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Analyzing Explosive Volcanic Deposits From Satellite-
Based Radar Backscatter, Volcan de Fuego, 2018
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ICOMET, School of Earth and Environment, University of Leeds, Leeds, UK, 2COMET, School of Earth Sciences,
University of Bristol, Bristol, UK, 3Instituto Nacional de Sismologia, Vulcanologia, Meteorologia e Hidrologia
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Abstract Satellite radar backscatter has the potential to provide useful information about the
progression of volcanic eruptions when optical, ground-based, or radar phase-based measurements

are limited. However, backscatter changes are complex and challenging to interpret: explosive deposits
produce different signals depending on pre-existing ground cover, radar parameters and eruption
characteristics. We use high temporal- and spatial-resolution backscatter imagery to examine the
emplacement and alteration of pyroclastic density currents (PDCs), lahar and ash deposits from the

June 2018 eruption of Volcan de Fuego, Guatemala, using observatory reports and rainfall gauge data

to ground truth our observations. We use a temporally dense time series of backscatter data to reduce
noise and extract deposit areas. We observe backscatter changes in six drainages, the largest deposit was
11.9-km-long that altered an area of 6.3 km? and had a thickness of 10.5 +2 m in the lower sections as
estimated from radar shadows. The 3 June eruption also produced backscatter signal over an area of 40
km?, consistent with reported ashfall. We use transient patterns in backscatter time series to identify nine
periods of high lahar activity in a single drainage system between June and October 2018. We find that the
characterization of subtle backscatter signals associated with explosive eruptions are best observed with
(1) radiometric terrain calibration, (2) speckle correction, and (3) consideration of pre-existing scattering
properties. Our observations demonstrate that SAR backscatter can capture the emplacement and
subsequent alteration of a range of explosive deposits, allowing the progression of an explosive eruption to
be monitored.

Plain Language Summary Volcanic eruptions cause changes to the Earth's surface that can
be observed using satellite-based radar instruments. Changes to the radar scattered back from the surface
can be caused by new volcanic deposits or changes to the ground caused by an eruption. However, such
signals are also affected by what was there before the eruption and variations in the satellite positions.
Deposits from explosive eruptions are particularly hard to identify because they can affect radar signals
in different ways. We use a high spatial and temporal resolution satellite radar dataset to identify different
volcanic deposits from the June 2018 eruption of Volcan de Fuego, Guatemala. We were able to identify
three types of volcanic deposit from radar backscatter: hot mixture of solid particle and gas (pyroclastic
density currents), water saturated flow with solid particles (lahars), and ash. We observe backscatter
changes over six drainage systems that were affected by pyroclastic density currents in June 2018.
Combining our radar dataset with rainfall data, we identify nine periods of lahars in one drainage between
June and October 2018. We describe what information and corrections are helpful to identify volcanic
changes in backscatter and especially to monitor the progression of an explosive eruption.

1. Introduction

During an explosive volcanic eruption, monitoring can be impeded by both cloud coverage and damage to
instrument networks. However, satellite-based Synthetic Aperture Radar (SAR) images are unaffected by
cloud and can provide frequent observations during an eruption. While measurements from differential In-
terferometric Synthetic Aperture Radar (InSAR) are increasingly used for volcano monitoring (e.g., Ebmeier
et al., 2018; Fournier et al., 2010; Pritchard et al., 2018), radar backscatter from individual SAR images (e.g.,
Wadge et al., 2011, 2012) is still under-exploited. Backscatter changes can have a high magnitude and easy
to identify (e.g., dome collapse, Pallister et al., 2013), or very subtle (e.g., ash dispersion, Arnold et al., 2018).
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The interpretation of SAR backscatter for volcanology is challenging because there is no simple relationship
between the magnitude or sign of backscatter change and the physical properties of fresh volcanic deposits.
Backscatter signals from explosive deposits are particularly difficult to interpret because their thickness
varies over several orders of magnitude and because of their tendency to be rapidly remobilized and eroded.

We use imagery spanning the June 3, 2018 eruption of Volcdn de Fuego (Albino et al.,, 2020; IN-
SIVUMEH, 2018d; Pardini et al., 2019) to investigate the potential of backscatter for monitoring explosive
eruptions. We characterize the backscatter changes associated with the initial emplacement of PDC de-
posits and ash fallout and investigate the post-eruption remobilization of material through lahars in the
subsequent 4 months.

1.1. Monitoring Volcanic Processes Using Synthetic Aperture Radar Backscatter

The proportion of the transmitted electromagnetic pulse that the ground directs back toward the satellite
(i.e., backscatter) is described as the Radar Cross Section (RCS), . For a calibrated SAR image, a single
pixel covers an area that includes multiple scatterers and as shown in Flores-Anderson et al. (2019) can be
expressed as,

o° = 4 RZPR

PrA

where ¢° is the normalised RCS, p, and pj, are the power density (Wm ) scattered by the sensor and re-
ceived by the target respectively, R is the distance or range between sensor and target, and A is the pixel
surface area. o° is also described as the backscatter coefficient can be extracted from the raw data provided
by the satellite and is sensitive to changes in the satellite parameters, which are the local incidence an-
gle, wavelength A and polarisation (i.e., the orientation of the oscillation plane for a wave, Flores-Ander-
son et al., 2019) and the scattering properties of the ground. Variables including surface roughness, local
slope, and dielectric properties are combined to determine the scattering properties of the ground surface.
Backscatter signals vary between tracks and satellites based on difference in the satellite viewing geometry
and pixel resolution. Erupted material may alter one or all of these scattering properties, which are also
affected by independent non-volcanic processes such as rainfall, producing complex backscatter signals.
For volcanic deposits, the surface roughness generally contributes the most change to the radar backscatter
signal recorded. Conventionally, due to its high dynamic range the radar backscatter is expressed in decibels
(0,5 = 10log,; c°).

¢y

Over the last two decades, multiple studies have used SAR backscatter to observe volcanic eruptions (Ta-
ble 1). These have included measurements of dome growth (e.g., Pallister et al., 2013; Wadge et al., 2011),
mapping of fresh lavas (e.g., Arnold et al., 2017; Wadge et al., 2012), extracting lava lake heights (e.g., Bar-
riére et al., 2018; Moore et al., 2019) and flow thicknesses (Arnold et al., 2017; Wadge et al., 2012) measured
using radar shadows.

Explosive volcanic deposits are more challenging to analyze in backscatter, but major PDCs have been iden-
tified both in single backscatter images (Carn, 1999) and using multi-image composites (Wadge et al., 2011).
Finer and more widespread volcanic deposits such as ash fallout produce subtle backscatter changes. Four
studies have identified ash deposits (Arnold et al., 2018; Goitom et al., 2015; Meyer et al., 2015; Wadge &
Haynes, 1998) and show that signals are strongly related to the pre-existing surface roughness and whether
ash infills and smooths the surface on the scale of the satellite wavelength, or changes a specular reflecting
surface (e.g., ice) to one that scatters diffusely (e.g., Arnold et al., 2018).

1.2. The 2018 Eruption of Volcan de Fuego, Guatemala

Volcan de Fuego (3763 m a.s.l.) is the southernmost and currently most active crater of the Fuego-Acatenan-
go volcanic complex in Guatemala, located ~ 40 km southwest of the capital, Guatemala City. Since the first
written record of activity at Fuego in 1524, the volcano has had ~ 60 subplinian eruptions (Global Volcan-
ism Program & Wunderman, 2005) separated by long periods of intermittent Strombolian activity, making
it one of the most active volcanoes in Central America. Periods of high activity at Fuego are characterized
by frequent Strombolian eruptions, producing short lava flows (100’s m), lahars and ash explosions (Lyons
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:::Jnl;iry of Previous Case Studies Using Backscatter to Examine Volcanic Deposits
Study
Volcano timespan Process Methods used References
Explosive eruptions ~ Mt. Unzen, Japan 1991-1995 Pyroclastic flow Differences image?® Terunuma et al. (2005)
Lahars
Pinatubo, Philippines 1993 Lahars Single image examination®  Carr et al. (2007)
East Java Volcanoes 1995 Pyroclastic flow Single image examination®  Carn (1999)
Lahars
Dome activity
Soufiere Hills, Montserrat 1996 Pyroclastic flow Composite image© Wadge and Haynes (1998)
Ash
1996-1999  Pyroclastic flow Ratio maps? Wadge et al. (2002)
Dome activity
2008-2010  Pyroclastic flow Single image examination®  Wadge et al. (2011)
Lahars RGB color maps®
Dome activity Radar shadows?
Okmok, USA 2008 Ash Ratio maps?® Meyer et al. (2015)
Merapi, Indonesia 2010 Pyroclastic flow Single image examination®  Pallister et al. (2013)
Dome activity
Pyroclastic flow Single image examination®  Solikhin et al. (2015)
Tephra Ratio maps?® Saepuloh et al. (2010)
Pyroclastic flow Ratio maps? Saepuloh et al. (2015)
Cotapaxi, Ecuador 2015 Ash Single image examination®  Arnold et al. (2018)
Crater morphology RGB color maps®
Anak Krakatau, Indonesia 2018 Flank collapse Single image examination®  Walter, Haghighi, et al. (2019)
and Williams et al. (2019)
Effusive eruptions Bagana, Papua New 2010-2011 Lava flows RGB color maps® Wadge et al. (2012)
Gtz Radar shadows?
Stromboli, Italy 2010-2014 Lava flows RGB color maps® Di Traglia et al. (2018)
Slope failure
Nabro, Eritrea 2011 Tephra Normalised difference® Goitom et al. (2015)
Lava flow Single image examination®
Radar shadows?
Shinmoe-dake, Japan 2011 Dome growth Single image examination®  Ozawa and Kozono, (2013)
El Reventador, Ecuador 2011-2016 Lava flows Single image examination®  Arnold et al. (2017)
Dome activity Radar shadows?
Tolbachik, Kamchatka 2012-2013 Lava flows Single image examination®  Kubanek et al. (2017)
Normalised difference®
Colima, Ecuador 2013 Dome Activity Single image examination®  Walter, Harnett, et al. (2019)
RGB color maps®
Holuhraun, Iceland 2014-2015 Lava flows Single image examination®  Pedersen et al. (2017)
Dumont et al. (2018)
Erta 'Ale, Ethiopia 2017 Lava lake fluctuations Radar shadows? Moore et al. (2019)
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Table 1
Continued
Study
Volcano timespan Process Methods used References
Others Cordén Caulle, Chile 2011-2012  Laccolith Intrusion Single image examination®  Castro et al. (2016)
Lava flow Delgado et al. (2019)
Mount Cleveland, Alaska 2011-2012 Dome activity Single image examination®  Wang et al. (2015)
Arenal, Costa Rica 2011-2013  Slope failure RGB color maps® Ebmeier et al. (2014)
Nyiragongo, D.R. Congo 2016-2017 Lava lake fluctuations Radar shadows! Barriére et al. (2018)
Kadovar, Papua New 2018-2019  Slope failure Single image® Plank et al. (2019)
Guinea

Peripheral Dome Growth ~ RGB color maps®

Lava Flow

pairwise comparison of two backscatter images (e.g., differencing, normalization, ratios etc.). ®examining single backscatter images. ‘visualisation method
using multiple backscatter images. “measuring heights using radar shadows.

et al., 2010; Patrick et al., 2007). These periods are interspersed with high magnitude explosive eruptions,
known as paroxysms (Martin & Rose, 1981). These paroxysms are short lived (~ 24-48 h) eruptions that pro-
duce longer lava flows (100-1,000s m), PDCs, and are able to produce an eruptive column. Volcan de Fuego
is monitored by INSIVUMEH (Instituto Nacional de Sismologia, Vulcanologia, Meteorologia e Hidrologia)
from Guatemala, who are responsible for monitoring and communication on natural hazards, including
volcanic activity, to the government and private sector.

The current period of activity started in 1999 (Lyons et al., 2010) with eruptive intensity increasing in 2015
(Naismith et al., 2019). The 3 June 2018 eruption was an unusually large paroxysm (Naismith et al., 2019),
with much longer PDCs compared to previous eruptions and activity. The eruption began on June 3, 2018 at
06:00 local time with frequent strong summit explosions accompanied by PDCs and a plume that reached
up to 17.5 km a.s.l (Pardini et al., 2019). The first PDCs were emplaced on the western flanks of the volcano
(INSIVUMEH, 2018c¢). By 14:00 local time, PDCs had descended six drainage ravines on the east and west
flanks. These included multiple flows inside Barranca Las Lajas (Figure 1). Most of the PDCs were restricted
to the upper flanks of Fuego, ~4 km from summit. However, the series of PDCs in Barranca Las Lajas ex-
tended over 12 km from the summit, longer than all the other flows, and buried the town of San Miguel Los
Lotes (Figure 1d), killing several hundreds of people. Official numbers report 332 people missing as a result
of the eruption, although the death toll could be as high as 2,900 people (Naismith et al., 2020).

The eruption ended after 16 h, when activity was reduced to an ash column of ~4,500 m a.s.I (IN-
SIVUMEH, 2018d) and weak to moderate explosions at the summit. Over the following days activity level
remained high, with multiple PDCs recorded on the 5", 7", 8", and 12" June, dominantly on the east flank
of Fuego (INSIVUMEH, 2018a, 2018b, 2018e, 2018f). Interaction between the freshly deposited material
and high levels of rainfall resulted in frequent lahars: INSIVUMEH reported 65 lahars between June 3 and
July 1, 2018.

2. Backscatter Dataset

COSMO-SkyMed (CSK) is a constellation of four X-band (3.1 cm) satellites, with a 2 X 3 meters pixel di-
mensions in radar geometry in stripmap mode. We used 62 HH-polarised (horizontal transmit and hori-
zontal receive) acquisitions from an ascending (H4-0B) and descending (H4-03) track between January and
October 2018. This time frame includes (2) a typical Fuego paroxysm in February 2018, (b) the unusually
large June 3, 2018 paroxysm, (c) three months prior to the 3 June paroxysm that were uncharacteristically
quiet compared to recent activity and (d) four months after the eruption that encompassed smaller PDCs,
multiple lahars and the transition from the dry to wet season. The wet season lasts between April and Sep-
tember, with a pause in rainfall during July, known as the canicula. Acquisition intervals range from 1 to
8 days, with an average perpendicular baseline (i.e., the distance between the satellite position at the time
of acquisition perpendicular to the line of sight) of 690 m (ranging from 6 to 1890 m).
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Figure 1. (a) Map of Volcan de Fuego showing the footprint of COSMO-SkyMed tracks and look direction (white rectangle), with (b) location of Fuego within
Guatemala. (c) spatial extents used for subsequent figures in this article are shown by white outlines with corresponding figure number and (d) names of
settlements and notable locations (Basemap: November 11, 2018 and July 04, 2018, Copernicus Sentinel-2 data).

2.1. Corrections and Calibrations

We produced full resolution geocoded backscatter images using the GAMMA remote sensing software
(Werner et al., 2000), with the spatial extent of all images resampled to a common date to facilitate compar-
ison. Slopes facing toward or away from a side-looking SAR sensor will appear in radar images to be either
foreshortened or lengthened respectively. If the slope's gradient is steeper than the radar incidence angle,
returns from the top of the slope reach the satellite before those from the bottom, producing a layover effect.
Similarly, steep slopes facing away from the satellite cast a shadow, from which no information is scattered
back to the SAR sensor. To mitigate the impact of topography on backscatter we make a terrain-based ra-
diometric calibration (Figure 2c) using 10 m resolution digital elevation models (DEMs), constructed from
pairs of TanDEM-X bistatic images acquired on October 18, 2015 and August 09, 2018 (Albino et al., 2020).
The DEM has a vertical precision <5 m. However, due to the lack of ground control points (e.g., GPS meas-
urements) for the area the vertical accuracy of the DEM could not be evaluated (Albino et al., 2020). The
radiometric terrain correction uses the DEM to increase the accuracy of the pixel area estimation used in
the normalization of the backscatter coefficient. The calibration also reduces the sensitivity to the incidence
angle by normalizing the backscatter coefficient by the cosine of the incidence angle (Meyer et al., 2015;
Small, 2011).
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Figure 2. Corrections (b-d) and methods (e-g) applied to the backscatter dataset. La Réunion golf course in (a) Sentinel-2 optical imagery (April 20, 2018),
(b-d) ascending CSK image showing the same area (b) uncorrected, (c) with a radiometric terrain correction, and (d) radiometric terrain correction and a

5 % 5 pixel Gamma-MAP speckle correction. (e) Single backscatter image showing the June 3, 2018 eruption; (f) ratio to emphasis areas where the backscatter
changed between acquisitions; (g) RGB change difference images of pre-eruption (blue band), post-eruption (red band) and ratio (green band). Backscatter
increases appear magenta and are mostly associated with the ground becoming rougher due to the emplacement of the PDCs. Backscatter decreases are cyan
and are largely associated with smoothing between acquisitions. Areas that do not change between acquisitions appear yellow. Location of the scene is shown

in Figure 1c.

Speckle, the constructive and destructive interference from individual scatters within a pixel, causes backs-
catter changes even in pixels that would otherwise remain stable between acquisitions. Speckle in SAR
images can obscure signals in backscatter and complicate the data interpretation. We applied a 5 X 5 pixel
adaptive Gamma-MAP filter, which reduces speckle while attempting to preserve structural and textural
features in the radar data (Lopes et al., 1993). We found that this filter preserved the sharp boundaries of
the fresh PDC deposits and man-made structures (e.g., golf course, Figure 2d) whilst reducing the speckle
allowing for better comparison between acquisitions.

3. Backscatter Analysis of the June 2018 Fuego Eruption

3.1. Change Difference Backscatter Analysis

The RGB images show PDCs that descended Barranca Las Lajas during the June 3, 2018 eruption causing
an overall decrease (~7 dB) in backscatter (Figure 3). There is a broad zone of backscatter change near the
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Figure 3. (a) Map of the main drainage systems on Fuego affected by the June 3, 2018 eruption, as seen by RGB change difference image using (b) ascending
and (c) descending track showing backscatter changes in Barranca Honda and Barranca Las Lajas on the east flank and Barranca Santa Teresa, Barranca
Taniluya and Barranca Ceniza on the west flank. Location of the scene is shown in Figure 1c.

summit, which narrows as flows are funneled into drainage channels. The deposit reduces the backscatter
(blue, Figure 4a) making the ground smoother on the scale of the X-band radar wavelength (i.e., CSK,
3.1 cm). However, in the middle of the PDC path in Barranca Las Lajas there is a 60-m wide channel-like
feature where backscatter increases (~1.5 dB; red, Figure 4a). The increase in backscatter roughly corre-
sponds with lower sections of the collapse and transitional facies described in Albino et al. (2020). Where
the flow overtopped (i.e., overbank, Gertisser et al., 2012) the drainage channel, the changes in backscatter
depend strongly on the scattering properties of the previous surface cover resulting in complex change pat-
terns in the lower drainage systems (e.g., dense vegetation or bare rock, Figure 4). Where a PDC removes
vegetation the ground becomes smoother and the contribution of volumetric scattering is removed, result-
ing in a decrease in backscatter (e.g., forested area south of Barranca Santa Teresa, Figure 4b). Backscatter

DUALEH ET AL.
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Figure 4. Backscatter changes associated with the June 3, 2018 eruption in different sections of the drainage systems. Pre- and post-eruption optical imagery
and ascending CSK RGB image of (a) eastern summit area affected by PDCs in Barranca Las Lajas and (b) the lower section of Barranca Santa Teresa showing
the June 3 PDCs infill and overtop (overbank) the drainage system. Blue and red overlays indicate the increases and decreases in backscatter observed from the
RGB images. (c) Pre- and post-eruptive optical imagery, descending and ascending CSK RGB images over the La Réunion golf course and Barranca Las Lajas
showing backscatter changes correlated with different satellite look direction and incidence angle. Areas not covered by corresponding SAR image are indicated
by a gray cross. Location of the scene is shown in Figure 1c.
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Linear least-squares

change patterns differ for ascending and descending CSK tracks where the PDCs interacted with vegetation
or buildings (e.g., La Réunion golf course, Figure 4c), because scattering properties vary depending on the
angle from which an object is viewed.

3.2. Multiple Image Backscatter Analysis

Changes in backscatter images between two dates can be noisy, and impacted by non-volcanic effects such
as changes in moisture levels. We consider background noise present in backscatter images to include varia-
tions introduced by speckle, which has no temporal or spatial structure; instrument noise, which may have
temporal structure, and changes to the ground surface unrelated to the volcanic eruption (e.g., moisture
level), which can be spatially and temporally correlated. Using our temporally dense data set we can solve
for the step associated with changes in backscatter that occur on a particular date, placing no constraint on
whether the step should be positive or negative. Using a pixel-by-pixel least squares inversion (Figure 5a),
we found that at least four images were required to see an improvement in the sharpness of flow edges when
comparing to the ratio between two backscatter images. This method allowed for better identification of
flow boundaries (Figures 5c and 5d), and lower magnitude changes that were not visible in RGB ratio im-
ages (Figure 6c). The variance of backscatter change was reduced by 31% when using a total of four rather
than two images, and the addition of more dates reduced the variance even further to 42% for 15 images.

To refine our map of the June 3, 2018 eruption deposits, we make a step estimate using 14 backscatter
images before the eruption and one after to avoid inclusion of later flows, slope movements and erosion
present in other post-eruption acquisitions. We observe broad, low magnitude spatially correlated backscat-
ter increases (~1.5 dB) and decreases (~3.2 dB) on the southern flank of Fuego associated with the June 3,
2018 and not apparent at any point before the eruption (e.g., same area Figures 6a and 6b have ~0.43 and ~
0.63 dB). The difference in backscatter values for the explosive deposits are of similar orders of magnitude
(e.g., ~—3.2 and ~1.5 dB, ash deposits, Figure 6g) to the background changes (~—1.3 dB, area not affected by
eruption). However, the spatial structure of the backscatter changes related to new volcanic deposits are dis-
tinct from the background noise, which is dominated by spatially uncorrelated noise introduced by speckle
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& 351 | T d
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Figure 5. (a) Time series of single pixel (red dot in b) spanning the June 3, 2018 eruption (red dashed line) showing an acquisition time range (black dashed
line) containing four images and the backscatter step calculated using the equation shown where “d” is the backscatter values and “G” is the design matrix. The
zoomed-in images over a section of June 3, 2018 PDC deposits in Barranca Las Lajas show the changes in backscatter between 28 May 2018 and 05 June 2018
as (b) a RGB change difference image, (c)~(d) a 4- and 15-image step estimation, with variance (s°) of background labeled. Location of the scenes is shown in

Figure 1c.
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Figure 6. Step estimation (locations shown in Figure 1c) each using four acquisition dates spanning 12-24 days in total showing (a and b) backscatter
variations prior to June 3, 2018 eruption, (c) the emplacement of the 3 June 2018 PDCs and ash deposits and (d and f) post-eruption emplacement of new
deposits, alteration and interaction of rainfall with PDC deposits (g) and (i) detailed sections of backscatter alteration seen post-eruption.

and instrument noise. This broad change in backscatter is only observable in the first acquisition following
the eruption, with backscatter changes returning to similar levels as those observed during the pre-eruption
period (e.g., —1.4, 2.1 and 0.39 dB for Figures 6d-6f). Along with the limited extent and interaction with
the underlying land cover, we consider this change to be associated with a major ash fallout rather than
changes in backscatter caused by rainfall. We therefore attribute it to ash emplaced on 3 June 2018 that
was rapidly removed during the first rainfall event that occurred on the June 5. Over densely vegetated
areas of the flank the ash causes a decrease in backscatter whereas on agricultural land there is an increase
(Figure 6g). Reports of ash associated with the June 3, 2018 eruption suggest ash was deposited in almost
every direction for about six days, with fine ash deposits extending as far as 40 km toward the northeast
(INSIVUMEH, 2018c). However, backscatter signals appear to be more limited possibly due to variations in
ash thickness, ash and ground moisture content and pre-eruption land cover.

3.3. Identification of Explosive Deposits
3.3.1. Flow Deposit Mapping

The area of a flow deposit can be manually extracted from the backscatter changes but such extraction can
be subjective. Solikhin et al. (2015) demonstrated the application of supervised classification techniques
on L-band ALOS-PALSAR data at Merapi. This method successfully classified the different volcanic and
non-volcanic deposits for dual-polarised SAR and required prior knowledge of the different deposit types
and land cover present. We consider an unsupervised classification (Lu & Weng, 2007) that does not require
prior knowledge or training datasets and can be applied rapidly. To keep the extraction as simple as possible
we use image segmentation methods (Lu & Weng, 2007) to limit the number of subjective decisions during
the extraction. We employ a morphological reconstruction (MR) on our step estimations prior to thresh-
olding the output to extract large changes in backscatter associated with the emplacement of flow deposits
(Figure 7b). MR uses a marker image that is based on the backscatter values and is able to preserve edges
whilst reducing noise (e.g., Lei et al., 2018). We use a structuring element, 10-20 pixels in order to selectively
reconstruct features with the characteristic spatial scale and pattern of the deposits. Following the MR, we
apply a backscatter threshold (1.5-3 db for the June 3 flows), a cluster size threshold (removing groups <
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Figure 7. Semi-automatic method used to extract flow areas and lengths from (a) a 4-month step estimation using 15 CSK SAR acquisitions from February
5 to June 5, 2018 to extract the June 3, 2018 PDC in Barranca Las Lajas. (b) Morphological Reconstruction (MR) applied to step estimation image, then using
(c) multiple thresholds to clear up clusters before (d) selection of clusters associated with specific flows based on drainage location and cluster pattern after
thresholds. Location of the scene is shown in Figure 1c.

7,000 m?) and fill in any small, closed gaps within the flow using a gap size threshold (Figure 7c).We aim to
retain larger complete gaps because these could reflect real flow path structures. Lastly, based on the spa-
tial pattern of clusters and, where available, information about the volcano drainage system, we select and
remove large pixel clusters that are not associated with a specific deposit (e.g., signals from the ash fallout)
and group clusters together depending on the deposit type (Figure 7d).

We used this semi-automatic approach to estimate the areas altered by PDCs during the June 3 eruption
(Table 2). Areas extracted semi-automatically from backscatter imagery were 40-90% lower than those
found manually (Table 2), with the biggest differences for smaller flows (e.g., Barranca Taniluya) where
the backscatter signals are more difficult to differentiate from the surrounding noise (Figure S4). Estimates
from the semi-automatic method are minima as it was not able to capture (a) low magnitude backscatter
changes that were only slightly larger than background variations, (b) areas where backscatter changes
from different deposits overlap or (c) areas where the flows are relatively narrow. Areas estimated from
optical imagery were also consistently larger than those from the SAR imagery, perhaps because very thin
deposits (e.g., Barranca Taniluya surge deposits) may have a minimal impact on backscatter values for some
types of land cover.

Table 2

Lengths and Area Measurements of Fuego Drainage Systems (Location Figure 1a) Affected by the June 3, 2018 Explosive
Deposits Extracted Manually and Semi-Automatically From the Step Estimation Backscatter and From Optical Imagery
(Sentinel-2, July 04, 2018)

Honda Las Lajas  Ceniza Taniluya Seca Trinidad
SAR Deposit Length (km) 6.4 11.9 8.3 1.8 9.1 >2.5
aLength (km) - 11.7 8.5 - 9.0 -
SAR area, Manual (km?) 1.2 6.3 1.7 0.5 2.9 >0.6
SAR areas, Semi-automatic (kmz) 0.4 4.0 0.2 - 1.1 =
SAR Percentage decrease (%) 83.3 39.7 88.2 - 62.1 -
Optical area, Manual (km?) 14 7.4 1.8 1.2 3.7 1.2

¥Measurements cited from Escobar Wolf and Ferres (2018).
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3.3.2. Exploiting Full Backscatter Time Series

Backscatter changes during an eruption may be subtle, complicated by multiple events (e.g., lahar flows)
or develop slowly over an extended period of time (e.g., erosional processes). To examine these types of sig-
nals, we calculate the changes in backscatter for a particular area for all possible date combinations in our
dataset, producing backscatter change grids (Figure 8). These highlight temporal structures allowed us to
distinguish between long-term processes (e.g., erosion and compaction) and abrupt changes that correlate
to specific volcanic events (e.g., lahars).

Prior to the June 3, 2018 eruption, backscatter variations were minimal for all parts of Barranca Las Lajas
(Figures 8d-8h). The 3 June PDCs caused high magnitude changes that were strongly dependent on pre-ex-
isting scattering properties (e.g., compare the valley and the golf course in Figures 8d and 8f). Backscatter
changes on fresh PDC deposits between pairs of images after the 3 June 2018 eruption show more complex-
ity, and highlight structures not easily recognizable in the individual backscatter change difference images
(e.g., Figure 6). To distinguish between gradual erosion and re-working by lahars, we compare backscatter
change grid patterns to rainfall data from the El Platana rain gauge (Figures 1c and 1578 m a.s.l.; 14.56°N,
90.94°W). We found that changes in backscatter (e.g., sudden changes or changes in trends) in the backs-
catter change grids coincided with periods of high rainfall and matched periods of reported lahars from the
INSIVUMEH bulletins.

The lack of rainfall during July at Fuego (Figure 8c) allowed material to compact and resulted in gradual de-
crease in backscatter (June 29 and July 23, arrows in Figures 8d-8g). The next major rainfall after these dry-
ing periods are marked both by abrupt changes in backscatter in the drainage channels and by scene-wide
increases in backscatter (Figures 6f and 6i) with higher magnitudes in both the newly deposited volcanic
material and the agricultural land toward the south and southeast of Fuego. When the subsurface goes from
dry to wet, radar penetration into the ground decreases and there is less interaction with deeper scatterers,
increasing the influence of the near-surface scatterers and returning more radiation toward the satellite.
We speculate that backscatter change is of higher magnitude over the looser fresh volcanic material and
agricultural fields because these hold moisture better than the surrounding vegetation.

3.4. Phase Coherence of Flow Deposits

Interferometric phase coherence is very sensitive to changes in surface properties due to volcanic deposits
(e.g., Dietterich et al., 2012; Wadge et al., 2002). A pixel's phase comprises contributions from all the indi-
vidual scatterers within it, and its phase coherence can be estimated from the correlation between phases
for a group of pixels. Exposed bed rock, roads, or any stable structure will result in high coherence values,
whereas features that change between acquisitions, such as vegetation or rockfall, will cause low coherence.
Both the time span between acquisitions and satellite perpendicular baseline may be proportional to the
degree of phase decorrelation.

‘We estimate coherence by assessing the correlation of 3 X 3 grids of pixels for selected areas along the June
3, 2018 PDC deposits in Barranca Las Lajas for all possible image pairs to examine variations in coherence
within the dataset (Figure 9). The large perpendicular baseline range of CSK images, average of 690 m
between acquisitions, results in very high geometric decorrelation and many images that become entirely
incoherent. By plotting the perpendicular baseline against the average coherence we identify a perpendicu-
lar baseline threshold of >700 m at Fuego, beyond which we lose all coherence except where the temporal
baseline is especially low (e.g., one day interferograms).

Coherence over Fuego is very low with only ~7% of the 100 km? around Barranca Las Lajas and Honda show-
ing a coherence over 0.5, even for perpendicular baseline <700 m. High coherence is limited to towns and
some agricultural fields (Figure 9c), while dense vegetation and steep slopes lead to low coherence on the
volcano. Prior to the June eruption, the drainage systems on the volcano flanks showed higher coherence
but the emplacement of the PDCs on June 3, 2018 resulted in a sudden loss of coherence (Figure 9). In Bar-
ranca Las Lajas, the complete loss of coherence lasted for approximately a month before higher coherence
values reappear. These higher coherence values in July 2018 correspond to the break in the rainy season and
temporary pause in lahar activity (Figure 10a). Post-July the coherence drops slightly as the increased num-
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Figure 9. Radar coherence matrix for the upper sections in (a) Barranca Las Lajas and (b) Honda for areas shown in red in (c) coherence image (D and H,
Figure 8a) showing the complete loss of coherence associated with the June 3, 2018 PDC, the short-term reappearance at the end of June and the return to pre-
eruption coherence levels by September 2018. Coherence matrix represent the same temporal scale with white squares representing perpendicular baselines >
700 m. High coherence that correlates to towns and agricultural fields outlined in green.

ber of lahars slowly reworked the PDC material in Barranca Las Lajas. The scattering properties gradually
stabilize during September 2018 and return to the pre-eruption coherence levels. Similar trends are visible
in Barranca Honda (Figure 9b) demonstrating the strong correlation between lahar activity, rainfall and
coherence levels. However, due to the smaller drainage and lower volcanic volume emplaced in Barranca
Honda the baseline coherence is lower in the barranca reducing the magnitude of the coherence changes.

4. Discussion
4.1. June 3, 2018 Explosive Deposits

Six drainage systems at Fuego showed changes in backscatter as the result of the emplacement of PDC de-
posits on June 3, 2018 (Figure 3), as described in the INSIVUMEH special bulletins (INSIVUMEH, 2018d).
These newly emplaced PDCs follow the pre-existing drainage down the flanks of the volcano (Figure 3). Our
measurements show that the multiple flows in Barranca Las Lajas extend up to 11.9 km from the summit,
altering a total area of 6.3 km? (Table 2) with flow thicknesses of up to 10.5+ 2 m (Figure S2) in the lower
sections of the drainage where the flow accumulated against a topographic high. Given the complexity of the
topographic changes caused by the emplacement of the June 3 PDCs (Albino et al., 2020), we do not consider
this sufficient to make an estimate of flow volume. Our thickness estimate compares well with topographic
increases of 12 m derived from TanDEM-X data (Albino et al., 2020) for the lower portions of Barranca Las
Lajas. Overall, flow lengths measured from the backscatter (Table 2) were within 0.2 km of ground-based
measurements (Escobar Wolf & Ferres, 2018). Near the summit the flows channeled into different drainage
systems reduced the surface roughness. The narrow band of backscatter increase we observe in Barranca
Las Lajas (Figure 4a) is likely to be caused by local increases in cm-scale roughness associated with a central

Figure 8. Backscatter change grid to show long term patterns in dataset. (a) shows the locations of each backscatter change grid (Location of the scene is
shown in Figure 1c). (b) Rainfall data (ICC, 2021) shown as a grid from rain gauge located 11 km northwest of Fuego, location indicated on Figure 1a. (c)
Schematic showing a simplified example of how a backscatter change grid is constructed. Each square represents the difference in backscatter produced from
the two ground surface cartoons. The whole grid represents all possible pair combinations in the dataset. (d-h) backscatter change grids for areas along the
length of Barranca Las Lajas, Barranca Honda drainage system and in overbank deposits showing variations in backscatter patterns associated with different
deposit types and location. Red line indicates June 3, 2018 eruption and PDCs, black line shows changes in backscatter attributed to lahar activity and blue line

show changes attributed to rainfall.
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Figure 10. Timelines showing the various activity in Barranca Las Lajas. (a) shows the periods of volcanic activity

in 2018 at Fuego, (b) the daily processes in Barranca Las Lajas as reported by INSIVUMEH, (c) the activity reported
from the INSIVUMEH bulletins shown in the same time steps as the SAR acquisition, and (d) the timeline of volcanic
activity derived from backscatter.

higher energy flow, transporting a wider range of material than in the surrounding channel. These localized
increases in backscatter near the summit correlate roughly with the collapse and transitional facies described
in Albino et al. (2020), where material was dominantly removed. Although changes in local slope caused by
the incision of a small higher energy inner channel could also cause bands of backscatter increase, there is no
indication of a new channel in the post-eruption backscatter image (June 05, 2018). Further down the drain-
age system, deposits were generally bounded by the channel wall and the backscatter changes are associated
with different stages of valley infill and in some areas flow overbanks (Figure 4b). An approximately 40 km?
wide area on the southern flank of Fuego showed subtle changes in backscatter that we attribute to ashfall
from the initial June 3, 2018 eruption (Figures 6c and 6g). These changes are apparent only in the co-erup-
tive step estimation images (Section 3.2), which reduced the background backscatter noise. We attribute the
backscatter decrease on the dense vegetation to the emplacement of a layer of ash, rather than the removal
of leaves from vegetation, since this would produce long-term changes in backscatter that we do not observe.
The impact of this ash layer on the backscatter images was short-lived and completely disappears from all
other post-eruption images, which were acquired after the first major post-eruption rainfall.

Following the 3 June 2018 eruption, the backscatter remained low within Barranca Las Lajas (Figures 6d,
6h, 8d and 8e). This low backscatter was concentrated to the upper slopes of Barranca Las Lajas, extending
downslope within a defined channel (Figure 6h) affected by the 3 June flow deposits. This backscatter pattern
coincides with two smaller PDCs observed by INSIVUMEH on the June 5, 2018 (INSIVUMEH, 2018a, 2018g).
During June and then between August to September, Fuego had periods of high lahar activity (Figure 10),
which appeared as both increases and decreases in our backscatter change grid depending on the condi-
tions and location of the lahar. We used the INSIVUMEH reports to ground truth our identification of lahar
activity, and found good agreement between backscatter and field observations. From June to —September
2018, we identified nine possible periods of lahar activity in Barranca Las Lajas from backscatter alone, two
of which produced small, spatially discontinuous changes or do not correlate with a major rainfall event. A
period that we flagged as lahar activity with high uncertainty in June and July in Barranca Las Lajas was con-
firmed by in-situ observations recorded in INSIVUMEH reports (e.g., INSIVUMEH, 2018h). However, there
were three periods with lahars reported by INSIVUMEH in September that are not clear from our backscatter
analysis. This could be because to the flow deposits were more channeled and of smaller volume. It is also
possible that their erosional and depositional impact on the backscatter was minimal.

4.2. Identification of Volcanic Products From Backscatter

Here, we discuss the approaches that were most successful for studying explosive volcanic deposits at Fue-
go, including the potential for automatic extraction of flow shapes.
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4.2.1. Mitigating Sources of Noise

Backscatter changes caused by the emplacement of fresh explosive volcanic products may be low mag-
nitude, small in spatial extent and differ according to scattering properties of the pre-existing land cover
and topography. Interpreting backscatter therefore requires some knowledge of both pre-event scattering
properties (e.g., inferred from radar, optical, or ground-based imagery) and pre-existing topography (from
a global, or preferably local, DEM). Maximizing signal-to-noise ratio is also critical, and can be achieved by
mitigation of noise in the backscatter.

Applying a radiometric terrain correction to the Fuego dataset reduced distortions from the steep topogra-
phy allowing us to make backscatter change measurements on the steeper slopes near Fuego's summit. The
high-resolution TanDEM-X-derived DEMs (10 m, September 18, 2015 and August 9, 2018) were better able
to correct distortions than SRTM (30 m, February 11, 2000; Figure S2). Using both a pre- and post-erup-
tion DEM for our analysis also minimized errors associated with differences between topography at the
time of each SAR image and the DEM used for correction (especially the local gradient and location of
drainage channels Figure S3). Even with a radiometric terrain correction, major differences in the satellite
geometry still affect the backscatter change if the scattering mechanisms vary with incidence angle. For
example, trees produce very different scattering signals depending on whether radar encounters the crown
or the trunk first. This effect may account for some of the different magnitude and signs in backscatter
change pattern that we observe between different tracks with different incidence angles in some locations
(Figure 4c). Without the application of an adaptive filter, speckle can mask shapes and structures of the
explosive volcanic deposits (Figure 2d). The adaptive Gamma-MAP filter (Lopes et al., 1993) improved our
analysis of the backscatter changes for all methods. In our step estimation images the speckle filter made
the transition between flow and surrounding areas sharper, reducing the background variance by 7% and
making the subtle changes in backscatter, such as ash (Figures 6c and 6g), more easily distinguishable. For
major changes such as those caused by the eruptions on 3 June, the single backscatter and change difference
RGB images are sufficient to identify the main deposits. However, solving for a step in backscatter using
longer time series (>30 days) and more images improved both our mapping of flow boundaries, and allowed
identification of more subtle changes in backscatter (e.g., ash fall).

4.2.2. Identification of Explosive Deposits in Backscatter

In general, the significant changes to backscatter due to PDCs are limited to drainage channels and sur-
roundings, with the sign of backscatter change dependent on radar wavelength, flow roughness and
pre-eruption scattering properties. It may take the backscatter a few days, months, or years to return to
pre-eruption levels of backscatter (e.g., for vegetation to grow back where it was completely removed).
However, backscatter can also remain permanently altered and never return to the values it had before the
eruption (e.g., complete restructure of drainages systems).

Backscatter signatures of major PDCs have been identified at Soufriere Hills Volcano, Montserrat using
TerraSAR-X (X-band; Wadge et al., 2011) and the 2010 Merapi eruption with ALOS-PALSAR (L-band; So-
likhin et al., 2015). For Fuego (Figure 4) and Soufriére Hills Volcano, pyroclastic surge deposits were as-
sociated with decreases in backscatter. However, pyroclastic surge deposits at Merapi caused an increase
in the backscatter. There are also similarities in backscatter patterns within flows at different eruptions.
At Fuego and Soufriere Hills Volcano, narrow bands of increased backscatter occur in the middle of PDC
deposits, inside the main channels (e.g., Figure 4a), which we attribute to fresh block and ash deposits,
including larger, up to meter-scale blocks that dominate the backscatter signal. However, for the 2010 Mer-
api eruption, a narrow band of decreased backscatter was observed in the center of the flow where the
most energetic flows were deposited. The differences between observations at Merapi, Fuego and Mont-
serrat are consistent with the different roughness lengths scales to which L-band (4 = 23 cm) and X-band

(4 = 3.1 cm) radar are sensitive. The Rayleigh Criterion, h > , provides a material size threshold of

whether a surface is appears ‘rough’ (bright) or ’smooth’ (darkS(i);(gackscatter. For X-band, objects <0.4 cm
appear smooth while for L-band objects <3.6 cm will appear smooth. This means that material between 0.4
and 3.6 cm will produce different backscatter signals at L- and X-band wavelengths. Lahars produce much
more subtle signals in backscatter limited to active drainages and freshly deposited material. Distinguishing
between the sudden changes caused by a lahar and more gradual erosion is particularly challenging using
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non-continuous imagery. The addition of rainfall data provides some constraint on when lahars are more
likely to have occurred. The use of dense SAR time series with short revisit times is also critical. The Fuego
lahars produce both increases and decreases in backscatter at different positions along the flow path. In
general, the upper sections of drainages are dominated by erosion, reducing the backscatter, while surface
roughness increases downslope as larger blocks are deposited. Multiple lahars of different sizes and magni-
tude may occur during the several days between SAR acquisitions so that the backscatter change patterns
do not represent a single lahar event. The backscatter change caused by lahars is also sensitive to the timing
of rainfall; high rainfall closer to the second acquisition produces a higher magnitude change than if it were
close to first acquisition and the ground had time to dry out. Although backscatter signals from lahars are
superficially similar to those from gradual erosion and deposition in any image pair, we found that we could
identify lahar signals at Fuego by finding turning points in backscatter sign in the time series (Figure 8) and
comparing their timing to high rainfall events (Figure 8c).

The backscatter changes associated with the emplacement of ash fallout from 3 June eruption are much
more widespread than either the PDCs or lahar deposits. In general, backscatter signals from ash reach
their maximum close to the eruptive vent of the volcano and are characterized by short-lived changes. The
sign of the change is dependent on the pre-eruption land cover, the moisture content of the ground and the
ash, whether the deposit coats the ground or is thick enough to remove or destroy vegetation. Although
ash deposits are spatially systematic, they may produce only very small magnitude variations in backscat-
ter, difficult to differentiate from background noise. Therefore, reliable corrections for noise (e.g., speckle)
are necessary, especially as the impact of ash on SAR backscatter (e.g., the impact of thickness variations,
morphology, and dielectric properties) is poorly understood. At Fuego, we measure both an increase and de-
crease in backscatter caused by ashfall over different surfaces, but at Nabro (June 2011, Goitom et al., 2015)
the pre-eruption land cover was a uniform semi-arid environment, resulting in a decrease in backscatter
signal linked to topographic smoothing. For both Fuego and Nabro eruptions, backscatter changes related
to ash were dominated by changes in the surface roughness. However, the ash at Cotapaxi, Ecuador (August
2015, Arnold et al., 2018) had a high moisture content producing an increase in backscatter and masking
any decrease in surface roughness. Although ash deposition generates a clear backscatter change signal for
some eruptions (e.g., Nabro, Eritrea, Goitom et al., 2015), this depends strongly on the ground's scattering
properties pre-eruption, as well as deposit thickness and may be much more subtle, as seen at 2018 Fuego
eruption. In these cases, longer time series are more adept at extracting these types of signals.

4.2.3. Potential for Automated Flow Shape Extraction

While our study of the 2018 Fuego eruption is retrospective, analysis of backscatter has great potential as a
tool to track the progression of an eruption, especially where visual observations are limited. We assess the
accuracy of the areas and lengths generated by our semi-automatic approach (Section 3.3.1) by comparing
them to measurements extracted manually from backscatter (Table 2) and optical imagery (i.e., Sentinel-2,
July 4, 2018, Table 2). Although Sentinel-2 is limited by low resolution (10 m) and there is a gap of 26 days
after the start of the eruption before the first clear image, we found the images suitable for the comparison
at Fuego and the recurring acquisition and greater number of images translated into more cloud-free pixels
over time. For Barranca Las Lajas the semi-automatically identified area was ~38% smaller than through
manual extraction, while flows where backscatter variations were not significantly different to the back-
ground noise (e.g., Barranca Taniluya, Figure S4) showed up to ~85% difference. Using smaller MR structur-
ing elements and lower thresholds allowed us to extract some of these flow shapes, reducing these values too
far resulted in false positives especially in areas where the surrounding variations were large (e.g., summit or
ash on south flank). False positives were also associated with overlapping deposit distributions, signals from
volcanic ash on the southern flank merged with changes associated to the flow in Barranca Trinidad and
upper sections of Barranca Las Lajas in June 2018 (Figure 6¢). Morphological operators and image segmenta-
tion limited bias in the identification of flows. However, the semi-automatic method was less effective where
backscatter changes were low magnitude (e.g., Barranca Honda, Figure 3c), where changes were similar to
the level of background noise, or where the boundaries showed gradual transitions (false negatives).

The flow areas measured from optical imagery (Table 2) were larger for all drainages than seen in the
backscatter images. This may be because the first SAR image was acquired two days post eruption, while the
first completely cloud free Sentinel-2 optical image was acquired over a month later on the July 4, 2018 and
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captures multiple events, not seen in the SAR image pair. Further, some deposits (e.g., overbank deposits
in lower Barranca Seca, Figure 4b) visible in the optical imagery either do not change the radar scatterers
enough to cause a difference in backscatter, or different signal contributions (e.g., from roughness and
moisture) cancel each other out. For example, the backscatter would show a decrease for a rough surface
becoming smoother and an increase for a dry surface becoming wet. A rough, dry surface that changes to a
smooth wet one may produce minimal backscatter change. A deposit that produces changes in all contrib-
uting factors: local slope, centimetre-scale roughness, and moisture, produces a very complicated change
pattern, with the potential for some flow sections to produce minimal or non-observable change signals.

4.3. Application to Explosive Volcanoes Globally

The high spatial resolution and temporal density provided by CSK SAR images are ideal for analysis of
explosive volcanic eruptions using backscatter. However, CSK is a commercial constellation and although
it has a good volcano background mission, it is not free or open, although it is available to observatories
and research scientists through programs such as the CEOS Volcano Demonstrator (Pritchard et al., 2018).
We therefore present a short comparison of the backscatter methods we applied in this study to completely
open-access data. We use the freely available C-band (5.6 cm) Sentinel-1 data (~5 X 20 m) and SRTM-DEM
(30 m).

The June 3, 2018 Fuego eruption produced fundamentally similar signals in both CSK and Sentinel-1 data,
which both captured backscatter changes in all affected drainage systems (Figure 11). The pyroclastic surge
in Barranca Trinidad (not reported in the INSIVUMEH eruption reports), which is partially masked in the
CSK images (Figure 3) due to the satellite geometry, is clearer in the Sentinel-1 imagery. While the Senti-
nel-1 change difference and step image (Figure 11) showed similar overall spatial extent for the PDC depos-
its, the lower resolution does not capture the finer detail seen in the CSK data (e.g., complexity around La
Réunion golf course, the overbank flow at San Miguel Los Lotes ash fallout on southwest flank). The longer
repeat time for S1 data results in the combination of multiple events and long term changes into a single
step image. This long temporal span could cause masking or the reduction of backscatter changes associat-
ed with particular events making the identification of different individual events impossible. Nevertheless,
the global availability of Sentinel-1 data allows for frequent (6-12 days) observation and interpretation of
explosive volcanic eruptions.

Both high perpendicular baselines in our data set, and the tropical vegetation at Fuego meant we observed
very low interferometric phase coherence. In other settings (e.g., Dietterich et al., 2012), phase coherence
could provide completely independent comparison to flow extent maps derived from backscatter. However,
as the 3 June eruption occurred following a few months of low volcanic activity, coherence before the June
2018 eruption was high enough in some drainage channels that we were able to detect the emplacement
and post-eruption development of deposits. While L-band sensors (e.g., ALOS-2) would provide with higher
overall coherence, the X-band CSK images used in this case study had the particular advantage of being a
much temporally denser data set.

Backscatter changes are dependent not only on the type of explosive deposit, but on specific conditions at
the volcano including underlying ground cover (e.g., vegetation) and moisture levels. Therefore, to be able
to accurately interpret what backscatter changes during a particular eruption mean, a good understanding
of the volcano setting (e.g., local topography, ground coverage) is needed.

5. Conclusion

We provide a thorough application of multiple backscatter methods to examine explosive volcanic deposits
of the 2018 activity at Volcan de Fuego, Guatemala. We use SAR backscatter to map six drainages affected
by PDCs (Table 2) during the June 3, 2018 eruption accompanied by backscatter changes associated with
ashfall. The major PDC sequence in Barranca Las Lajas showed an extent of 11.9 km from the summit cov-
ering an area of 6.3 km” and with a thickness up to 10.5 + 2 m in the lower section. The backscatter signals
associated with the Barranca Las Lajas deposits showed increases related to the block and ash deposits
within the channel and wider spread decreases in backscatter linked to the emplacement of pyroclastic
surge and overbank deposits. Between June and September 2018, we observed two more PDCs in Barranca
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Figure 11. Comparison of Sentinel-1 and CSK backscatter methods for the 3 June 2018 PDCs in Barranca Las Lajas. A radiometric terrain correction and
speckle filters were applied to both Sentinel-1 (using the SRTM 30 m DEM and a 3 X 3 pixel window) and CSK (using the TanDEM-X derived 10 m DEMs and a
5 x 5 pixel window). Location of the scene is shown in Figure 1c.

Las Lajas and, with additional information from local rainfall data and INSIVUMEH reports, nine periods
of potential high lahar activity.

We demonstrate that solving for a step change in backscatter from a time series improved signal-to-noise
ratio and aided the identification of explosive volcanic deposits. The use of time series backscatter change
show temporal patterns that have potential to identify lahars and more gradual post-eruption erosion
processes.

This work demonstrates the suitability of SAR backscatter for monitoring the progression of explosive erup-
tions and the subsequent alteration of their deposits. We demonstrate that not only PDCs can be mapped
using backscatter, but that subsequent lahars and ash fallout can be distinguished from background noise.
This case study shows the potential of the backscatter datasets to provide useful observations and measure-
ments for volcano monitoring when optical, radar phase or ground-based observations are limited.
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