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The estimation of the volume of volcanic flows during an ongoing eruption is challenging but this information is
crucial for improving risk assessment and for forecasting future events. Although previous studies have shown
the ability of TanDEM-X satellite data to derive the thickness and the volume of lava flow fields during effusive
eruptions, themethod has not been explored yet for pyroclasticflows. Using bi-static interferometry, we produce
TanDEM-X DEM on Fuego volcano (Guatemala) to measure the significant topographic changes caused by the
3rd June 2018 eruption, which destroyed the town of SanMiguel Los Lotes. We estimate the volume of the Pyro-
clastic Density Currents (PDCs) to be 15.1± 4.2 × 106m3. The deposits are likely to be the source of lahars during
future rainy seasons. We identify the main channel of deposition (positive elevation changes) and the source re-
gion of pyroclasticmaterial, areas of significant substrate erosion, and vegetation destruction (negative elevation
changes). Our results show that the June 3rd 2018 pyroclastic flow was predominantly composed of material
which had gravitationally collapsed from a location close to the vent. The eroded material increased the volume
of the flow (bulking) and likely caused the run-out distance of the 2018 PDC to be larger than previous eruptions
(1999–2017). This study highlights the potential of remote sensing techniques for actively monitoring topogra-
phy changes in inaccessible locations and to rapidly derive deposit volumes.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The mapping of volcanic flows (e.g. lava flows, pyroclastic density
currents (PDC), lahars) during and after an eruption is essential for fore-
casting future volcanic behaviour and for refining existing hazardmaps,
both of which contribute to reducing exposure to risk. Scientifically, the
post-eruptive analysis of volcanic flows is used to infer locations of ma-
terial sources, understand the fundamental processes of flow emplace-
ment and deposition, to provide key observational constraints for
models of flow processes, and for benchmarking empirical models
(Kelfoun and Druitt, 2005; Cordonnier et al., 2016; Ogburn and Calder,
2017). Accurate topographic data and a good estimate of the flow vol-
ume are important as these are key parameters in numerical simulation
for forecasting the path and run-out distance of future events (Capra
et al., 2011; Charbonnier et al., 2013; Richter et al., 2016).
B.V. This is an open access article
PDC and lahars can be strongly erosive (e.g. Pierson et al., 1990;
Calder et al., 2000), so information about eroded volumes and rates is
important for formulating and testing numerical models of their dy-
namics. A critical need is to quantify spatial variations in erosion and de-
position over the length of the flow, and to be able to relate this to local
flow and topographic conditions. To date, estimates of eroded substrate
volume have been limited to detailed measurements at outcrop scale
(e.g. Bernard et al., 2014; Kataoka et al., 2018), which is highly informa-
tive at a specific location, but impractical to make estimates over the
scale of the whole flow. Satellite-imaging of flow deposits has the po-
tential to characterise substrate erosion over significant areas.

During a volcanic crisis, fieldwork is typically limited by accessibility
and safety, so remote sensing has become a common method for
characterising volcanic activity (Wright et al., 2002; Watson et al.,
2004; Joyce et al., 2009; Pyle et al., 2013), including mapping fresh de-
posits (Kervyn et al., 2007; Smets et al., 2010; Ganci et al., 2018;
Pallister et al., 2019). Flow outlines can bemapped using a range of sat-
ellites and airborne imagery, but estimating height changes is more
challenging. Different methods have been used to produce Digital
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. a) Topographicmap based on90-m resolution SRTMDEMshowing the surrounding
of Fuego volcano and the path of Pyroclastic Density Currents (PDC) for the period
1999–2018. Dashed red lines indicate run-out distances of 6 and 12 km. The name of
the different barrancas are indicated in black. Right bottom inset shows the location of
Fuego along the Central America volcanic arc. b) Detailed mapping of the different facies
of the 2018 PDC based on a Sentinel-2 image acquired few days after the eruption on
29th June 2018. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Elevation Model (DEM): 1) Airborne or terrestrial laser altimeters
(Glennie et al., 2013; Telling et al., 2017), 2) Optical stereo satellite im-
agery (Toutin and Cheng, 2001), and 3) Radar Interferometry (InSAR)
(Toutin and Gray, 2000; Crosetto, 2002).

High-resolution DEMs (1–25m) derived from altimeter systems can
provide information about the thickness and the morphology of pyro-
clastic flows after their emplacement (Hofton et al., 2006; Jessop et al.,
2012). However, because of its cost and the difficulties of implementa-
tion, this approach is not suitable for fast-response to ongoing volcanic
events. SPOT stereo images have also been used to build post-eruptive
DEMs to derive flow volumes on active stratovolcanoes such as
Sinabung and Colima (Yulianto and Sofan, 2016; Dávila et al., 2019);
however, the technique only works in daytime and clear sky conditions
(e.g. no cloud or no ash plume), which is rare during an eruptive event.
Although satellite InSAR is most often used to measure small
(centimetre to meter scale) surface deformation, it can also be used to
produce DEMs or maps of large-scale (meters to 10s of meters) topo-
graphic changes, and is functional both day and night and in all weather
conditions. For this reason, InSAR has been widely applied for studying
recent lava flow fields in both repeat-pass (Lu et al., 2003; Rowland
et al., 2003; Ebmeier et al., 2012) and bistatic/single-pass modes
(Poland, 2014; Albino et al., 2015; Kubanek et al., 2015; Richter et al.,
2016; Arnold et al., 2017; Dirscherl and Rossi, 2018; Lundgren et al.,
2019).

Here, we produce pre- and post-eruptive DEMs using bistatic data
from the TanDEM-Xmission and quantify the source location, thickness
and volume of the Pyroclastic Density Currents (PDCs) generated by the
3 June 2018 eruption of Fuego volcano, Guatemala. In order to reduce
the errors associated with previous approaches, we use pre- and post-
eruptive DEMs derived from the same sensor and processing scheme.
We assess the quality of themeasurements using i) theoretical relation-
ships based on the acquisition geometry (incidence angle vs. local
slope) and surface characteristics (coherence values), and ii) empirical
estimates based on the comparison of two pre-eruptive DEMs. We ana-
lyse the distribution of positive and negative topographic changes asso-
ciated with the 2018 PDCs, and we discuss the implications for
estimates of deposit volumes and source mechanisms.

2. Background

2.1. Volcán de Fuego, Guatemala

Fuego is a high-elevation stratovolcano (above 3700 m) located
within the 145-km long WNW-trending central Guatemalan volcanic
chain (Martin and Rose, 1981) (Fig. 1a - inset). It is considered one of
themost active volcanoes of theAmericas, with over 50major eruptions
(i.e. with Volcanic Explosivity Index VEI≥2) reported since the begin-
ning of the Spanish colonial era in 1524 (Global Volcanism Program,
2013). The eruptive records show periods of low-level continuous
Strombolian activity (from months to years) (Waite et al., 2013) inter-
spersed with short-lived sub-Plinian events (from hours to days)
(Rose et al., 2008).

One of the largest historically-recorded eruptive events (VEI 4) oc-
curred during October 1974 producing ash fall and pyroclastic flows,
which triggered the evacuation of local population and damaged agri-
cultural production (Rose et al., 1978). The Dense Rock Equivalent
(DRE) volume erupted was estimated at about 0.1 km3 (Rose et al.,
2008). After this period of activity (1974–1979), Fuego had brief
Strombolian activity (VEI 1–2) in 1987 and 1999 (Global Volcanism
Program, 2013). Since 1999, activity at Fuego has been dominated by
persistent Strombolian activity with frequent paroxysmal eruptions
producing lava flows and more rarely pyroclastic flows which travelled
no more than 6 km from the summit (Ferres and Escobar Wolf, 2018)
(Fig. 1a).

This eruptive cycle changed on 3 June 2018when a violent explosion
occurred at 12:00 (UTC) at the summit causing an ash plume rising up
2

to 15 km above sea level (reported by theWashington Volcanic Ash Ad-
visory Center, VAAC) and a series of destructive PDCs travelling up to
12 km from the summit down to Barranca Las Lajas (Fig. 1b). Based on
the retrieval of plume height and an eruption column model, Pardini
et al. (2019) estimated the Dense Rock Equivalent (DRE) volume to be
0.04 ± 0.1 km3. The climax of the paroxysm was reached only 5–6 h
after the onset and lasted for 2.5 h between 17:30 and 20:00 UTC. The
local authorities evacuated about 12,000 people, but the rapid-onset
eruption still caused hundreds of fatalities (Naismith et al., 2019), espe-
cially in the town of SanMiguel Los Lotes. As a result, this volcanic event
became the third deadliest eruption in the 21st century (at the time of
writing). In addition, PDCs destroyed facilities at a golf resort and critical
infrastructure, which affected evacuation lifelines including a bridge lo-
cated on the road RN-14 (Fig. 1b).

2.2. Satellite measurements of flow volumes

Repeat-pass radar interferometry estimates height change by calcu-
lating the phase difference between two radar images separated in
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time; a reference DEM (acquired before the event) is usually used to re-
move any phase delays due to relief. The resulting interferogram in-
cludes phase changes due to topographic change, but also due to
ground deformation or atmospheric artefacts. Despite this, a range of
SAR sensors have been successfully used to derive thicknesses of fresh
lava flows at Okmok (Aleutians), Cerro Azul (Galapagos) and
Santiaguito (Guatemala) (Lu et al., 2003; Rowland et al., 2003;
Ebmeier et al., 2012).

In 2010, the TanDEM-X radar mission was launched by the German
space agency (DLR) with the aim of producing a world-wide DEM at
12 m resolution using bi-static interferometry (e.g. two acquisitions of
the same area at the same time) (Moreira et al., 2004; Zink et al.,
2006; Fritz et al., 2011). Bi-static interferometry is more suitable than
repeat-pass interferometry for DEM generation as the phase difference
of the interferogram excludes any contribution related to ground defor-
mation or atmospheric delays (Supplementary Fig. 1), and therefore the
quality of bi-static DEM is expected to be better. TanDEM-X data have
been used to accurately derive the total volume of lava flows at a num-
ber of different volcanoes including Kilauea (Hawaii), Nyamulagira (D.R
of Congo), Tobalchik (Kamchatka), Fogo (Cape Verde) and Reventador
(Ecuador) (Poland, 2014; Albino et al., 2015; Kubanek et al., 2015;
Richter et al., 2016; Arnold et al., 2017).

Although TanDEM-X has been widely used for quantifying lava flow
volumes during effusive activity, the application to explosive events in-
volving pyroclastic flows is limited. The reason is mainly that the thick-
nesses of such flows are usually smaller and potentially below the
detection threshold obtained using TanDEM-X DEM. Arnold et al.
(2016) used a range of satellites and ground-basedDEMs to quantify cu-
mulative pyroclastic flow volumes at Soufrière Hills (Montserrat) from
1995 to 2010. In this example, errors on volumes remain large (up to
70%) and were mainly caused by the temporal decorrelation of ALOS
repeat-pass data, the loss of information in areas of steep topography
(effect of layover and shadow), and also the fact that DEMswere gener-
ated from different radar wavelengths and may correspond to different
topographic surfaces (e.g. L-band has a larger penetration depth in veg-
etation than X-band).

Although several open-access DEMs of Fuego are available before
the June 2018 eruption (e.g. SRTM and ASTER), they all have relatively
low spatial resolution (≥ 30 m) and are not suitable for characterising
the narrow valleys (10 m) where the pyroclastic flows were emplaced.
For these reasons, we choose to use TanDEM-X bi-static dataset to pro-
duce both pre- and post-eruptive DEMs at a spatial resolution of 10 m.

3. Data and methods

3.1. Sentinel-2 optical imagery

Pyroclastic Density Currents (PDCs) produce several different facies
of deposits: i) channel flow deposits associated with the filling of con-
fined valleys, ii) overbank flow deposits where the flow jumped out of
the channels and inundated the inter-fluvial terrain and iii) ash-cloud
surge thin deposits (few cm), which are typically associated with the
burning of surrounding vegetation (Schwarzkopf et al., 2005;
Charbonnier et al., 2013). First, we use post-eruptive Sentinel-2 optical
imagery acquired on 29th June 2018 to identify and map the different
facies of the 2018 flow deposits at Fuego (Fig. 1b). Based on the satellite
imagery (e.g. colour and texture) and some a priori field knowledge, we
distinguish 5 different facies.

The collapse facies (1) is located near the summit and is the source of
most of the PDC material. The transitional facies (2) is located on steep
slopes and corresponds to the transition between erosion and deposi-
tion processes. The ash cloud surge facies (3) is located in the proximal
section and corresponds to thin deposition and destruction of vegeta-
tion. The overbank flow facies (4) is located near the main channel
and corresponds to the escape of the flow onto the interfluvial terrain.
The ash cloud surge facies was easily distinguished from the overbank
3

facies by its characteristic reddish colour on the Sentinel-2 image. The
channel flow facies (5) is located in themedial to distal section and cor-
responds to valley-filling deposits.

3.2. TanDEM-X digital elevation models

Six TanDEM-X acquisitions were available at Fuego volcano for the
period 2015–2018: two ascending ones before the 2018 eruption (18
October and 29 October 2015) and four acquisitions after the eruption
with two ascending (6 August and 8 September 2018) and two de-
scending (19 September and 22 October 2018). We used SARScape©
to process the SAR images, which consists of different steps: co-
registration of the Single Look Complex (SLC) images, flattening, phase
unwrapping and geocoding. A detailed description of TanDEM-X pro-
cessing with SARscape© can be found in Sahraoui et al. (2006). We
apply a multilooking of 4 to produce a Digital Elevation Model with a
spatial resolution of 10m. The SRTM(1″ secondDEM) is used as the ref-
erence topography during the flattening step to remove the high-
frequency phase gradient due to relief. This facilitates the phase
unwrapping as only residual fringes associated with topographic
changes (occurring after the year 2000) will be present in the flattened
interferograms. The phase contribution of the SRTM topography is
added back to the residual interferogram after unwrapping to obtain
the final TanDEM-X DEM.

The ascending dataset is most useful for the estimation of the DEM
difference because we have pre-eruptive and post-eruptive DEMs for
comparison. By looking at the DEM differences, we identified phase
ramps in the range direction (0.03–0.45 m/km), which are likely to be
caused by orbit inaccuracies or misalignment between DEMs (Poland,
2014; Millan et al., 2015; Neelmeijer et al., 2017). In the absence of ac-
curate ground control points, we correct the ramps by systematically re-
moving a plane from each DEM difference calculated (see
Supplementary Fig. 2). As we are primarily interested in the difference
betweenDEMs rather than absolute elevation the lack of ground control
points does not have a significant impact on our analysis.

3.3. Optimal spatial resolution

Our ability to detect small topographic changes from aDEMdepends
on the spatial resolution and the precision of the elevation measure-
ments. High-resolution data enables us to better detect changes occur-
ring over small areas (e.g. inside the crater of a volcano or inside
incised valleys). The optimal ground resolution δgr of TanDEM-X DEM
is a function of the viewing geometry (Hanssen, 2001):

δgr ¼ δsr
sin θ

ð1Þ

where δsr is the pixel spacing slant range and θ is the local incidence an-
gle (Supplementary Fig. 1a). Therefore, the optimal resolution varies for
each pixel andwill depend on the terrain slopes: high-resolution (small
values of δsr) will be obtained for slopes oriented away from the satel-
lite, and inversely coarse resolutionwill be retrieved for slopes oriented
towards the LOS.

In the case of Fuego, the optimal ground resolution for ascending
DEMs ranges from 5 to 10 m on the eastern flank whereas it exceeds
20 m on the western flank (Supplementary Fig. 3a). Results will be
reversed for descending data with higher resolution on the western
flank. For the 2018 eruption, as pyroclastic flow were emplaced on
the eastern flank, we expect better results using ascending track
DEMs.

3.4. Vertical accuracy and precision

The vertical accuracy of a DEM can be evaluated by comparing its el-
evation with more accurate ground data such as GNSS measurements
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(Albino et al., 2015; Balzter et al., 2016; Wessel et al., 2018). However,
we do not have GPS measurements for the studied area and here we
only evaluate precision rather than accuracy. This is not a limitation
for our study aswe are not interested in the absolute value of the eleva-
tion but only the elevation difference.
Fig. 2.Mapping topographic changes on Fuegovolcano using 10-m resolution TanDEM-XDigital
29October 2015, b) the co-eruptive period between 29October 2015 and 06August 2018 and c)
extension of the 2018 PDC based on Sentinel-2 imagery and the black box shows an area taken
and the 2018 PDC (red) for the three periods: d) pre-eruptive, e) co-eruptive and f) post-eruptiv
to the web version of this article.)

4

Because TanDEM-X DEMs are processed using the same reference
DEM, we expect any vertical bias to be consistent across the entire
dataset. In theory, the vertical precision of TanDEM-X DEM is correlated
with the SAR geometry and the coherence values, which correspond to
the variations in scattering characteristics of all ground targets
ElevationModels. a-c) Topographic changes for a) the pre-eruptive periodbetween 18 and
thepost-eruptive period between 06August and 08 September 2018. Red line outlines the
as reference. d-f) Distribution of the topographic changes inside the reference area (black)
e. (For interpretation of the references to colour in thisfigure legend, the reader is referred
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contained in a pixel and range from 0 (total decorrelation) to 1 (phase
correlation is preserved). The DEM precision σz can be approximated
through the following relationship (Krieger et al., 2007):

σ z ¼ Ha

2π
σϕ ð2Þ

where Ha is the height of ambiguity (e.g. height change corresponding
to a 2πphase cycle) andσϕ the standard deviation of the interferometric
phase errors. For the bi-static case, the height of ambiguity is expressed
asHa ¼ λRsinθ

πB , withλ the radarwavelength (3.1 cm for TanDEM-X),R the
slant range distance, θ the local incidence angle and B the perpendicular
baseline (see Supplementary Fig. 1). The standard deviation of the
phase is approximated by the Cramer-Rao bound: σϕ ¼

ffiffiffiffiffiffiffiffiffi
1−γ2

2Nγ2

q
with γ

the coherence value and N the number of looks (here N=4)
(Rodriguez and Martin, 1992; Seymour and Cumming, 1994).

The vertical precision of the DEMs is best (low value of σz) for areas
of high coherence. For example, Albino et al. (2015) showed that the
vertical precision of TanDEM-X DEM on Nyamulagira volcano is 10
times better for old lava flows (0.4 m) than for vegetated regions
(5.5 m). We evaluate the vertical precision of the TanDEM-X DEMs at
Fuego (Supplementary Fig. 3b). Although the lower slopes of Fuego vol-
cano are covered by dense tropical vegetation, DEM precision remains
under 5 m for most of the studied area. The lowest precision values
(>15m) are located on high slopes on the SW flank and in deep valleys,
Fig. 3. TanDEM-X DEM differences on the proximal section calculated for three different period
c) between 06 August and 08 Sept. 2018. Elevation profiles at four different dates calculated a
profiles AA’ and BB’ profiles indicates the lateral extend of the 2018 collapse facies originally m

5

where SAR shadowing occurs. We use the above quality assessment to
mask DEM elevation in areas where either the precision or the optimal
resolution are greater than 15 m.
4. Elevation changes

4.1. Detection of the elevation changes and evaluation of the uncertainties

Using the four ascending TanDEM-X DEMs, we consider the height
differences for three different time periods: pre-eruptive (18 and 29Oc-
tober 2015), co-eruptive (29 October 2015 and 06 August 2018) and
post-eruptive (06 August and 08 September 2018) (Fig. 2a-c). For
each period, we look at the distribution of the elevation changes over
two regions with equal area: (i) a square reference area located far
from the valleys and (ii) the 2018 flow area (Fig. 2a). Inside the 2018
flow area, only 12% of the pixels are masked due to low resolution
(δgr> 15 m) or poor precision (σz> 15 m), which gives confidence
thatwe should be able to detect topographic changes related to volcanic
activity.

In the reference area, we do not expect any topographic changes
caused by volcanic activity. The Gaussian distribution of the values
characterises the uncertainties of the measurements and the ongoing
processes of erosion and sedimentation (Fig. 2 d-f). The mean value is
dominated by the vertical offset between DEMs and the standard
s: a) between 18 Oct. and 29. Oct 2015; b) between 29 Oct. 2015 and 06 August 2018; and
cross (d,e) and along (f) the Barranca Las Lajas (see location on panel a). Shaded area on
apped from Sentinel-2 imagery (Fig. 1b).
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deviation corresponds to the limit of detection of elevation changes. For
the three periods, the mean value remains lower than 1 m, which con-
firms there are no significant residual vertical offsets between the DEMs
and that there is little net erosion or sedimentation. For pre-eruptive,
co-eruptive and post-eruptive elevation difference, the standard devia-
tion remains consistent with values of 1.6, 2.1 and 1.6 m. Based on this
metric, ourmethodhas the potential to detect elevation changes greater
than 2 m on Fuego and its surroundings.

For the pre-eruptive DEM difference, we observe small negative
changes of up to 30 m in the proximal section of Barranca Las Lajas,
near the volcano's summit (Fig. 2a). Inside the2018flowarea,we obtain
a negative mean of −1.1 m and a standard deviation of 5.9 m, which is
higher than for the reference area (Fig. 2d). These changes are likely re-
lated to a period of minor volcanic activity that occurred during October
2015 (Naismith et al., 2019). The Instituto Nacional de Sismología,
Vulcanología, Meteorología e Hidrología (INSIVUMEH) reported an in-
crease of activity between 21 and 27 October 2015 with a gas-and-ash
plume up to 1.2 km, lava fountains and emplacement of lava flows
that extended as far as 1.5 km on Barrancas Teresa, Trinidad and Las
Lajas (Global Volcanism Program, 2013). We discuss the origin of
these negative topographic changes in the next Section 4.2.

For the co-eruptive period, we observe large elevation changes in-
side the 2018 flow area as expected (Fig. 2b). The standard deviation in-
side the flow area reaches 10.8 m, which is almost twice as big as the
one obtained for the pre-eruptive period (Fig. 2e). This confirms the
presence of significant topographic changes inside Barranca Las Lajas
between October 2015 and August 2018. In the detail, we can observe
two distinct features: (i) large negative topographic changes (blue) lo-
cated mostly on the proximal section of the flow and (ii) thin channels
of positive topographic changes (red) on the distal section of the flow
(Fig. 2b).

For thepost-eruptive period, no significant elevation changes are de-
tected inside the 2018flowarea comparing to previous periods (Fig. 2c).
As a result, the mean and the standard deviation values found are the
Fig. 4. Series of photographs taken from La Reunión golf resort looking to the SE flank of the vo
[Credits to A. Naismith]. Red dashed ellipses in zoom insets (b,d) underline the large mass rem
detected by TanDEM-X DEM difference (Fig. 3b). (For interpretation of the references to colou
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lowest with 0.1 m and 5.1 m, respectively (Fig. 2f). Therefore, the
post-eruptive DEM difference will be used later as a reference to assess
thickness and volume uncertainties.

4.2. Topographic changes near the summit

We observe negative topographic changes in the proximal section of
Barranca Las Lajas in both pre-eruptive and co-eruptive pairs (Fig. 3a,b).
The signal is located in an area of high resolution and high precision and
is not present in the post-eruptive pair (Fig. 3c), which suggests it is true
topographic change rather than an artefact.

For the co-eruptive pair, large negative elevation changes occur in
the upper 1.5 km of Barranca Las Lajas, with a maximum amplitude of
68 m occurring less than 1 km from the volcano's summit (Fig. 3b,e).
Several eruptions occurred during the period between October 2015
and September 2018, which makes interpretation of the topographic
changes in the proximal section of the flow challenging. However, we
attribute the majority of this elevation change to collapse during the
June 2018 eruption. This is confirmed by a series of field photographs
taken from La Reunión golf resort, which shows the removal of volcanic
materials in the Barranca Las Lajas between March 2017 and March
2019 (Fig. 4). In the co-eruptive DEM difference, we also observe
small negative topographic changes at Barranca Honda (dashed line in
Fig. 3b). This corresponds with a collapse scar already detected using
high-resolution optical imagery and attributed to the February 2018
eruption (Aldeghi et al., 2019).

For the pre-eruptive pair, negative elevation changes extend about
1 km along the Barranca Las Lajas (Fig. 3a) with a maximum amplitude
of about 30 m (Fig. 3d). This collapse is likely associated with volcanic
activity on 21–27 October 2015. At that time, the emplacement of lava
flows and PDCs in the barrancas could have caused the erosion and/or
collapse of volcanic materials previously emplaced at the summit.

Thus, based on the DEM analysis, we show thatmass removal of vol-
canic material (~30 m thickness) occurred repetitively in the upper
lcano: a,b) prior to the eruption in March 2017 and c,d) after the eruption in March 2019
oval of volcanic deposits during the 2018 eruption in the upper barranca, which has been
r in this figure legend, the reader is referred to the web version of this article.)
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reaches of Fuego's barrancas. During the 2018 eruption, a particularly
large collapse occurred in Barranca Las Lajas removing a large volume
of pre-existing deposits. Further down-stream, we observe the transi-
tion from negative to positive topographic changes, which corresponds
to the deposition of material during the 2018 PDCs (Fig. 3b,f).

4.3. Distribution of the topographic changes over the PDCs

For the intermediate and distal sections of the 2018 PDCs, no topo-
graphic changes are associated with the 2015 October eruption
(Fig. 2a), so we will only evaluate the DEM difference occurring be-
tween 29 October 2015 and 06 June 2018. By comparing our TanDEM-
X DEM difference with Sentinel-2 optical images, we evaluate the rela-
tionship between depositional facies and topographic changes.

In the intermediate section, the PDC ismainly composed of the tran-
sitional and ash cloud surge facies (Fig. 5a,b). The ash cloud surge facies
induced large negative topographic changes up to 20 m, which are
caused by the removal of the vegetation. Field observations show that
leaves have been stripped or burned from the trees whereas trunks
remained standing. Before the surge, X-band radar was scattered from
the leaves, but after it is scattered from the ground, causing a negative
elevation change equivalent to the height of the trees These changes
are consistent along the flow as illustrated by the elevation profile
shown in Fig. 5d. Although some deposition may be occurring, the
Fig. 5. Comparison between the Sentinel-2 optical imagery and the TanDEM-X DEM differenc
eruption on 10th February 2016; b) Sentinel-2 image acquired after the eruption on 29th June
and post-eruptive elevation profiles calculated across the 2018 PDCs. Shaded area indicates th
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thickness of the surge deposit is less than the height of the removed
vegetation, so will be obscured. For the transitional facies, we only ob-
serve small positive topographic changes in the NW corner (Fig. 5c),
where deposits have accumulated in a narrow channel.

In the distal section, slopes are gentle and the accumulation of de-
posits is expected to be the largest. The 2018 PDC flow is composed of
channel and overbank deposits (Fig. 6a,b). The channel facies is associ-
ated with positive topographic changes corresponding to the filling of
the valley (Fig. 6c). The thickness of PDC deposits reaches up to 25 m
at locations where the flowwas channelised and buttressed against to-
pographic highs (Fig. 6d - profile AA’). On the western branch of the
flow, the PDCs overtopped the western wall of the channel (Fig. 6d -
profile BB’) and hit San Miguel Los Lotes burying houses under
5–10 m of deposits. On the eastern branch, the PDCs destroyed the
RN14 bridge and further downstream the accumulation of material is
significantwith thicknesses up to 20m (Fig. 6d - profile CC’).We expect
that some of this material will likely be a production zone for future la-
hars. In addition, we observe negative values on the overbanks due to
the destruction of the vegetation (Fig. 6c) as already discussed in the in-
termediate section. The transition between positive values inside the
channel due to deposition and negative values on the overbank is very
sharp (Fig. 6d).

Although the detection of topographic changes associated with py-
roclastic flows are challenging, our study case illustrates that it can
e on the intermediate section of the 2018 PDC. a) Sentinel-2 image acquired prior to the
2019; c) TanDEM-X DEM difference between 29 Oct. 2015 and 06 Aug. 2018 and d) Pre-
e spatial extend of the PDC and the dashed lines show the limit of the channel.



Fig. 6. Comparison between the Sentinel-2 optical imagery and the TanDEM-XDEMdifference on the distal section of the 2018 PDCs. a) Sentinel-2 image acquired prior to the eruption on
10th February 2016; b) Sentinel-2 image acquired after the eruption on 29th June 2019; c) TanDEM-X DEM difference between 29 Oct. 2015 and 06 Aug. 2018 and d) Pre- and post-
eruptive elevation profiles calculated across the 2018 PDCs. Shaded area indicates the spatial extend of the PDC and the dashed lines show the limit of the channel.
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provide valuable information on a range of processes occurring during
or after the emplacement of PDCs (e.g collapse, erosion, deposition,
and remobilisation).

5. Volume changes

5.1. Total flow volume

We estimate the total volume changes caused by the 2018 PDCs by
the integration of the co-eruptive elevation difference for all pixels lo-
cated inside the total flow area (Fig. 2b). We discriminate between the
positive and the negative values and find volumes of +15.1 × 106 m3

and−38.3 × 106m3, respectively (Fig. 7a). Volumeuncertainties are es-
timated by considering a height error of 1.6 m for each pixel located in-
side the flow area, which corresponds to the standard deviation
obtained for the reference area. We therefore obtain volume uncer-
tainties of 4.2 × 106 m3 and 7.6 × 106 m3 for the positive and negative
volumes, respectively.

Our estimate of the total deposit volumeof 15.1±4.2 × 106m3 com-
pares well with similar volume estimates derived from (1) preliminary
investigation after the eruption (20–30 × 106 m3) (Naismith et al.,
2019) and (2) high-resolution satellite imagery of Barranca Las Lajas
immediately post-event (18.6 ± 12.4 × 106 m3 in channel and 5.6 ±
5.0 × 106 m3 in overbank) (Ferres and Escobar Wolf, 2018). These
8

earlier estimateswere based onmapped flow areasmultiplied by an av-
erage flow thickness based on field observations, which likely overesti-
mates the true volume. In contrast, our volume estimates are based on
actual elevation changes, but should be treated as a minimum for sev-
eral reasons: 1) post-eruptive remobilisation of primary deposits by la-
hars between the June eruption and the image acquisition in August
2018, 2) negative signals caused by the destruction of the vegetation
which possibly mask small positive changes due to deposition and
3) large DEM uncertainties in some areas due to SAR geometry (e.g.
12% of the pixels have been masked inside the flow due to poor preci-
sion and low resolution).

We notice that the total negative volume ismore than twice the pos-
itive volume (Fig. 7a), which can be explained by the fact that negative
topographic changes are associated with vegetation removal as well as
real topographic changes. To quantify the contribution of these two pro-
cesses, we identify where dense vegetation was present prior to the
2018 eruption using Sentinel-2 optical images. After calculation, vegeta-
tion loss corresponds to more than half of the negative topographic
changes (Fig. 7a - pale blue), and the volume of erosion (−17.0 ±
2.8 × 106 m3) is now in the same order of magnitude as the volume of
deposition (15.1 ± 4.2 × 106 m3) within error. Based on these results,
we demonstrate that increasing the volume of PDCs due to erosion,
known as bulking, largely accounts for the total volumeof PDCs deposits
emplaced during the 2018 Fuego eruption.
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5.2. Volume change by facies

We estimate the volume budget for each of the five facies separately
to provide information about the emplacementmechanisms of the 2018
PDCs (Fig. 7b). The ash cloud surge facies contributes more than 80% of
the negative topographic changes associated with vegetation loss. Hot
materials present in the surge have largely burned and destroyed the
vegetation, especially on the eastern side of the flow (Fig. 5a,b).

By comparing the volumes of deposition and erosion, we observe an
anti-symmetric behaviour between proximal and distal facies (Fig. 7b).
The largest positive volumes are associated with the distal facies (e.g.
overbank and channel) whereas the negative volumes are mainly
associated with the proximal facies (e.g. collapse and transitional). The
ratio between the volumes of deposition and erosion progressively in-
creaseswith the distance from the volcano summit: collapse (0.3), tran-
sitional (0.8), overbank (2.6) and channel (6.9), which would imply a
transition mechanism from the upper to the lower slopes. This is
confirmed by the trend obtained when plotting the net volume (depo-
sition + erosion) as a function of the mean slope for each facies
(Fig. 7c). The transition between erosion and deposition occurs for
slopes between 20 and 29°, which is consistentwith previousmodelling
results (Bernard et al., 2014).
Fig. 7. Volume estimates of the positive (red) and negative (blue) topographic changes
with the corresponding uncertainties calculated for a) the total flow area and b) the five
different PDCs facies. Dark and pale blue boxes correspond to the processes of erosion
and vegetation loss, respectively. c) Net volume (deposition + erosion) as a function of
the mean slope for the four facies: channel, overbank, transitional and collapse. The
shaded area indicates the transition between proximal and distal facies. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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6. Discussion

6.1. Benefit of remote sensing for detecting flow erosion and bulking pro-
cesses during PDC emplacement

Previous field-based and modelling studies have shown that the
bulking (e.g. “the incorporation of material that increases a flow's
solid volume fraction” (Iverson, 2012)) results in greater flowmobility,
both increasing flow velocity and volume and resulting in greater run-
out distances (Bernard et al., 2014). The utility of remote sensing tech-
niques in detecting bulking and erosional processes for an entire flow,
rather than a few outcrops, is important for improved characterisation
of PDC dynamics, allowing detection of local processes occurring at dif-
ferent times and locations within the same flow. Such techniques may
inform understanding of rheological controls on pyroclastic flow depo-
sition, as suggested by Kelfoun (2011), and in turn help to identify areas
of slope that may bemore susceptible to processes of bulking or erosion
during PDC descent in future eruptions.

The example of the 3rd June 2018 eruption of Fuego demonstrates
that remote sensing datasets can provide relevant post-eruptive infor-
mation about the emplacement of PDC and their impact on the land-
scape. Our TanDEM-X survey provides a quantification of mass loss/
accumulation including in the upper slopes, where field observations
are difficult or even impossible. This is important because these steep
upper slopes are the source location of bulking and erosion and the bet-
ter quantification of this will improve our understanding of the mecha-
nism of emplacement of PDCs. For the 2018 Fuego eruption, we
estimate that a large fraction of the total PDC volume originated from
the mass removal of volcanic deposits, which accumulated during pre-
vious eruptions at the summit of the Barranca Las Lajas.

6.2. Benefit of remote sensing for the monitoring of mass accumulation/col-
lapse on stratovolcanoes

Our study reveals that bulking events are common at Fuego volcano,
as we identify collapses in both October 2015 and June 2018. However,
the unusually large collapse that occurred in June 2018 (thickness up to
68 m) explains the increase of the run-out distance to 12 km, which is
2–3 times longer than the usual 4–6 km reported for PDCs emplaced
during moderate eruptions between 1999 and 2017 (Ferres and
Escobar Wolf, 2018). This is one of many reasons why the 2018 event
had amuch larger impact on the surrounding population (e.g. hundreds
of fatalities) in comparison with previous eruptions.

The increase of run-out distance caused by the large collapse dem-
onstrates that the accumulation of volcanic material close to the vent
constitutes a significant hazard. Collapse events can increase the volume
and/or the mobility of PDCs during moderate explosive eruptions,
which as a consequencewill increase the impact on populations leaving
down-slope of the volcano. We show that continuous monitoring of
upper slopes of active volcanoes using high-resolution DEMs is critically
important and that remote sensing could provide an effective mecha-
nism for doing this routinely at all erupting volcanoes.

Themethodology described in this paper can be applied to the long-
term monitoring of mass accumulation/erosion around active volca-
noes, especially steep-sided stratovolcanoes. The tracking of mass accu-
mulation and slope stability at the upper slopes of andesitic volcanoes
would be important for improving long-term hazard assessment and
the mitigation of volcanic crisis such as the 2018 Fuego eruption.

6.3. Limitations of remote sensing

The co-eruptive DEM difference records of the summation of all to-
pographic changes that occurred between 29 October 2015 and 06 Au-
gust 2018. During this period, 32 eruptions occurred at Fuego (including
the eruption on June 3rd 2018), and eight of themproduced PDCs in the
upper parts of the Barranca Las Lajas (Naismith et al., 2019).We assume
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that the additional volumes associated with the eruptions in 2015 and
2016 are small compared to the volume of material deposited during
June 3rd 2018. For example, the PDC emplaced in Las Lajas on 2 March
2016 only reached 3 km from Fuego's summit. Pyroclastic flow volume
estimates for Barranca Las Lajas between October 2015 and early 2018
are not available, but volume estimates in other barrancas are much
smaller than our total volume (e.g. 3.9 × 106 m3 in Barranca Honda
and 0.7 × 106 m3 in Barranca Cenizas for the February 2018 eruption)
(Chun et al., 2018).

TanDEM-X DEM corresponds to a Digital Surface Model (DSM) that
includes the vegetation as X-band radar is scattered from the top of
the trees. Therefore, flow thickness can be accurately resolved in vege-
tated areas if a pre-eruptive Digital Terrain Model (DTM) (e.g. bare
earth free from vegetation) is available. For example, Lundgren et al.
(2019) demonstrated the great benefit of using an airborne LIDAR
(Light Detection and Ranging) DEM to derive flow thickness in forests
during the 2018 Kilauea eruption. Unfortunately, no pre-eruptive DTM
is available at Fuego volcano, and given the high levels of volcanic activ-
ity, any suchmodel would need to be updated frequently. However, the
volume of deposition on vegetated areas can be considered negligible
for the 2018 Fuego eruption as the vegetation was mainly impacted
by the ash cloud surge facies, which is usually associated with thin de-
posits (<1 m) (Yamamoto et al., 1993; Gueugneau et al., 2019).

Real-time response to volcanic eruptions using remote sensing im-
agery depends on the frequency of acquisitions as well as the time
taken to obtain, process and analyse the raw data. For the TanDEM-X
mission, the repeat interval is 11 days, which in theory means it
would be possible to produce an updated DEM within about 2 weeks
of an eruption, with an average delay of about a week. However, no
TanDEM-X acquisition was planned on Fuego volcano at the time of
the eruption on June 2018. Two months passed between our data re-
quest and the acquisition of the first post-eruptive image (August
2018), with a further 2 months before it was released (October 2018).
This delay meant the information about PDCs volumes could not be
used for real-time response. For the 2018 Fuego eruption, the frequency
of acquisition of TanDEM-Xwas not adequate to derive any pre-collapse
movement or slope instabilityweeks tomonths before the eruption.We
hope that future InSAR missions would help to better constrain the
spatio-temporal evolution of the volume of materials that accumulates
or collapses at the summit of stratovolcanoes, as it is relevant to better
understand the recurrence offlowbulking and how it influences the im-
pact of an eruption.

The TanDEM-Xmission provides an unprecedented global dataset of
high-resolution DEMs, which have been used in many fields of Earth
Science. Here we have shown the value of repeated acquisition of
DEMs for measuring rapid topographic changes at volcanoes. We also
point out few limitations of TanDEM-X such as the frequency of acquisi-
tions, the delay to release new data and the sensitivity of topographic
changes to vegetation cover. Future bi-static missions such as DLR's
planned mission TanDEM-L (Moreira et al., 2015) or ESA's proposed
Earth Explorer mission Harmony (López-Dekker et al., 2019) will build
on this experience and offer new perspectives to produce routinely
high-resolution topographic data on volcanoes. Bi-static L-band
(23.6 cm) radar missions would produce a Digital Terrain Model (bare
Earth without vegetation) and would thus be expected to obtain more
accurate estimates for the thicknesses and volumes of volcanic flows
in vegetated regions. For any of these missions, reducing the time
taken to acquire and release new imagery will be of great benefit for di-
saster management.

7. Conclusions

The combination of remote sensing datasets (Sentinel-2, TanDEM-
X) has contributed to the better characterisation of the June 2018
Fuego PDCs. Using TanDEM-X DEM differencing, we obtain a thickness
map for the PDCs, which clearly shows material loss in the proximal
10
section of Barranca Las Lajas due to collapse and material deposition
in the distal channel, near the town of San Miguel Los Lotes. The total
derived volume of 15.1 ± 4.2 × 106 m3 is a minimum volume but on
the same order of magnitude as the rapid estimates made after the
eruption of 3rd June 2018. In addition, our products, the thickness
map and the post-eruptive topography, can be used for many other ap-
plications such as 1) the improvement of numerical simulations for fu-
ture hazard mitigation or 2) the identification of locations that are
more likely to be the source of material for PDCs bulking and lahars
each rainy season for decades to come.
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