Journal of Volcanology and Geothermal Research 472 (2026) 108553

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research

The application of InSAR DEMs for volcanic hazard assessments at Mount
Taranaki, New Zealand

Samuel McGowan'® *, Jonathan Procter, Stuart Mead, Gabor Kereszturi
Volcanic Risk Solutions, Institute of Agriculture and Environment, Massey University, Private Bag 11222, Palmerston North, 4442, New Zealand

ARTICLE INFO ABSTRACT

Keywords: Interferometric Synthetic Aperture Radar (InSAR) can be used to detect ground motion but also processed
InSAR further to generate Digital Elevation Models (DEMS). Sentinel-1 images are acquired continuously, and data
DEM is made available free of access in near real time making it a valuable tool for Earth observation and volcanic
Sentinel-1 hazard assessment. Mass flow simulations require up to date DEMs for the results to be integrated in volcanic
hazard management and mitigation. This study investigates the applicability of InSAR generated terrains as
information and data with respect to volcanic hazard analysis as well as the input data in simulating block-
and-ash flows (BAFs) following the collapse of volcanic domes on Mount Taranaki, New Zealand, using the
Titan2D simulation toolkit. Results show that the accuracy of Sentinel-1 InSAR generated DEMs are limited
for volcanic hazard analysis in areas of dense vegetation and steep topography due to temporal decorrelation
and geometrical distortions. Together, these conditions introduce major differences in inundation extent and
thickness distribution of simulated flows yet can provide some indication of flow impact which may be of

Mass flow simulations

relevance for rapid decision making in response to rapidly changing volcanic landscapes.

1. Introduction

Volcanic activity, and other natural hazards can cause serious dam-
age to human society if no mitigation is taken (Holzer and Savage,
2013; Wilson et al., 2014). Remote sensing plays a crucial role as
it allows scientists to gather global and regional data, rapidly, with-
out putting themselves in danger (Chien and Tanpipat, 2012), aiding
emergency management decision-making. Remote sensing in hazard
management generally combines optical and radar data acquired from
instrumented aircrafts or satellites (Gao, 2023). Radar acquisitions are
classified as active remote sensing as they generate their own signal
and therefore do not require solar radiation (Hay, 2000). The main
advantage of remotely sensed radar data comes from its cloud pene-
trating properties and ability to acquire data during the night offering
continuous, accurate surveying in the case of an event (Pepe and Calo,
2017). With increasing spatial coverage and shorter revisit periods,
radar equipped satellites offer global data access to remote places on
Earth which may not be equipped with ground instrumentation to de-
tect the impacts of volcanic activity (Pinel et al., 2014). Many hazards
occur in areas where no surveying equipment are deployed or where
weather conditions do not allow for optical (e.g., dense cloud coverage
in tropical environments) or ground observation or surveys (e.g., dense
vegetation canopy). Active remote sensing therefore offers an efficient
and cost-effective solution to regional and global monitoring.
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Interferometric Synthetic Aperture Radar (InSAR) is an active re-
mote sensing technique commonly used to study evolving processes
such as surface deformation, based on the phase delay between pairs
of radar images covering the same area (Zhou et al., 2009). In the case
of volcanology, InSAR is commonly used pre-eruption to study surface
deformation (Pallister et al., 2013) which may indicate an imminent
eruption allowing decision makers to pre-emptively evacuate specific
areas if required, or post-eruption to quantify volcanic induced change
or the volume of material erupted (e.g., Albino et al., 2015) and for
the spatial mapping of deposits (Dualeh et al., 2021; Ezquerro et al.,
2023). InSAR has also been used to generate Digital Elevation Models
(DEMs) of the Earth’s surface such as the Shuttle Radar Topography
Mission (SRTM, 30 m resolution) (Farr et al., 2007), the Global Digital
Elevation Model (GDEM, 30 m resolution) (Tachikawa et al., 2011) and
more recently a 12 m resolution DEM generated by the German satel-
lite Tandem-X (European Space Agency- ESA). Outside these mapping
campaigns, DEMs of areas of specific interest can be generated from
pairs of SAR images acquired by orbiting satellites such as Sentinel-1,
TerraSAR-X, TanDEM-X, PAZ. However, InSAR is yet to be tested or
integrated into near real-time analysis for volcanic decision making due
to the absence of freely accessible frequent and regular high-resolution
acquisition beyond commercial options (e.g., 11 days for TanDEM-X

Received 22 October 2025; Received in revised form 8 January 2026; Accepted 29 January 2026

Available online 6 February 2026

0377-0273/© 2026 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/).


https://www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research
https://www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research
https://orcid.org/0009-0006-4983-1560
mailto:s.mcgowan@massey.ac.nz
https://doi.org/10.1016/j.jvolgeores.2026.108553
https://doi.org/10.1016/j.jvolgeores.2026.108553
http://creativecommons.org/licenses/by/4.0/

S. McGowan et al.

and TerraSAR-X as compared to the tasking of systems such as ICEYE
with 6 h global revisit period) and due to differences in data accessibil-
ity policies. Efforts to increase high-resolution data accessibility free
of charge have been made throughout the years with projects such
as the Volcano Demonstrator launched by the Committee on Earth
Observing Satellites (CEOS) in 2019 (Pritchard et al., 2021) and the
Geohazard Supersites and Natural Laboratory initiative (GSNL) (Borges
et al., 2023). However, these programs only cover specific hazardous
volcanoes leaving many areas deprived of free, frequent high-resolution
data. The Sentinel-1 constellation which has a revisit period of 6-12
days, offers a reliable open-source collection of SAR imagery, at the
expense of a lower spatial resolution.

DEMs in volcanology are principally used to estimate volume changes
in the case of an event by computing the elevation difference before
and after a landscape changing event (Albino et al., 2020; Kubanek
et al.,, 2015; Procter et al., 2010), but also for computational mod-
elling of volcanic hazards such as lahars and mass flow simulations
of collapsing volcanic edifices (Manville et al., 2013; Mead et al.,
2016; Mead and Magill, 2017; Procter et al., 2014). Modelling of
gravitational instabilities are necessary to delineate potentially affected
areas and to build hazard maps based on the run-out distance and
deposit inundation thickness over a terrain represented by an up-to-
date DEM (Procter et al., 2009b; Stevens et al., 2003). The accuracy of
the DEM will strongly influence the outcome of the simulations and
is greatly dependent on slope angles, curvature and channel identi-
fication (Stefanescu et al., 2010; Viotto et al., 2023). Several studies
across various volcanoes have evaluated the suitability and reliability
of DEMs generated by various techniques for lahar and mass flow
simulations: InSAR campaigns (e.g., SRTM, TOPSAR, GDEM, TanDEM-
X) (e.g., Hubbard et al., 2007; Huggel et al., 2008; Deng et al., 2019;
Viotto et al., 2023); photogrammetry (e.g., Andaru et al., 2022), Light
Detection And Ranging (LiDAR) (e.g., Davila et al., 2007), contour line
derived (e.g., Stevens et al., 2003; Davila et al., 2007; Mufioz-Salinas
et al., 2009; Mead et al., 2016). Ground based and LiDAR generated
DEMs are of higher resolution but are more expensive to deploy, cover
a smaller area and are limited by meteorological conditions (Liu, 2008;
Procter et al., 2014), offering a less-cost effective solution than satellite-
based radar remote sensing. Sentinel-1 data is primarily designed
to study deformation (e.g., Harvey, 2021), but nonetheless, several
studies were successful in DEM generation or elevation extraction as
summarized in the literature review of Braun (2021). This study aims to
assess the suitability and reliability of InSAR generated DEMs from free,
open-source Sentinel-1 data for debris flow modelling in the context
of volcanic hazard assessment. As a case study, we use Titan2D to
simulate a dome collapse at Mount Taranaki, New Zealand, using DEMs
generated from Sentinel-1 and from a 1 m resolution LiDAR DEM
generated by Land Information New Zealand (LINZ) in 2021 to use as
a reference.

1.1. Area of study: Mount Taranaki, New Zealand

The North Island of New Zealand hosts a large stratovolcano, Mount
Taranaki (2518 m). Despite not having erupted since ~1800 AD (Platz
et al., 2012), this volcano presently causes considerable mass flow
hazards (Procter et al., 2021a). This volcano is the youngest of a 1.8
Ma NW-SE trending andesite volcanism lineament composed of Mount
Pouakai (1400 m) and Mount Kaitake (682 m) (Fig. 1) (Zernack et al.,
2009). These volcanoes are historically characterized by alternating
periods of edifice growth and collapse generating block-and-ash flows
(BAFs), highlighted by the current geomorphology of these edifices
and the preserved stratigraphy in the surrounding ring plain (c.150
m3) (Zernack, 2020). From preserved deposits, more than 14 uncon-
fined volcanic debris avalanche deposits have been recorded within
the last 210,000 years (Procter et al., 2021a; Zernack and Procter,
2020) with the most recent flank collapse occurring around 7500 years
ago (Procter et al., 2021b). The Pungarehu Formation is the largest
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know failure produced with an estimated volume of 6-7.5 km3 (Ui
et al., 1986). It is estimated that one major slope failure occurs every
10,000-14,000 years (Zernack et al., 2011). More recent activity was
recorded in 1999 and 2009 following heavy rain periods, remobilising
unconsolidated volcanic material in the form of lahars (Procter et al.,
2021b). The last 1000 years of volcanic activity has been dominated
by <VEI 3-4 eruptions and associated BAF’s primarily in the northern
sectors of the volcano with the Stony-Hangatahua River being the main
flow path and drainage (Lerner et al., 2019).

The steep slopes of this stratovolcano favour mass flows transported
across several river catchments such as the Upper Stony-Hangatahua
River (Fig. 1). This area of erosion and deposition is located on the
northwestern side of Mount Taranaki and presents a considerable
amount of threat to farming and human infrastructures settled in the
ring plain (Fig. 1). A study carried out by Betts et al. (2010) identified
that storm intensity may have been increasing since 1980, implying
severe erosion and aggradation on Mount Taranaki, enhancing the
hazard exposure to neighbouring communities. These lower magnitude,
but much more frequent secondary(laharic) volcanic events, continu-
ously shape the modern landscape but are considerably less impacting
than large single volcanic debris avalanches and BAF’s generated from
eruptions and dome collapses (Zernack, 2020). The study of Procter
et al. (2009a) simulated the latest dome collapses of Mount Taranaki
(AD 1880s and AD 1755) which affected the NW flank, by adjust-
ing iteratively the volume and physical properties of the initial pile
material to match the run-out extent of BAFs (10 km from source)
observed in the field. These simulations were performed using Titan2D,
a code designed by the Geophysical Mass Flow Modelling Group, SUNY
Buffalo, enabling the simulation of dry granular flows propagating
over a selected DEM. Numerical modelling requires accurate DEMs as
topography strongly controls downslope propagation of mass move-
ments (Patra et al., 2005). In this study we perform Titan2D simulations
using similar parameters defined by Procter et al. (2009a) for BAFs
propagating over DEMs produced by Sentinel-1 interferometry to assess
their reliability for debris flow modelling and hazard assessment.

2. Interferometry radar

InSAR is an active remote sensing system that allows us to map
topographic elevation and surface deformation based on the phase
delay of two radar images covering the same geographical area (Chen
et al.,, 2000). Active remote sensing acquisitions are insensitive to
lighting variations and can take place at any given time of the day, for
any weather conditions making it a powerful tool for gathering data
rapidly in the case of natural hazard emergency management (Pepe
and Calo, 2017). In the context of volcanic applications, ground mea-
surements and optical observations during an eruption are hazardous
and often constrained by the visibility through ash clouds. For given
wavelengths, radar acquisitions are also useful to study in overgrown
areas such as forests as the emitted signal can penetrate the canopy sur-
face to reach ground floor (Tsokas et al., 2022). The main wavelengths
used for Earth’s observation are X-band (A=3 cm), C-band (A=5 cm)
and L-band (4=23.5 cm), with longer wavelengths penetrating deeper
through clouds and vegetation. These images are acquired by satellites
(e.g., Sentinel-1, ALOS, Envisat, TerraSAR-X) that have a given orbit
and revisit period. Sentinel-1 is a C-band operating satellite constella-
tion (4=5 cm) offering global and free SAR data, with a 6-12 day revisit
period travelling along a near-polar orbit (Braun, 2021). The recorded
phase in a radar image (¢) is a sum of different contributions (Ketelaar,
2009) (Eg. (1)) that need to be corrected for to retrieve true surface
displacements or elevation models.

(@) = (@) + (@ropo) + (Pisp) + (Patmo) + (@epy) €y

The flat Earth (¢,) represents the phase shift due to Earth’s curvature
distorting the distances across the image and is corrected by flattening
the image using the orbital parameters (Braun, 2021). The topographic
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Fig. 1. Aerial image of Mount Taranaki. Red box indicates the spatial extent of area of interest. Inset show’s location of Mount Taranaki in New Zealand.

noise (@,,,,) results from different look angles leading to a phase dif-
ference between two points that are not at the same altitude (Journeau
et al., 2021) and is corrected using a DEM (Bemelmans et al., 2023).
The displacement phase (¢,;,,) relates to the loss of coherence between
the two acquisitions due to evolving processes. Coherence (y) refers
to the magnitude of cross-correlation between two co-registered radar
images, quantifying their degree of similarity on a scale of 0 to 1
(with 1 being 100% similar) (Joyce et al., 2009). Atmospheric noise
(@amo) arises from changes in pressure, temperature, and humidity
between the acquisitions (Albino and Biggs, 2021; Zhao et al., 2021).
The error phase (¢,,,) regroups noise arising from orbital offsets and
data processing.

Interferograms allow for a spatial representation of surface defor-
mation and elevation change as repeating rainbow-coloured fringes.
The initial data produces a wrapped signal ranging between 0 and
2z, due to the sinusoidal periodicity of the signal (Ferretti et al.,
2007) and where each cycle represents half the sensor’s wavelength.
By adding the correct integer multiple of 2z to the fringes (Yu et al.,,
2019), the interferogram is unwrapped, producing a continuous field of
phase change (Dzurisin, 2006). By removing the previously cited phase
contributions, we can isolate true surface displacement or elevation
values between the acquisition dates. In our case, we aim to retrieve
(@10p0)> assuming no surface deformation has occurred between the
two SAR images. The main limitation to InSAR usage is caused by
its sensitivity to noise and phase decorrelation (Thiele et al., 2013).
Interferograms can be accurately unwrapped if the signal-to-noise ratio
is sufficient to distinguish clear fringes. Areas of decorrelation have
a speckle effect displaying individual pixels of rainbow-colours in a
randomly manner (Choi and Jeong, 2019). Noise can occur from the
different phase contributors previously mentioned in Eq. (1), but can
also occur from noise within the system (Woodhouse, 2005). This
random additive noise generates unpredictable variation in amplitude
and phase measurements. The ionosphere and troposphere are the
main sources of atmospheric noise when using InSAR (Chaussard et al.,
2016). C-band acquisitions are particularly sensitive to tropospheric de-
lays caused by changes in temperature, pressure and more importantly
water vapour (Chaussard et al.,, 2016). Decorrelation between SAR
images is described either temporal or geometrical. Temporal decor-
relation affects data acquired by repeat-pass interferometry due to the
elapsed time between the SAR images. During this period, the surface
image can change as soil gets wet or dries out, snow falls or melts,
vegetations grows or is cropped, leaves fall off the branches (Bamler
and Hartl, 1998). All these physical changes will impact the reflected
signal and the measured coherence (Woodhouse, 2005). There are
two sources of geometric decorrelation which arise from the baseline

distance between the two acquisition (Chen et al., 2022) and the
volumetric variations in target areas composed of vertical scatterers
of different heights such as forests (Woodhouse, 2005). The forest is
imaged from a slightly different angle which will affect the amount
of penetrating signal and therefore the volumetric scattering. All these
factors contribute to the quality of the produced interferogram, and
therefore the data generated from it (Rosen et al., 2000). Areas that
remain stable over time such as rock outcrops, roads and buildings are
coherent and will not produce any decorrelation (Crosetto et al., 2016).

3. Methodology
3.1. Generating DEMs using SNAP

Our objective is to generate a Sentinel-1 radar database from 2015
up to present day of Mount Taranaki to assess the applicability of the
DEMs generated using the SeNtinel Application Platform (SNAP). SNAP
is a free and interactive software developed by the ESA to process
satellite data can be downloaded from the Scientific Toolbox Exploita-
tion Platform (STEP). We select pairs of Sentinel-1 images suitable for
DEM generation using the Alaska Satellite Facility SBAS tool (Hogenson
et al., 2020). Using image pairs with a short temporal baseline (B;) is
crucial to generating DEMs, especially in vegetated and aqueous areas,
to avoid total loss of coherence (Ferretti et al., 2007). It is equally best
suited to use image pairs at times of minimum vegetation cover which
are acquired during dry periods, as water vapour in the atmosphere
induces phase delays (Chaussard et al., 2016), decreasing the quality of
the data. The perpendicular baseline (B, ), which refers to the distance
between the satellites position at the time of the acquisition, should
range between 150 and 300 m. Small perpendicular baseline values
(< 30 m) are highly sensitive to noise and atmospheric effects (Ferretti
et al., 2007), while very large baseline acquisitions lose coherence due
to the difference in acquisition geometry (Ferretti et al., 2007). We
select images with B; > 150 m, acquired between January and April
of each year since 2015 (Table 1) to have minimum snow cover on
the summit of the volcano and to reduce atmospheric delays (¢,,,,), as
these months are the driest. We use data from both the ascending and
descending orbit to compare the effect of topography and acquisition
angle on DEM generation. The detailed methodology to generate DEMs
from Sentinel-1 data using SNAP is highlighted in Fig. 2. A step by step
tutorial is also available in Braun (2021) and should be referred to for
detailed explanations. Final products are further analysed in QGIS.

To assess the accuracy of our InSAR generated DEMs, we use a 1 m
Lidar DEM acquired in 2021 by Taranaki Regional Council available
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Fig. 2. Flow diagram summarizing the processing steps to generate a DEM using SNAP. Illustrations represent the results from the main steps following the red
arrows. Phase unwrapping is done using the Statistical-Cost, Network-Flow Algorithm for Phase Unwrapping SNAP complement (Chen and Zebker, 2001).
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Fig. 3. (a) Hillshade representation of Lidar DEM and (b) associated elevation in meters above sea level.
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Pairs of images used to generate DEMs and their nomenclature for the rest of the paper.

Orbit Year Characteristics DEM created
Image 1 Image 2 By (days) B, (m)
2015 1 February 25 February 24 236 2015 February
25 February 21 March 24 208 2015 March
EO 2017 14 February 4 March 18 150 2017 February
o
@ 2018 15 February 11 March 24 167 2018 February
2 23 March 4 April 12 165 2018 March
2021 6 January 30 January 24 187 2021 January
11 February 7 March 24 222 2021 February
2023 3 March 15 March 12 292 2023 March
z 2017 14 April 26 April 12 163 2017 April
g
§ 2021 17 April 29 April 12 161 2021 April
g 2023 7 April 19 April 12 238 2023 April
Table 2 Table 3
TPI landscape classification modified after Weiss (2001). Colour Proprieties of initial pile material modified after Procter et al.
scale used for results representation. (2009a).
Key Class Landscape Unit (STDV) Parameter Value
1 Valleys <-1 - -
2 Lower slope l<x<-05 Pile Shape Paraboloid
Concave Pile Height 118.95 m
3 middle/flat slope —05<x<0 Location of Centre 245781, 5646589 (UTM 60S)
Convex middle/flat Radii 254.89 m; 181.25 m
4 slope 0<x<0.5 Orientation 155°
5 Upper slope 05<x<1 Internal friction 30°
6 Ridge > 1 Bed friction 20°

on the LINZ website, as a reference, assuming that no major surface
changes have occurred between 2015 and 2023 (Fig. 3). The spatial res-
olution of the Sentinel-1 generated DEMs is 11.5 x 14.8 m. We resample
all DEMs to 15 x 15 m and adjust their spatial extent, as this change
slightly according to the orbit used, allowing us to perform a pixel-by-
pixel comparison. Root Mean Square Error (RMSE) is commonly used
to express the vertical accuracy of a DEM with relation to another using
the following equation:

RMSE = )

Where N represents the total number of pixels, n a specific pixel, H
and h the elevation height of the specific pixel in the reference and
generated DEM respectively (Borlaf-Mena et al., 2020).

3.2. Topographic position index (TPI)

Incising valleys act as a gully for sediment accumulation fed by
the erosion of the upper slopes and ridges in the headwaters, while
lower and mid/flat slopes transport the material into the depositional
ring plain area. Stony-Hangatahua River is fed by several incising
catchments all joining the main channel, which progressively fades
into a gentle flat slope as it flows towards the NW. To evaluate how
well the SAR DEM characterizes and identifies channels across Mount
Taranaki, we use the Topographic position index (TPI) tool. This QGIS
implemented tool assigns an elevation value to each cell calculated by
averaging the values of the neighbouring pixels.

Ridges and hilltops will produce a positive value as the point is
higher than surrounding pixels, while valleys will generate a negative
TPIL Landscapes are classified using standard deviation units (STDV)
as described in Weiss (2001) and in Table 2. For values close to
zero (middle/flat slopes), we separate them according to their convex
(positive) or concave (negative) shape. Using STDV to classify TPI
values was described by Weiss (2001) as a more “sophisticated” method
that takes into account the variability of elevation values within the
neighbourhood. The level of accuracy in the landscape classification

is dependent on the scale of the geographic area studied and the pixel
search radius. A smaller radius will highlight the finer landscape details
such as individual streams and ridge lines, while a larger radius will
classify the major ridges and canyons. We select a neighbourhood of
800 m to identify the major structures while considering the global
spatial geomorphology of the volcano. We compute the TPI on our best
results from the ascending and descending orbit to compare to a LiDAR
derived classification. To assess the accuracy of the classification, we
compute the True Positive Rate (TPR) (Eq. (3)) for each landscape
class (1-6) and the Overall Accuracy (OA) (Eq. (4)) which indicates the
degree of agreement between the InSAR and LiDAR TPI’s (with 1 being
perfect agreement and 0 no agreement) using the following equations:

TPR:L (3)
TP+ FN
TP; + TP, + -« + TP,
OA = 1 2N n (4)

Where TP represents true positive, FN false negative and N the total
number of pixels.

3.3. Mass flow simulations using Titan2D

Titan2D (Patra et al., 2005; Simakov et al., 2019; Patra et al., 2020)
is a LINUX based code which uses a depth averaged approximation
for an incompressible “shallow water”, Coulomb granular flows (Char-
bonnier et al., 2015; Procter et al., 2009b). The thickness of the
deposits is assumed to be small compared to the spatial extent of the
inundated area allowing the simulation of a 3D flow across a natural
terrain utilizing an adaptive mesh (Patra et al., 2005). Users control the
simulations by indicating the dimensions of the initial pile of material
which includes its height, shape, volume, location, and footprint but
also defining its angle of internal friction and angle of basal friction. In
this study, the terrain is the Sentinel-1 generated DEM, and outputs of
the simulations provide a pile height, x-momentum and y-momentum
for each point in the grid. The parameters used in our models (Table 3)
are derived from the simulations of the most recent dome collapses on
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Table 4

Hillshade representation for each generated DEM for the ascending orbit and its difference with relation to LIDAR DEM. Colour

scales are identical and fixed between —500 m and 500 m to have a clearer and constant representation throughout each image.

Scale and orientation are identical for each figure highlighted in the first row. Associated RMSE for each DEM compared to LiDAR.
Date DEM Hillshade LIDAR-DEM

i

2015 February

2015 March

RMSE= 116.9m

2017 February

2018 February

2018 March
(continued on next page)
the northwestern side of Mount Taranaki carried out by Procter et al. the coordinates of the centre of the pile were slightly modified due
(2009a). The initial volume, shape and position of the collapsing pile to geometric distortions occurring near the summit of the volcano.
was estimated from current crater geomorphology. In our simulations, Basal/internal friction angles are derived from 80 simulations for which
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Table 4 (continued).
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Date DEM Hillshade LIDAR-DEM

SRR T T N\ TN _ 50 s

4?;4__ et f,p f i _,53 RMSE= 52.1m B
- . \ ] Fid TR

ol JFT LB &/ r

- ol 1 o) o 9 # -

4 Y. (%
) II E
r

2021 January

2021 February

2023 March

RMSE=82.5m ! Y
5

D

the angles vary at 5° intervals to compare inundated area, run-out
distance, and volume outputs to true mapped deposits. Results from
mass flow simulations are commonly combined for hazard analysis.

To evaluate the performance of our mass flow simulations in re-
lation to the same simulations performed on the LiDAR DEM, we
calculate positive predictive value (PPV)(Eq. (5)), TPR (Eq. (3)) and
critical success index (CSI) (Eq. (6)) for both models defined by the
following equations (Mead et al., 2021):

ppv= LB 5)
TP+ FP
TP

[=— >~
OSI= TP+ FPFN

©

Where FP false positive and TN true negative, obtained by pixel clas-
sification comparison of simulation results for LiDAR and InSAR. In
the case of BAFs, we classify the results as inundated/non-inundated
binary system, using a 1 m deposit thickness as threshold value. Areas
inundated in both the LiDAR and InSAR simulations are classified as
TP, while non-inundated areas are classified as TN. Inundated areas
in the LiDAR model but not in the InSAR are classified as FN, and
inversely, inundated areas in the InSAR model that are not in the
LiDAR are classed as FP. PPV therefore represents the proportion
of correctly simulated pixels within the InSAR footprint. Sensitivity
highlights the proportion of pixels identified as inundated in the InSAR
model within the inundated LiDAR footprint. Finally, CSI represents the
proportion of correctly modelled areas within a combined InSAR and
LiDAR inundated footprint (Mead et al., 2021).

4. Results
4.1. Accuracy assessment

Overall, the absolute accuracy of the InNSAR DEMs generated from
both orbits (Table 4 and Table 5) is poor from an absolute measure
with elevation differences of several hundred meters being observed
in some areas as compared to the LIDAR DEM. 2021 January and 2023
March DEMs are the most accurate with a RMSE of 52.1 m and 82.5 m,
respectively Table 4. Due to its higher coherence, the general conical
shape of Mount Taranaki is well defined despite its overall height
being underestimated by the generated DEMs. Looking at the spatial
distribution of the elevation errors in Table 4 and Table 5, the slopes
facing towards the sensor and the slopes near the summit of the volcano
facing away from the sensor in respective orbits have the strongest
inaccuracy due to the side looking nature of SAR acquisitions. Slopes
facing towards the sensor are sensitive to layover and foreshortening,
while sections near the summit, facing away from the sensor generate
little to no backscattering due to shadowing effects. The incidence angle
of the emitted signal is lower than the steep local topography, meaning
that certain areas are not illuminated inducing gaps in the data. These
observations highlight the importance of using data acquired from a
specific orbit according to the geomorphological setting of our area of
study. The ruggedness of the hillshade observed across the ring plain
and the slopes of Mount Pouakai in most DEMs result from lower
coherence and noise within the signal which subsequently leads to
faulty unwrapping. This generates a ramp across the image as clearly
seen from the blue to red colour pattern in most figures, with values
converging from negative in the ring plain to positive towards the sum-
mits. The elevation of shallower/flat slopes is generally overestimated
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Table 5
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Hillshade representation for each generated DEM for the descending orbit and its difference with relation to LiDAR DEM. Colour
scales are identical and fixed between —500 m and 500 m to have a clearer and constant representation throughout each image.
Scale and orientation are identical for each figure highlighted in the first row. Associated RMSE for each DEM compared to LiDAR.

Date DEM Hillshade

LIDAR-DEM

2017 April

2021 April

RMSE=130/2m_ 3

2023 April

LIDAR

while that of steeper slopes is underestimated. This spatial pattern was
also observed in the paper of Braun (2021) and is a result of faulty
unwrapping.

4.2. Channel identification

Absolute elevation values recorded by our generated DEMs are
clearly inaccurate. In the context of mass flow simulations, the strongest
control on runout distance and propagation path will result from chan-
nelization effects induced by ridges and valleys and slope angles. Using
STDV units as TPI thresholds de-emphasizes class 2 and 5 resulting from
a narrower value range lowering the number of pixels to compare as
mentioned in Weiss (2001). A similar pattern is observed in terms of
TPR across each class, with class 3 and 4 being the most accurately
identified, followed by ridges (class 6) and valleys (class 1)(Fig. 4).
Class 2 and 5 are very poorly classified due to lower pixel counts. The
OA for each TPI is represented in lower values of the classification
suggesting a relatively poor accuracy between our InSAR and LiDAR
DEMs. The fair identification of ridges in January 2021 (0.578) and

April 2021 (0.602) is a positive observation as these geomorphological
features strongly control the channelization of gravitational flows such
as lahars or debris avalanches.

4.3. BAFs simulation result

We use Titan2D to perform BAFs simulations using January 2021
(ascending), April 2021 (descending) and LiDAR DEMs as terrain mod-
els as these have the highest TPR values for ridges and valleys. Due
to the geometric distortions previously discussed, the SE section of
the crater is strongly overlooked and is represented as a “cliff” in the
April 2021 descending DEM (seen in Table 5). This required the dome
position/initial pile to be offset (new centre coordinates E245781,
N5646589 UTM 60S) from the previous study (Procter et al., 2009a) to
be able to generate BAFs down this non-realistic SE cliff section. The
offset pile position was able to simulate the collapse of a dome down
along the NW flank, to ensure a propagation of flow into the Stony
River for both orbits (Fig. 5). The final deposit thickness distribution



S. McGowan et al.

{a) February 2018}
o b,

[

TPR: 1=0.404 2=0.148 3=0.604 4=0.539 5=0.178 6=0.521 OA=0.491

€) Summary

Journal of Volcanology and Geothermal Research 472 (2026) 108553

W

TPR: 1=0.431 2=0.209 3=0.582 4=0.485 5=0.186 6=0.578 OA=0.472

IOL S 3T Wil o LA RN 2 s

TPR: 1=0.409 2=0.143 3=0.464 4=0.432 5=0.168 6=0.602 OA=0.4

| —@— February 2018
~ January 2021
-4 March 2023

—A- April 2021

oy =4 e
= > %

True Positive Rate (TPR)

a4
o

14
>

Valleys Lower Concave
slope middle/flat slope

Convex Upper Ridge
middle/flat slope slope

Fig. 4. TPI classification results and associated performance metrics for (a-c) ascending and (d) descending orbits and summarized in (e) Colour scale from Table
2 where 1= Valleys (blue), 2 = Lower slope (cyan), 3= Concave middle/flat slope (beige), 4= Convex middle/flat slope (green), 5= Upper slope (Brown) and 6=
Ridge (black). Beneath each panel are reported the True Positive Rates (TPR) for each landscape class (1-6) and the Overall Accuracy (OA) of the classification.

can be visualized in QGIS, using 1 m as an inundated threshold value
to determine flow extent.

The lateral extent of inundated footprint for each simulation is com-
parable with a maximum width of 4 km perpendicular to the main NW
flow direction (Fig. 5). The run-out extent, however, is less important in
our InSAR simulations with a maximum distance of 3 km compared to
the 4.7 km in the LiDAR. The Heim coefficient (H/L) is commonly used
to identify run-out distance of a mass flow with relation to the local
topography (Procter et al., 2009a). This is obtained by dividing the
total height drop between the DEM source and the furthest deposition
point, with the horizontal distance between these two points (Chang
et al., 2021). We obtain values of 0.292 for both InSAR simulations,
and 0.261 for LiDAR. This occurs from our InSAR DEMs having a lower
slope angle due to the elevation under-estimation of the volcanic flanks.
The valley catchments observed in the LIDAR DEM behave as a gully,
channelizing the BAFs and concentrating the momentum propagating
further down slope until reaching the Stony River valley (Fig. 5).
The InSAR inundation footprints have a simpler, fan shape deposit
due to the volcano slopes being shallower and less channelized, with
BAFs rapidly losing momentum. The increase in topography roughness

observed in the InNSAR DEMs due to noise within the SAR images
also leads to higher simulated momentum loss and therefore shorter
travel distance. The performance metrics of both InSAR DEM based
simulations with relation to the LiDAR based simulations used as a
reference are represented in Fig. 6 for a simulation thickness of up
to 20 m. The positive predictive value (PPV) increases with thickness
deposit (Fig. 6.a and Fig. 6.b) with a more rapid rate for the April
derived DEM simulations (Fig. 6.a), indicating that this InNSAR DEM is
less

likely to be inaccurate for the thicker components of the simulation
outputs. This simulation produces accurate predictions over broader
thicknesses. PPV in the January derived DEM based simulations (Fig.
6.b) gradually increase indicating low confidence predictions. TPR
behaves inversely to PPV but follows a similar pattern with values
rapidly dropping for increasing thicknesses for the April 2021 DEM
derived (Fig. 6.e), while the drop is more progressive in response to the
January 2021 data (Fig. 6.f). CSI values above 0.5 indicate the range
of simulation thicknesses which there are more correctly identified
comparisons than incorrect comparisons (Mead et al., 2021). This value
is obtained for thickness values below 1.04 m in January 2021 (Fig.
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Fig. 5. Spatial extent of inundated areas for each simulation for a 1 m thickness threshold. Base image is LiDAR DEM.

6.d) and 2.39 m for April 2021 (Fig. 6.c), demonstrating that our
simulations perform better for a very narrow range of thicknesses.
These results show that the simulations based on April 2021 DEM
produced less inaccurate results, however overall, all InSAR generated
DEM based simulations showed very little agreement to the LiDAR
based simulations.

5. Discussion
5.1. Sentinel-1 DEM generation for steep and vegetated volcanic terrains

The strong elevation differences obtained from our InSAR generated
DEMs has shown the strong limitations to applying Sentinel-1 SAR
data for rapid DEM generation in steep and wet environments such as
Mount Taranaki. The absolute accuracy of the DEMs (in comparison
to the LiDAR DEM) generated topographic anomalies due to tem-
poral decorrelation, resulting from volumetric scattering induced by
changes in humidity, pressure, temperature, wind and structure of
ground features in the surrounding dense tropical vegetation (White
et al., 2015). Several methods have been proposed in the literature to
correct elevation-dependent (Dogru et al., 2023; Remy et al., 2003) and
long-wavelength atmospheric artifacts (e.g., Doin et al., 2009; Li et al.,
2006) for ground deformation monitoring, but little has been proposed
for DEM generation. Methods to increase DEM quality by reducing
the impact of temporal decorrelation such as stacking and averaging
results (Ibarra et al., 2024) obtained from different interferograms, or
masking low coherence areas (Braun, 2021) during the SNAP process-
ing, were tested but showed no better results and therefore ignored
in this study. Stronger coherence between the SAR images is required
to generate accurate DEMs. Using longer wavelengths (L-band) may
also reduce the impact of the forest canopy (Pinel et al.,, 2011) as
the signal would penetrate through it, however this would reduce the
ground resolution of the DEM. L-band satellites also tend to have longer
temporal resolutions limiting the number of acquisitions.

Geometric distortions also impact the most important sections of
the volcano such as the summit crater and its upper flanks. New dome
formation and collapses are most likely to occur in the same summit
area based on the volcano’s most recent eruptive history (Lerner et al.,
2019; Platz et al., 2012; Procter et al., 2009a). This suggests that
geomorphological changes occurring near the summit crater may not
be able to be identified in future InSAR DEM’s. This would also require
waiting for acquisitions from the correct orbit. Combining ascending
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and descending data to produce a single DEM did not help reduce
the geometric distortions near the summit. Furthermore, perpendic-
ular baselines between acquisitions are not always suitable for DEM
generation which restrains the data available to use in the case of
an event. Altogether, there are too many uncertainties and conditions
required to integrate Sentinel-1 into generating accurate DEMs for
steep, vegetated areas such as Mount Taranaki. These observations and
conclusions are consistent with the current state of research observed in
the literature (e.g., Mohammadi et al., 2020; Braun, 2021; Chindo et al.,
2023). However, DEM generation from Sentinel-1 may be suitable
for other low lying, non-vegetated volcanoes on the ring-plain and
in particular those portions of the Stony-Hangatahua River that are
5-10 km from source. These areas for Mt. Taranaki are also where the
impacts from mass flows are most hazardous suggesting that despite
the inaccuracies identifying flow paths and channels does provide some
useful information for a rapid hazard analysis.

5.2. Flow hazard modelling at stratovolcanoes using Sentinel-1 generated
DEMs

We have shown that despite being of low accuracy in terms of
absolute elevation, InSAR offers the possibility to produce an up-to-date
DEM of Mount Taranaki within a 12-day revisit interval, which can
be integrated for BAFs modelling/simulation and hazard assessment.
Although this study was conducted using a 12-day repeat cycle, the
temporal resolution has been restored to 6 days since April 2025 fol-
lowing the launch of Sentinel-1C, effectively reducing the repeat cycle
and providing a cost-free, repeatable methodology particularly valuable
for remote or under-monitored volcanoes. Hazard maps indicate the
probability of a specific hazard likely to occur within a given set of
uncertainties defined by the input parameters (Dalbey et al., 2008).
Typical flow modelling measures involved in hazard map creation are
mean thickness distribution, used to estimate the areas at risk for
burial of human or buildings, and in some cases flow speed for tree
or building blow down (Dalbey et al., 2008). In our situation, initial
parameters are defined from past BAFs deposits analysis and numerical
modelling (Procter et al., 2009a) representing a single dome collapse
event. However, typical hazard assessment should take into consider-
ation the variety of possible outputs for a given set of realistic input
possibilities (e.g., volume, internal and bed friction). Our simulations
showed that the BAFs have a similar lateral inundation extent in the
upper section of the volcano due to its relatively simple conic shape and
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Fig. 6. Performance analysis of BAFs simulations showing (a) PPV, (b) CSI and (c) TPR according to the thickness of the BAFs deposits.

where valleys are broader and deeper. The major differences occur at
its base over shallower slopes, where channel incision is more complex.
These channels are more sinuous, less deep and narrower behaving as
a funnel, concentrating the flows energy, allowing BAFs to propagate
further. Similar observations were made in Stevens et al. (2003), where
lahar modelling at Mount Ruapehu agreed on the upper section where
slope angle > 4°. Differences occur in the lower section due to com-
plexity of the channels and the forest cover. These simulations were
carried out on DEMs derived from topographic contour lines and from
airborne C-band NASA AIRSAR system. This suggests that for similar
stratovolcanoes, the elevation inaccuracies resulting from the InSAR
processing, are less impacting in terms of hazard assessment than the
lack of channel identification defined by slope features and curvature.
It goes without saying that elevation values still need to be within a
logical range and agree with the general geomorphology of the volcano
allowing gravity driven flows to propagate. Positively identifying ridges
and valleys as highlighted by our TPI classification may be more impor-
tant for rapid mass flow hazard assessment. If absolute elevation values
are shifted globally across the area due to low quality unwrapping but
preserve the overall shape and structure, InSAR generated DEMs may

still be useful for BAFs modelling as they give a first insight on poten-
tially impacted areas. The study of Huggel et al. (2008) showed that
despite being of higher resolution, the 30 m ASTER generated DEM at
Popocatépet] was less reliable than the 90 m resolution SRTM DEM for
lahar modelling due to its inaptitude to identify deep incising valleys,
impacting the predicted flow path. Similar observations are made in the
study of Mohammadi et al. (2020) where Sentinel-1 generated DEMs
failed to accurately identify hydrological networks in vegetated areas,
compared to other open-access, lower resolution DEMs. Stefanescu
et al. (2012) also highlighted that simulations using finer resolution
DEMs are more costly and should be considered for lower flow volumes
(>10° m3), which will be more sensitive to minor topographic changes,
impacting the inundation path. Historically, BAFs on the NW side of
Mount Taranaki have been estimated to be a minimum volume of
5% 10° m3 (Procter et al., 2009a), and our simulations were computed
for a typical volume of 1 x 10® m? suggesting that our modelling does
not require high resolution DEMs. Large volumes of flow will be less
affected by minor topographic changes which may not be detected in
the Sentinel-1 InSAR DEMs.

11
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6. Conclusion

Radar remote sensing data is a powerful tool for monitoring and
analysing volcanic activity and the associated hazards such as debris
flows, lahars, and mass flows. This study assessed the suitability of
Sentinel-1 for generating DEMs of Mt. Taranaki in New Zealand for
mass flow simulations to determine potential hazard impact. Results
of the simulations show that the run-out extent of the inundated area
and the thickness of the deposits strongly vary due to the quality of the
DEM used for the simulations, especially on the accuracy of channel
identification. The lack of coherence between our SAR images and
geometrical distortions due to the steepness of the volcano, and the
dense vegetation cover lead to inaccurate DEMs significantly impacting
our final hazard assessment. All together there are too many condi-
tions required to accurately integrate Sentinel-1 generated DEMs into
rapid mass flow hazard assessment for steep vegetated stratovolcanoes.
However, Sentinel-1 SAR products remain critical for numerous hazard
studies credit to its open access and short global surveying policies
allowing continuous monitoring and adapted decision making. Recently
launched commercial radar satellites such as ICEYE constellation offer
exciting new surveying prospects with near real-time Earth observa-
tions which would limit temporal decorrelation and therefore increase
the quality of our data. However, efforts are still to be made to
enable data accessibility for scientific communities. Plans for new L-
band SAR satellites missions with shorter temporal resolution such as
Tandem-L, ALOS-4 and NISAR (Aoki et al., 2021) will also allow more
frequent acquisitions which may be more suitable for DEM generation
in environments such as Mount Taranaki.
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