permeability of the volcanic pile along the Kameni fault
resulting from the seismic activity during the unrest. According to these data, and taking into account
the results of recent models of degassing from magma chambers [64], we propose that dynamics
of our sill-like deflating source is related to the passive degassing (second boiling) of the magma
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intruded at 4-5 km depth during the unrest. This interpretation is consistent with the shallower
depth (about 2 km) and geometry (sill-like) of the top of the magma reservoir, in which a volatile
saturated zone is formed at the top by accumulation of gases associated to initial states of fractional
crystallization and cooling [64-66]. This interpretation is also supported by the available geochemical
data, which show a significant increase of CO, concentration values from the unrest, uplift period
(May 2010-February 2012, CO, = 400 mmol/mol) to the post-unrest (deflation) period (March-July
2012; CO, = 800 mmol/mol) [62]. Such increase excludes the occurrence of drain-back of magma
because, in that case, a decrease in the CO, concentration values should be observed.
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Figure 11. Schematic diagram summarizing SAR geodetic results presented herein and in Reference [4].
A shallow caldera-wide source (sill) at around 2 km depth reflects the post-unrest deflation of the deeper
magma chamber responsible for the 2011-12 unrest episode. The volumetric spherical/spheroidal
unrest source currently seems to undergo a depressurization due to degassing from its upper parts. A
shallower deflating source (Mogi), at around 1 km depth, is also shown below Nea Kameni, exhibiting
similar behavior for both the 1992-2010 pre-unrest and 2012-17 post-unrest periods.

Therefore, the degassing from this shallower source, which easily develops along the preferred
pathway of the Kameni fault zone (e.g., References [28,63]) is responsible for the observed deflation of
the 2 km deep sill-like source. The volume variation involved, as computed from the elastic models is
in the order of 10° m3/ yr, which is 1/100 of the volume variation involved during the 2011-12 unrest.
Regarding the nature of the degassing magma, Reference [67] suggest that a 3He- and volatile-rich
mafic magma intruded during the unrest. According to the conceptual model proposed above, such
volatiles migrated in the uppermost portion of the reservoir and were passively released to the surface
along the Kameni line. A component of deformation related to magma cooling can also be invoked for
the observed subsidence, however, according to Reference [64], it plays a minor role.

Prior studies based on GPS and SAR observations for the unrest period [4-9], yielded a single
inflating magma source in the northern intra-caldera area. While nearly all solutions follow almost
N-S dispersion, they still indicate the same unrest center, if we take into consideration their location
uncertainties (Figure 10). On the contrary, Reference [9] using GPS time series determined two source
locations, one offshore, about 1 km northern of the N-S cluster solutions, with comparable depth, and
a deeper one (7-8 km) on Nea Kameni islet. Our post-unrest deflating sill at the northern intra-caldera
area is in good agreement with the unrest Mogi source of Reference [9], for their better constrained
solution (period P1, Jan-Jun 2011), in terms of number of GPS stations and larger deformation gradients.
On the whole, the inefficacy to well constrain magma sources using single SAR LOS observations, or
GPS measurements that suffer from poor spatial sampling should be underlined. The utilization of
multiple geodetic assets is thus beneficial and should be certainly taken into account when designing
volcanic monitoring systems.
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The InSAR results and modelling for the Nea Kameni deformation source of this study
demonstrate a comparable pattern to previous ERS and ENVISAT observations covering the 1992-2010
pre-unrest period [3,4,56] (Figure 12a). The source’s identical location and volume variation rate
between the two intervals points to the hypothesis of a steady deformation signal. By assuming
the pre-unrest deformation rate (ERS/ENVISAT) as background motion, and subtracting it from
the Sentinel-1 post-unrest deformation rates, we were able to reveal the post-unrest response signal
(Figure 12). Thereafter, to simplify the comparison between different LOS incident angles, we only
considered the vertical component of the displacement.
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Figure 12. Vertical motion on Kameni islets derived from (a) ERS-ENVISAT observations for the
1992-2010 pre-unrest period [4]; (b) Sentinel-1 MT-InSAR observations for the 2014-17 post-unrest
period; (c) Differences between Sentinel-1 post-unrest and ERS-ENVISAT pre-unrest motion rates; (d)
Forward modelling results considering only the deflating 2014-17 post-unrest caldera-wide source. By
compensating for the steady pre-unrest subsidence (a), Nea Kameni seems to undergo a tilt towards
the north during the post-unrest period (c), fully compatible with the deformation pattern induced by
the deflating caldera-wide source (d).

The outcome specifies a ramp tilting towards the north with rate of 5.5 £ 2.7 mm/yr. Modelling
results adopting only the sill (the caldera-wide source) show an identical tilt at Nea Kameni (3.4
mm/yr), due to the deflation of the sill source at the northern caldera (Figure 12d). The computed
tilt rate is within the uncertainty of SAR estimates. This demonstrates that local subsidence at Nea
Kameni can be considered of the same amount during 1992-2010 and 2014-17, while the residual tilt
of 2014-17 at Nea Kameni is attributed to the caldera-wide deflating source of the post-unrest period.

The existence of the local post-unrest shallow deformation source at Nea Kameni, having the same
behavior as in the pre-unrest period in terms of both deformation rate and spatial pattern, suggests
its continuous action during the unrest. Modelling misfits over Nea Kameni for the unrest period
indicate a systematic over-estimation of both SAR and GPS data, as demonstrated in other studies only
considering a single offshore magma source [4-6,9]. Therefore, the same volcanic activity is supposed
to occur at Nea Kameni during the unrest, consistent with the pre-/post-unrest steady subsidence
of —5 mm/yr [3,4]. However, such deformation cannot be isolated in the uplift data, since a total
amount of 9 cm was measured at Nea Kameni during the unrest. In order to quantify the effect of
the local source to the main source of the unrest, we ran a model with two sources. The first one was
the unrest source as in Reference [4], and the other one was the Nea Kameni source as constrained
in this work. The percentual change of the volume variation rate in the case of a single active source,
as opposed to the case where both sources are active, amounts to 0.2%. So, in case the deflation at
Nea Kameni is taken into account during the unrest, the inflating magma source is still located at the
same position and depth (3.7 km), undergoing an increase of only 0.2% of the volume variation rate.
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This is not surprising, since the unrest generated large displacements that were actually masking out
the deformation at Nea Kameni. In our opinion this prevents an independent constraint of the Nea
Kameni source from data, since its action is partially concealed by the unrest. The unrest source has a
volume variation of the order of 107 m3/ y1, while the Nea Kameni source amounts to 10* m3/ yr, so it
fits the effect of the Nea Kameni source on the unrest source being of the order of 1073.

The Nea Kameni deformation source is suggested by Reference [4] as the effect of variations
within the shallow hydrothermal system, the existence of which is reported by Reference [68] at
800-1000 m depth. A different mechanism is suggested by Reference [57], whereas slow subsidence
could reflect the thermal cooling and the load-induced relaxation of the substrate due to lava flows
emitted between 1866 and 1870. In view of our SAR results, and the identification of the same slow
subsidence signal before and after the unrest, this latter scenario could not also be ruled out. Based
on geodetic data [9] and petrological studies [69,70], deeper volcanic-related processes beneath Nea
Kameni are also proposed. If, over and above, we take into account that historic lava flows built up
the intra-caldera islets of Palea and Nea Kameni and that the last lava emplacement took place in 1950,
the involvement of still-ongoing deep processes beneath Kameni islets could support this hypothesis.

As a final remark, our results show that a change (decrease) in the subsidence rate at Nea Kameni
could reflect the onset of a renewed unrest, and as a consequence, the geodetic monitoring of ground
deformation represents a key to deciphering the dynamics of the Santorini shallower plumbing system,
even for periods not accompanied by seismic activity or increased degassing. The Kameni deformations
are therefore of primary importance to correctly interpret future unrest episodes and evaluate the
volcanic hazard.

7. Conclusions

The MT-InSAR analysis of the dense temporal Sentine-1 data series allowed us to measure the
post-unrest ground deformation of the Santorini volcano. The results provide additional insights on
the recognition of an annual, seasonal periodicity in the displacement time series, affecting the accurate
estimation of the deformation gradients. Whether this oscillation pre-existed during the unrest period,
or even before, cannot be ascertained due to the non-systematic temporal coverage of former SAR
acquisitions. Hence, this new estimation provides an important step for a more reliable assessment of
the volcano deformation.

The new volcano state after the unrest period is confirmed by the geodetic analysis of multiple
SAR sensor data (Sentinel-1, Radarsat-2 and TerraSAR-X) for the period 2012-17. The post-unrest
response to the 2011-12 inflation episode is well explained by a shallow sill-like source at 2 km depth.
This source is located just above the ~4 km deep inflation source responsible for the 2011-12 uplift.
The wide observed deflation extending up to Thera Is. (Cape Skaros and northern caldera walls)
provides evidence that the volcano apparently remains still under a recovery state. According to
the geochemical and isotopic data on gas emissions, this deflation reflects the passive degassing of
the shallow (top) portion of an intrusion of relatively poorly evolved magma emplaced during the
unrest. The degassing pathways could be represented by the Kameni fault and fractures, which were
re-activated by earthquakes during the unrest period, allowing an increase in local permeability.

The presence of a steady subsidence source at Nea Kameni, in accordance with the pre-unrest
period, led to the re-evaluation of the 2011-12 unrest. Our interpretation model suggests the
co-existence of the Kameni source during the unrest, having however a lower impact compared
to the larger deformations induced by the inflation source.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-4292/11/3/259/s1,
Text 1: Supplementary material of the manuscript. Figure S1: Temporal separation versus normal baseline plots
displaying the InNSAR pairs (connecting lines) considered in the MT-INSAR processing. Sentinel-1 scenes in blue
color were not considered in the solutions. Figure S2: Sentinel-1 MT-InSAR LOS displacement rate uncertainties
for (a) Ascending orbit 029; (b) Descending orbit 109; (c) Descending orbit 036. Uncertainties of estimated rates (see
Figure 3) are given relative to the reference point, marked by a rectangle. The line-of-sight and azimuth directions
of the satellite are displayed by blue and black arrows, respectively. Values in degrees correspond to the incidence
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angles. Figure S3: Comparison between subsampled data (first column) and modeled data (second column)
for the single source model of the post-unrest. The third column reports the residuals (observed data minus
modeled data). (a—c) Ascending orbit track 029 (a029); (d—f) Descending orbit track 036 (d036); (g-i) Descending
orbit track 109 (d109); (j-1) Descending radarsat-2 data (drs2). The shaded circle is the surface projection of the
sill-like source with its actual radius (about 2000 m). The chi-square for this model is 3.5. Figure S4: Comparison
between subsampled data (first column) and modeled data (second column). The third column reports the
residuals (observed data minus modeled data). (a—c) Ascending orbit track 029 (a029); (d—f) Descending orbit
track 036 (d036); (g—i) Descending orbit track 109 (d109); (j-1) Descending radarsat-2 data (drs2). The star is
the center of the Kameni source, the shaded circle is the surface projection of the sill-like source with its actual
radius. Figure S5: Posterior Probability Density (PPD) functions retrieved by the non-linear joint inversion of
the two sources. (a,b) Coordinates of the centre of the sill-like source (S), (c) its depth, (d) radius, (e) potency,
i.e., overpressure AP vs rigidity w; (f,g) Coordinates of the spherical source (Mogi source, M), (h) its depth, (i) its
volume variation. Easting and Northing are in UTM-WGS84 projection, zone 35. The dashed line is the mean
model. Figure S6: Two-dimensional PPD distributions. Each panel represents the 2D distribution of the inverted
parameters. Contour lines every 10% confidence. The red cross is the mean model listed in Table 3. Each panel
reports the numbering of two parameters for which the 2D-distribution is computed, considering the exact order
as reported in Figure S5 and Table 3,i.e.,a)=1,b)=2,¢)=3,d)=4,e)=5,f)=6,g)=7,h) =8,i) =9.
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Abstract: The Holuhraun lava flow was the largest effusive eruption in Iceland for 230 years, with
an estimated lava bulk volume of ~1.44 km?® and covering an area of ~84 km?. The six month long
eruption at Holuhraun 2014-2015 generated a diverse surface environment. Therefore, the abundant
data of airborne hyperspectral imagery above the lava field, calls for the use of time-efficient and
accurate methods to unravel them. The hyperspectral data acquisition was acquired five months after
the eruption finished, using an airborne FENIX-Hyperspectral sensor that was operated by the Natural
Environment Research Council Airborne Research Facility (NERC-ARF). The data were atmospherically
corrected using the Quick Atmospheric Correction (QUAC) algorithm. Here we used the Sequential
Maximum Angle Convex Cone (SMACC) method to find spectral endmembers and their abundances
throughout the airborne hyperspectral image. In total we estimated 15 endmembers, and we grouped
these endmembers into six groups; (1) basalt; (2) hot material; (3) oxidized surface; (4) sulfate mineral;
(5) water; and (6) noise. These groups were based on the similar shape of the endmembers; however,
the amplitude varies due to illumination conditions, spectral variability, and topography. We, thus,
obtained the respective abundances from each endmember group using fully constrained linear spectral
mixture analysis (LSMA). The methods offer an optimum and a fast selection for volcanic products
segregation. However, ground truth spectra are needed for further analysis.

Keywords: hyperspectral; FENIX; lava field; SMACC; LSMA

1. Introduction

Lava flow emplacement is an important constructive geological process that contributes to
reshaping natural landscapes [1-3]. To assess the hazards and long-term impacts posed by lava flows,
it is vital to understand aspects such as the return period of effusive eruptions, to map the areas covered
by eruptions in the past and to characterize the evolution of lava flow surfaces after emplacement [4,5].
In high eruption frequency areas, lava flows often overlap each other. If the overlapping lava flows
erupt within a short time span and have similar chemical and surface characteristics, discrimination
will be further complicated by their similar spectral signatures. Spectral reflectance plays an important
role in visible and shortwave infrared (VIS-SWIR) remote sensing. Each material absorbs and reflects
the incoming radiation in a characteristic way. In the 400-2500 nm range, minerals display absorption
features due to the interaction of light with cations (Fe, Mg, Al) and anions (OH, CO3) [6]. Reflectance
spectra provide information about the specific material and their composition. They are used for
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different applications such as classification of remotely sensed data, identification of mineral features
of rock, and environmental assessment [7,8]. The interest in reflectance spectra of volcanic rocks has
increased recently as they can play an important role as planetary analogues. In fact, these spectra can
be used to identify compounds by data acquired by ongoing solar system exploration missions [9,10].
Characterization of surface spectral reflectance by satellite remote sensing is constrained by the
spectral range and resolution (i.e., number of spectral bands) as well as by the spatial resolution of
the imagery. Whereas multispectral imagery can be acquired at very high spatial resolution (e.g.,
WorldView [11,12]); the spatial resolution of hyperspectral satellite data remains low (e.g., EO-1
Hyperion with a ground resolution of 30 m x 30 m); and spectral mixing is thus a major issue [13].
The spectral reflectance of lava of different compositions has also been documented using laboratory
spectrometry with decimeter-size samples [14]. For accessible volcanic terrains, field spectrometry
offers a useful alternative approach for characterizing the spectral reflectance of contrasted lava
surfaces and for documenting its spatial variation at different spatial scales [5,14]. The great variety of
morphologies observed in the 2014-2015 Holuhraun lava flows [1,15] encouraged a detailed study
of their spectral characteristics, to obtain information about lava composition and detect possible
differences in the spectra of the flow. In spectroscopy, the identification of the mineral constituents
of major rock types is typically approached using spectral unmixing methods [5,16]. Usually, in the
visible and near-infrared spectral range, mafic rocks are characterized by very low reflectance due to the
presence of large amounts of dark mafic minerals [14]. The 2014-2015 lava flow at Holuhraun in NE
Iceland offers an excellent diverse surface environment for investigating and characterizing lava deposits.
Its intense volcanic activity [1,17-19], geomorphological complexity [20], and well-documented flank
eruptions [1] perplex the remote sensing monitoring of the bulk volcanic edifice. However, the detailed
field mapping of lithologies is frequently obstructed by difficulties in accessibility, the scale of lava
flow fields, topography, while remote sensing has become increasingly important in mapping volcanic
terrains and specifically in mapping lava flows. Mapping individual lava flows using satellite remote
sensing is challenging for at least three reasons: vegetation cover, spatial overlapping, and spectral
similarity [3,4]. Moreover, a high eruption frequency often leads to lava flows overlapping each other.
If the overlapping lava flows are erupted within a short period and have similar chemical and surface
characteristics, discrimination will be further complicated by their similar spectral signatures.
Hyperspectral remote sensing provides information on hundreds of distinct and contiguous
channels of the electromagnetic spectrum, thus enabling the identification of multiple ground objects
through their detailed spectral profiles. However, restrictions on the spatial resolution of hyperspectral
data, the multiple scattering of the incident light between objects, and microscopic material mixing
form the mixed pixel problem. Pixels are identified as mixed when they are composed of the spectral
signatures of more than one ground object. Therefore, we adopted linear spectral mixture analysis
(LSMA) techniques [8,21], which model the pixel spectra as a combination of pure components
(endmembers) weighted by the fractions (abundances) that contribute to the total reflectance of the
mixed pixel [22]. Ideally, each selected endmember from the hyperspectral image under study has
the maximum possible abundance of a single physical material present and minimum abundance
of the rest of the physical materials. Spectral unmixing typically consists of two main substages:
(a) endmember extraction; and (b) abundance estimation [22]. In this paper, we focus on both
endmember extraction and estimation of fractional abundances of the lava field products on 2014-2015
Holuhraun lava fields. For this purpose, an airborne hyperspectral image with an AisaFENIX sensor on
board a NERC Airborne Research Facility (Natural Environment Research Council Airborne Research
Facility) campaign was acquired at Holuhraun after the eruption and for the sub-pixel analysis we
used the sequential maximum angle convex cone (SMACC) algorithm to identify the spectral image
endmembers while the LSMA method was employed to retrieve the abundances. Our approach was
narrowed to the eruptive fissure vent part since it is considered to have a more diverse surface. The
resulting abundances from the LSMA method were both quantitatively and qualitatively compared
with the spectral indices technique, aerial and field photographs, respectively. The objective was to
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retrieve the main lava surface type contributing to the signal recorded by airborne hyperspectral at the
very top surface of Holuhraun.

2. The 2014-2015 Eruption at Holuhraun

The eruption took place in the tectonic fissure swarm between the Bardarbunga-Veidivotn and
the Askja volcanic systems (Figure 1a). It lasted about six months (31 August 2014 to 27 February
2015) and produced a bulk volume ~1.44 km® of basaltic lava [1]. Lava effusion rates during the
eruption period range from 320 to 10 m?/s. Averaged values are ~250, 100, and 50 m?/s during the
initial (August-September 2014), intermediate (October-December 2014) and final phase (December
2014 to February 2015), respectively [1,17] (Figure 1b). The lava was emplaced on the sandur plains
(glacial outwash sediment plains) north of the Vatnajokull/Dyngjujokull glacier, partially covering
the previous two Holuhraun lava flow fields south of the Askja caldera [1]. The area is gently
sloping (average inclination <0.5%; i.e., ~0.3°) to the east-northeast. The shallow gradient resulted
in low topographic forcing of the flow and, therefore, rather slow lava flow advance. During its
emplacement history, the lava field was initially dominated by channels and horizontal expansion.
Then it transitioned to grow in volume primarily by inflation, tube-fed flow (i.e., transport of lava
through roofed over partially or filled channels) and vertical stacking of lava-lobes. The 2014-2015
effusive eruption products originate from intense activity in the vent, in which high oxidation occurs
in this area. The main lava channel shows significant inflation (5-10 m). Lava advancement rates were
generally low ~0.0167 m/s during the initial eruption phase [1] and dropped to ~0.0017 m/s during
the middle of November 2014 [23]. The six-month-long effusive eruption features diverse surface
structures and morphologies. The 2014-2015 lava flow at Holuhraun in NE Iceland offers an excellent
diverse surface environment to investigate and characterize lava deposits.
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Figure 1. Bardarbunga volcano and the Holuhraun lava flow field. (a) geological setting by the
Icelandic Meteorological Office (after modification) [24], (b) coverage of the three main phases after
Pedersen et al [1].
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3. Spectral Unmixing on Lava

Various spectroscopy studies [2,5,7,14,25] over the volcanic area have examined the mineralogical
composition of the extensive lava fields. Usually, in the visible (VIS) and near-infrared (NIR) spectral
range, mafic rocks are characterized by very low reflectance due to the presence of large amounts of
dark mafic minerals [14]. Spectral indices provide the first efficient way to emphasize subtle spectral
variations at the surface [26]. More elaborate methods have been developed to discriminate and
quantify mixtures of mafic minerals. They have been used to derive composition maps of mafic
minerals [27-29]. However, some lava flows can have a similar chemical /mineralogical composition
but dissimilar spectral behaviour due to the different grain size, surface texture, and presence of
weathering [13,14]. The main components of igneous rocks do not display any peculiar spectral
features in the visible and near infrared spectral range. In the case of basalts, the only spectral feature
commonly found is an absorption peak, due to iron, located around 1000 nm [26]. However, in the
case of hydrothermal alteration, hydroxyl bearing minerals show distinctive absorption features in the
2000-2500 nm spectral region [30]. Because of the heterogeneity of the lava surface, mixed pixels are
very common which is illustrated in Figure 2a,b.
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Figure 2. Illustration of (a) the mixed pixel in the lava surface caused by the presence of small, sub
pixel targets within the area; (b) variability of lava surfaces in Holuhraun lava field which include the
oxidizing surface, sulfate mineral, and lava.

Spectral Mixing Analysis (SMA) has been specifically developed to account for mixtures [10].
Analysis of the data sample can simply be performed on these abundance fractions rather than the
sample itself. This method is well-suited for spectroscopic analysis because most of the spectral
shapes are due to different materials. The signal detected by a sensor at a single pixel is frequently
a combination of numerous disparate signals. Unmixing techniques were applied to the volcano of
Nyamuragira for discriminating lava flows of different ages by Li et al. [5]. The most recent study by
Daskalopoulou et al. [16], used unmixing techniques to segregate lava flows and related products from
the historical Mt. Etna. Nonetheless, there are no findings concerning lava flow delineation through
unmixing in Iceland.

4. Data Acquisitions and Methods

4.1. Airborne Hyperspectral Data Acquisitions

Airborne hyperspectral data were acquired on 4 September 2015 between 16.56 and 17.58 (local
time) with an AisaFENIX sensor (Specim, Spectral Imaging Ltd, http://www.specim.fi) [31] on board
a NERC Airborne Research Facility (Natural Environment Research Council Airborne Research Facility
http:/ /www.bas.ac.uk/nerc-arf) aircraft [32]. Pushbroom VNIR and SWIR sensor, are two separate
detectors with common fore-optics. The hyperspectral data contain 622 channels with spectral range
from ~400 nm to 2500 nm (break at ~970 nm). The pixel size of this data is explained in Section 4.2.2.
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In total, eight flights were acquired at the Holuhraun lava flow during this period with an average
altitude of 2.4 km (Figure 3a). The data are delivered as level 1b ENVI BIL format files which means
that radiometric calibration algorithms have been applied and navigation information has been synced
to the image data (Figure 3b). In this study, we subset the data to focus on the area around the eruptive
fissures vent (Figure 3c) which is thought to have a diverse surface and has field photographs. Very
high-resolution aerial photographs of the lava field (0.5 m spatial resolution) from Loftmyndir ehf
(http:/ /www.loftmyndir.is/) [33] were used for comparison and validation of the unmixing results.
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Figure 3. (a) Map showing line acquisition of FENIX hyperspectral image in the Holuhraun lava field;
(b) Image mosaic from eight FENIX lines collected during the campaign (red box shows the image
subset location); (c) Image subset of the focusing study area in the eruptive fissure vent of Holuhraun.

4.2. Spectral Unmixing and Abundance Retrieval

The processing workflow towards unmixing and generating abundance consists of four steps:
(1) Atmospheric correction to retrieve surface reflectance; (2) Data masking, geocorrection, reprojection,
and resampling; (3) An endmember selection algorithm was adopted to select the endmembers; then a
linear spectral mixing analysis method was employed to retrieve the abundance (Figure 4).

4.2.1. Atmospheric Correction

Remote-sensing applications require removing the atmospheric effect from the imagery, to retrieve
the spectral reflectance of the surface materials. In this study, the data were atmospherically corrected
using the quick atmospheric correction (QUAC) algorithm [34,35], since we had no prior knowledge to
perform empirical calibration [36,37]. QUAC is an in-scene approach, requiring only an approximate
specification of sensor band locations (i.e., central wavelengths) and their radiometric calibration;
no additional metadata is required [35]. QUAC does not involve first principles radiative transfer
calculations, and therefore it is significantly faster than physics-based methods; however, it is also
more approximate [35].
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4.2.2. Data Masking, Geocorrection, Reprojection, and Resampling

In this study, we use the Airborne Processing Library (APL) software for processing the data [38].
The first step of the APL processing is to apply the mask of bad channels to atmospherically corrected
data, creating a new file with bad channels set to zero (Appendix A on Figure A1). The next step uses
the navigation file, the view vector file, and the digital elevation file (DEM) to calculate the ground
position for each pixel then change the projection to UTM (Universal Transverse Mercator) Zone
28N [38]. We used satellite-based ASTER sensor for the DEM. In the final step we resampled output
pixel size to ~3.5 m according to the height above ground level (AGL) that is given by the theoretical
pixel size chart that can be found in Appendix A on Figure A2 (https:/ /nerc-arf-dan.pml.ac.uk/trac/
wiki/Processing/ PixelSize) [39].

4.2.3. Endmembers Selection

The conventional image-based endmember selection approach based on scatterplots of the image
bands may not be effective in identifying a sufficient number of endmembers. In this paper, we
employed the sequential maximum angle convex cone (SMACC) algorithm [34] to identify spectral
image endmembers. Endmembers are spectra that represent pure surface materials in a spectral
image. The extreme points were used to determine a convex cone, which defined the first endmember.
A constrained oblique projection was applied to the existing cone to derive the next endmember.
The cone was then increased to include a new endmember [8,40]. This process was repeated until a
projection derived an endmember that already existed within the convex cone, or until a specified
number of endmembers was satisfied [21]. When implemented with SMACC, the output endmember
number was set as 5, 10, 15, 20, and 30 respectively. Better endmembers could be identified easily from
the 15 endmembers output (more detail in Section 6.2). Then, we used the selected 15 endmembers for
deriving the abundance.

4.2.4. Linear Spectral Mixture Analysis

The linear spectral mixture analysis (LSMA) approach was adopted to calculate the abundance of
endmembers for each pixel. LSMA assumes that the spectrum measured by a sensor is a linear
combination of the spectra of all components (endmembers) within the pixel, and the spectral
proportions of the endmembers (i.e., their abundance) reflect the proportion of area covered by distinct
features on the ground [8,21]. The general equation for linear spectral mixing can be expressed as:

N
Rijr = ) PijuRup +Ex (€]
n=1

where Rj; ; is the measured reflectance at wavelength A for pixel ij, where i is the column pixel number,
and j is the line pixel number; p;; , is the fraction of endmembers 7 contributing to the image spectrum
of pixel ij; N is the total number of endmembers; R,, ; is the reflectance of endmember n at wavelength
A; and E, is the error at wavelength A of the fit of N spectral endmembers. The fraction p;; , can be
solved using a least-square method with fully constrained unmixing. Fully constrained unmixing
means that the sum of the endmember fractional (abundance) values for each pixel must equal unity,
which requires a complete set of endmembers. Therefore, it should meet the following two conditions:

0<p;, <1 2
N

Z Pijn = 1 ®
n=1

In the majority of cases, the unmixing is only partially constrained because the extracted
endmember set is incomplete for the image and only term (2) (i.e., Equation (2)) is satisfied. In this
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study, fully constrained LSMA were applied to the FENIX image to obtain the abundance result and
both SMACC and LSMA were executed by ENVI 5.3 and IDL 8.5 language programming.

UAC at heri
Level 1b ENVIBIL o @ mo.sp erie Bad channel masking Geocorrection
correction
SMACC Resamplin Reprojection
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l

Linear spectral mixing
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|
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Figure 4. The workflow processing to derive an abundance map from the FENIX hyperspectral data

5. Results

5.1. Endmember Groups

The approximate locations of the 15 endmembers selected are shown in Figure 5a. SMACC first
finds the brightest spectral in the image and defines it as the first endmember. In this study, the first
endmember (endmember 1) represented saturated hot material. We grouped these 15 endmembers
into six groups; (1) basalt; (2) hot material; (3) oxidized surface; (4) sulfate mineral; (5) water; and (6)
noise (Figure 5b—g). These groups were based on the similar shape of the endmembers with the USGS
spectral library; however, the amplitude of the endmembers within a group vary due to illumination
conditions, spectral variability, and topography. We added up the abundances within the group to
derive the abundance according to this endmembers group.
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Figure 5. Cont.
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Figure 5. (a) The spatial distribution of 15 endmembers extracted by SMACC; The numbers on the
image indicate the approximate location of the pixels selected as the represented endmembers of (b)
basalt; (c) hot material; (d) oxidized surface; (e) sulfate mineral; (f) water; and (g) noise, extracted
by SMACC.
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5.2. Basalt Abundance

Figure 6a indicates the presence of the dominant basalt abundance pixel throughout the image.
This abundance is associated with endmember 8 which is characterized by very low reflectance
(Figure 5b) due to the presence of large amounts of dark mafic rock since the study area is dominated
by basaltic lava (Figure 6b).
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(a) (b)

Figure 6. (a) The abundance map for basalt endmember, yellow areas indicate the highest fraction
of basalt meanwhile the black areas indicate the lowest fraction of basalt (the red box shows the
approximate location of the field photo); (b) field photograph of basaltic lava field of the Holuhraun.

5.3. Hot Material Abundance

As shown in Figure 7a, the hot material abundance map is very sparse. This abundance is
described as blends of the endmember 1, 4, 5, and 13 which are characterized by very high reflectance
in the SWIR due to the presence of hot material (Figure 5¢). Figure 5a shows that endmembers 1, 4, 5,
and 13 are located in the lower right corner and the upper part of the image, Figure 7b shows a false
color (NIR-SWIR) image which agrees with the abundance map, i.e., some patches of hot material
(red-yellow color) exist in the area. The false color image is created by stacking R: 2200 nm; G: 1600 nm,
and B: 896 nm. This indicates that the lava field is still emitting hot material during the data acquisition.
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Figure 7. (a) Abundance map for the hot material endmember, yellow areas indicate the highest
fraction of hot material meanwhile the black areas indicate the lowest fraction of incandescent lava;
(b) The false color (NIR-SWIR) image show that hot material (red-yellow color) exists in the area.
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5.4. Oxidized Surface Abundance

The oxidized surface endmembers (3, 6, and 12) have the highest abundance fraction at the vent
as shown in Figure 8a. This agrees with a field observation shown in Figure 8b which highlights the
matching dominant oxidized surface at the vent wall.

Fradhon

(b)
@)

Figure 8. (a) Abundance map oxidized surface endmember; yellow areas indicate the highest fraction
of oxidized surface meanwhile the black areas indicate the lowest fraction of oxidized surface; (b) Field
photograph of an oxidized surface of the vent wall (red box and the line shows the approximate location
of the field photograph)

5.5. Sulfate Mineral Abundance

The sulfate mineral endmembers (2, 7, 10, 11, and 15) have the highest abundance fraction around
the lava pond and there are four most prominent areas for the sulfate (Figure 9a). This surface mineral
looked as if it had been dusted by snow (white color) commonly identified as thernadite (NaySO4) [41].
This can be directly seen from a true color image. This mineral formed as the flow cooled, a thin
sublimate coating formed on the surface of the lava [41]. Figure 9b,c shows the thernadite formed in
surface lava at Holuhraun.
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Figure 9. Cont.

144



Remote Sens. 2019, 11, 476

()

Figure 9. (a) The Abundance map for the sulfate mineral endmember, the yellow areas indicate the
highest fraction of sulfate mineral meanwhile the black areas indicate the lowest fraction of the sulfate
mineral; (b) Field photograph of sulfate mineral (white surface) formed on the surface of lava (the red
boxes and lines show the approximate location of the field and aerial photo respectively); (c) aerial
photograph of sulfate mineral (white surface) formed on the surface of lava (The numbers on the image
indicate the approximate location of the sulfate for both the abundance and photograph).

5.6. Water Abundance

The water abundance (Figure 10a) has the highest abundance fraction at the location mainly
recognized as a glacial river (Figure 10b). Endmember 14 represents water which is characterized by
a relatively low reflectance and has the highest reflectance in the blue wavelength. Water has high
absorption and virtually no reflectance in the NIR-SWIR wavelengths range (Figure 5f).
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Figure 10. (a) The abundance map for water endmember, the highest abundance fraction indicated by
a yellow color, and the lowest abundance fraction indicated by a black red box shows the approximate
location of the aerial photograph); (b) aerial photograph of the glacial river.

5.7. Noise Abundance

Figure 11 shows the abundance map corresponding to endmember 9. We consider this endmember
as representing noise due to an unrecognized spectral signature since this spectrum is characterized by
saturated reflectance in channels ~2000 nm and ~2400 nm (Figure 5g). The saturated reflectance could
be due to corrupted bands in some pixels.
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Figure 11. The abundance map for the noise endmember, the highest abundance fraction is indicated
by the yellow color, and the lowest abundance fraction is indicated by the black color.

5.8. False Color Abundance

The abundance results depicted as false color (R: Oxidized surface; G: Sulfate mineral; B: Basalt)
images show that the majority of rocks or minerals in the study area are dominated by basalt as shown
in the blue color in Figure 12a. The other colors such as magenta and yellow indicate a mixture. The
mixture phenomenon is illustrated in Figure 12b, as the surface has 0.25 oxidized surface mix with 0.75
basalt resulting in the magenta color; and 0.25 oxidized surface mix with 0.75 sulfate mineral resulting
in the yellow color pixel.
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Figure 12. (a) False color of abundance highlighting for R: oxidized surface; G: sulfate mineral; and
B: Basalt; (b) Illustration of the mixed pixels in the area, 0.25 oxidized surface mix with 0.75 basalt
resulting in the magenta color; and 0.25 oxidized surface mix with 0.75 sulfate mineral resulting in the

yellow color pixel.
5.9. Validation

The very high-resolution aerial photograph was used for ground truth. The aerial photograph was
classified into oxidized surface, sulfate, basalt, and water using visual image interpretation and used
for validation of the unmixing results. We only validate three endmembers for basalt—oxidized, sulfate,
and water—since the noise and hot material cannot be detected based on visual interpretation. We
classified the endmembers that have fractional abundance > 0.5. Validation was based on 150 randomly
generated point samples within each class. Table 1 show the validation results, with a resulting mean
overall accuracy 79% and mean Kappa index of 0.73. This result shows that the abundances have
moderate agreement with the sample points.
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Table 1. Validation of the endmembers that have abundance > 0.5.

Class Overall Accuracy  KappaIndex Mean Overall Accuracy Mean Kappa Index
Basalt/Non-Basalt 70% 0.62
Sulfate/Non-Sulfate 93% 0.89 799 073
Oxidized /Non-Oxidized 77% 0.72 ° :
Water /Non-Water 76% 0.70

6. Discussion

6.1. Comparison with the Existing Spectral Index Technique

The correlation between the spectral index images and the abundance image was analyzed. We
only correlated the three endmembers since there are no reference spectral indices for sulfate mineral,
hot material, and noise. Here we compared the basalt, oxidized, and water abundance images with
the mafic, oxidized, and water index images proposed by Inzana et al., Podwysocki et al. and Xu
respectively [42-44] (Appendix B). We applied these indices to the hyperspectral image and compared
them with the result from each abundance. Figure 13a—c shows the scatter plots results. The R? values
were 0.46, 0.91, and 0.77 for the basalt, oxidized surface, and water, respectively. The oxidized surface
and water indicate a good correlation with the indices (Figure 13b,c). This suggests that both oxidation
and water generated from a spectral index are properly validated [2,44]. Meanwhile, basalt shows a
low correlation with the mafic index (Figure 13a) suggesting that the estimates of the basalt surface
from the unmixing technique is an overestimation, since the basalt abundance shows the older lava
flows as mafic with a relatively high fraction compared to the mafic index that only showed for fresh
lava flow. This being due to a full spectrum of hyperspectral can easily differentiate between basalt
surface and non-basalt.
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Figure 13. Cont.
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Figure 13. Linear regression analysis between the spectral index images and the (a) basalt abundance;
(b) oxidized surface abundance; and (c) water index.

6.2. Number of Endmembers

The determination of the number of endmembers is critical, since underestimation may result in a
poor representation of the mixed pixels, whereas overestimation may result in an overly segregated
area [16]. Table 2 shows the relationship between the number of endmember and the number of
pixels that have fractional abundance > 0.5 and the mean correlation with mafic, oxidized, and water
index. We considered abundance >0.5 as high abundance. As the number of endmembers increase, the
number of pixels also increases for an oxidized surface, sulfate mineral, water, and noise abundances,
respectively. This is due to an increase of endmembers that is detected for each group. Meanwhile,
the basalt abundance shows the opposite, as the endmembers increase the number of pixels with
abundance >0.5 decreases. These results show that as more endmembers are considered the mixing of
basalt with other endmembers increases resulting in a decrease of the fractional abundance of basalt.
According to the results, we considered the 15 endmembers as an optimum number for this study since
they have the highest mean correlation with mafic, oxidized, and water index. Clearly, the selection of
appropriate endmembers in such a diverse volcanic environment, considering the particularities of the
FENIX dataset, is of great importance in order to obtain accurate unmixing results. In addition, since
only a small number of the available materials spectra are expected to be present in a single pixel, the
abundance vectors are often sparse [45].

Table 2. Comparison number of pixels that have abundance >0.5, R? and number of endmembers.

Number of Number of Pixels Abundance =
Endmembers Oxidized Surface  Sulfate Mineral = Hot Material Water Noise Basalt

5 19 57 19 0 0 522481  0.27

10 86 115 19 0 2 522406  0.35

15 91 215 34 373 2 522266  0.71

20 95 232 36 373 5 522046  0.67

30 97 250 40 373 7 521707  0.69

6.3. Size of Lava Field Area

As the methods were only tested on a subset area of the lava field vent, to apply the methods for
the entire lava flow is challenging for several reasons. (1) The high spatial heterogeneity typically gives
rise to mixed pixels containing multiple materials and it will increase the number of endmembers
detected by SMACC [40]. (2) Different illumination occurs within the different flight lines for the entire
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lava flow (Figure 3b) since the data acquisition time is acquired between 16.56 and 17.58 local times
which results from the very low sun angle during the acquisition. This problem can be approached by
collecting ground truth spectra, extensive calibration, and atmospheric correction using simultaneous
and constrained calibration of multiple hyperspectral images through a new generalized empirical
line model purposed by Kizel et al. [37]. (3) The computation time to perform unmixing also must be
considered for the entire lava field since the area is relatively large (84 km?) and the hyperspectral data
contains 622 channels with a 3.5-meter spatial resolution. In order to process the full set of data we
need to consider using high performance computing (HPC) [46].

6.4. Using Full Optical Region for Mapping Recent Lava Flow (VIS-SWIR-TIR)

Hyperspectral VIS-SWIR image data is effective for discrimination mafic, oxidation, sulfate
etc. However, not all the minerals and surface type are always mapped uniquely with VIS-SWIR
hyperspectral data. A typical surface such as rock forming minerals associated with unaltered rocks
and alteration minerals associated with altered rocks can be identified with TIR (Thermal Infrared)
data [47-49]. Image processing methods that have become standard for hyperspectral VNIR/SWIR data
analysis also work for hyperspectral TIR data [47]. Vaughan et al [47] showed that pixel classification
techniques based on spectral variability within the scene and mineral libraries for matching spectral
emissivity features can be used for TIR-derived mineral maps using SEBASS hyperspectral TIR image
data. Hyperspectral TIR instruments operational for airborne surveys are also available in the NERC
Airborne Research Facility with a Specim AisaOWL sensor [48]. A synergistic use of airborne data from
both FENIX (VIS-SWIR) and OWL (TIR) allows great potential for lava discrimination in future study due
to the complementary nature of the reflective (VIS-SWIR) and emissive (TIR) spectral regions. This might
significantly improve our understanding of physical lava surface properties. Specifically, VIS-SWIR
imaging spectrometers can discriminate surface materials and TIR data acquisitions can help to identify
the thermal characteristics of different materials [47-49]. For instance, combining emissivity spectra with
reflectance spectra in a mixing model would improve discriminating lava from surfaces [50-52].

7. Conclusions

In this study, an application of potential spectral unmixing methods on 2014-2015 Holuhraun
lava flow field was presented. In total, we acquired fifteen spectral endmembers and their abundances.
The first endmember was chosen as the brightest pixel which represented saturated incandescent
lava. We grouped these 15 endmembers into six groups (basalt, oxidized surface, sulfate mineral, hot
material, water, and noise) based on the shape of the endmembers since the amplitude varies due to
illumination conditions, spectral variability, and topography. The endmembers represent pure surface
materials in a hyperspectral image. We concluded that the selection of appropriate endmembers in
such a diverse volcanic environment, considering the particularities of the FENIX dataset, is of great
importance in order to obtain accurate unmixing results. Combination of SMACC and LSMA methods
offers an optimum and a fast selection for volcanic products segregation However, ground-truthing
spectra are recommended for further analysis. A synergistic use of airborne data from both FENIX
(VIS-SWIR) and OWL (TIR) gives a great potential for lava discrimination in future study due to the
complementary nature of the reflective (VIS-SWIR) and emissive (TIR) spectral regions. This might
significantly improve our understanding of physical lava surface properties.
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Appendix A

The bad channels in this data are located at 968 nm and 1014 nm. Figure A1 show the spectral
reflectance before masking (Figure A1A) and after channel masking (Figure A1B).
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Figure Al. Spectral reflectance of material (A) before masking; (B) after channel masking.

Figure A2. This shows the theoretical pixel size at the nadir for Fenix. The pixel size will be larger

at the edges of the swath, in this study, the AGL is ~ 2400 m so according to the graph the optimal
pixel size resample for the FENIX is ~3.5 m.
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Figure A2. The theoretical pixel size at the nadir for FENIX, EAGLE, and HAWK. In this study we
used FENIX airborne for data acquisition [39].

Appendix B

The mafic indices originated, developed by Inzana et al. [42] to distinguish mafic from non-mafic
rocks are from Landsat TM image, expressed as follows:

Mafic index = P£1600nm « P640nm
£860nm £860nm

(A1)

where p1600nm is the measured reflectance at wavelength 1600 nm, pg40nm is the measured reflectance
at wavelength 640 nm, and pgeonm is the measured reflectance at wavelength 860 nm.
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The oxidized index originated designed any multispectral sensor with bands that fall within the
red channel and blue channel [43], expressed as follows:

Oxidized index = L640m (A2)
£500nm

where p500nm is the measured reflectance at wavelength 500 nm.
We calculated the water index using the Modified Normalized Difference Water Index

(MNDWI) [44]. This index enhances open water features while suppressing noise from built-up
land, vegetation, and soil. This is expressed as follows:

P600nm — P1600nm
0600nm + £1600nm

Water index =

where pgoonm is the measured reflectance at wavelength 600 nm.
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