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ABSTRACT

TerraSAR-X (TSX), TanDEM-X (TDX), and PAZ Synthetic Aperture Radar data have been used at over 120 volcanoes to assess
surface characteristics and change over time. We examine previous work, adding additional examples to understand where and
when these data are most useful for volcanology. We focus on volcanoes as part of the Committee on Earth Observation Satel-
lites (CEOS) Volcano Demonstrator Project. TSX/TDX/PAZ data provide a valuable means of detecting small surface changes
from amplitude images and topographic changes from bistatic TSX/TDX data. For short temporal and perpendicular baselines,
TDX/TSX/PAZ can also provide useful deformation data, even in presence of vegetation. No global background mission currently
acquires TSX/TDX/PAZ data at volcanoes: 70 % of CEOS volcanoes have no repeat high spatial resolution data, limiting their
suitability for studying pre-eruptive unrest. Coordinated targeting by SAR constellations of priority volcanoes would provide data
and insights valuable for forecasting eruptions and associated hazards.

KEYWORDS: Global volcano monitoring; TanDEM-X; TerraSAR-X; PAZ; Bistatic TSX/TDX data.

1 INTRODUCTION et al. 2022; Bemelmans et al. 2023]. For example, high spa-

Less than 40 % of the world’s ~1400 potentially active sub-
aerial volcanoes are monitored continuously by ground-based
systems due to the expense associated with the installation
and maintenance of monitoring infrastructure [e.g. Loughlin
et al. 2015; National Academies of Sciences, Engineering &
Medicine 2017; Whitehead and Bebbington 2021]. Satellite
observations can help to fill some gaps in volcano monitor-
ing, and different types of sensors spanning the electromag-
netic spectrum have been used to track volcanic activity be-
fore, during, and after eruptions [e.g. Valade et al. 2019; Poland
et al. 2020; Pritchard et al. 2022a]. For decades, volcanic sur-
face change detection and mapping from satellites has relied
primarily on imagery with spatial resolutions of order 10—
30 m pixel ™! and repeat intervals of weeks to months [e.g.
Landsat, SPOT, ERS-1/2, ENVISAT, Sentinel-1; Francis and
De Silva 1989; Chorowicz et al. 1992; Flynn et al. 2001; Lu and
Dzurisin 2014]. An exciting advance in satellite observations
of volcanoes is the development of radar and optical datasets
with spatial resolutions of 3 m pixel ™! or lower with repeat
intervals of a week or less (e.g. Planet, WorldView, Pléiades,
Radarsat-2, TerraSAR-X, COSMO-SkyMed, Capella, ICEYE)
that have allowed investigations of critical, smaller-scale fea-
tures and their changes over time [Richter et al. 2013; Fugenio
et al. 2014; Aldeghi et al. 2019; Waythomas et al. 2020; Dai
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tial resolution Synthetic Aperture Radar (SAR) images from
RADARSAT-2 and TerraSAR-X satellites showed changes be-
fore an eruption at Merapi, Indonesia and were used along
with other data to inform evacuation orders that saved thou-
sands of lives in 2010 [Pallister et al. 2013].

One of the longest-lived high spatial resolution SAR constel-
lations includes X-band (3.1 cm) satellites TerraSAR-X (TSX;
launched 2007) and TanDEM-X (TDX, launched 2010), of
the German Aerospace Center (DLR), and the Spanish satel-
lite PAZ (launched 2018), which all utilize the same orbital
characteristics and have very similar acquisition capabilities.
To date, more than 80 volcanoes and geothermal areas have
been studied with TSX and TDX data, and a small num-
ber with PAZ (Figure 1; Supplementary Material 1 Table S1).
The TSX/TDX/PAZ datasets have provided unique informa-
tion about volcanoes because of their high spatial resolution
all-weather SAR modes with a 4-, 7-, and 11-day repeat in-
terval, as well as the bistatic topographic mapping capability
of the Co-registered Single-look Slant-range Complex images
(CoSSCs) [Kubanek et al. 2018; 2021]. Examples of unique sig-
nals at volcanoes discovered with TSX/TDX that could not be
clearly seen with lower spatial resolution SAR sensors (such
as Sentinel-1) include: spotlight mode interferograms show-
ing deformation in a region of ~250 m in diameter at Volcén
Colima, Mexico [Salzer et al. 2014; 2017], topographic change
from a small eruption at Volcdn Hudson, Chile [Pritchard et al.
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Figure 1: Volcanoes analyzed with TSX/TDX/PAZ data in previous studies (red triangles, see Supplementary Material 1 Table S1)
and this work (blue circles, see Table 1for volcano names and types of data used). Boundaries of tectonic plates shown by black

lines [from Bird 2003].

2018], and amplitude changes of repeated lava dome forma-
tion and destruction within the inner crater at Popocatépetl,
Mexico [Valade et al. 2023].

Because TSX/TDX/PAZ and other high-spatial-resolution
satellite imagery is usually restricted to commercial users or
scientific investigators with approved proposals, its use at vol-
canoes has been limited, and so the value and limits of these
datasets for global volcano science and hazards assessment
have not been fully explored. Further, the performance of
SAR observations depends on the type of ground cover and
the radar wavelength, among other parameters [e.g. Pritchard
et al. 2018], and the TSX/TDX/PAZ data have shown differ-
ent levels of success (and failure) at different volcanoes and
geothermal areas of the world (see Supplementary Material
1 Table S1). For instance, several studies have established that
X-band InSAR is more challenging in vegetated areas than
longer radar wavelengths [e.g. Pritchard et al. 2018; Sica et
al. 2021]. Our objective is to review and augment previous
TSX/TDX/PAZ studies with new analysis of those data from
volcanoes that span a range of environments to answer the fol-
lowing questions: How many volcanoes have surface or topo-
graphic change detectable with TSX/TDX/PAZ versus insuf-
ficient data quality (in terms of spatial or temporal sampling)
to detect such changes? Does the utility of TSX/TDX/PAZ
vary depending on the observation mode, type of volcano, or
environmental conditions? Currently, we do not yet know
how many volcanoes have surface or topographic changes
that can be detected using high-resolution satellite imagery
(<3 m pixel™). Based on the limited literature available,
dozens of volcanoes annually might exhibit changes in the
high-resolution data that might be missed using other tech-
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niques [e.g. Bemelmans et al. 2023]. For example, in a recon-
naissance study, Pritchard et al. [2018] noted that >35 % of the
potentially active volcanoes in Latin America had topographic
changes resolvable from space.

Access to TSX/TDX/PAZ data is provided through several
avenues, including individual research projects directly with
DLR, the Committee on Earth Observation Satellites (CEOS)
Volcano Demonstrator project, which aimed to monitor all
~720 subaerial Holocene volcanoes in Africa, Latin Amer-
ica, and Southeast Asia [Delgado et al. 2019b; Sansosti et al.
2019; Pritchard et al. 2022b]*, the NASA Commercial Small-
sat Data Acquisition program, and the Geohazards Super-
sites and Natural Laboratories initiative from the Group on
Earth Observations [Salvi 2016]. In addition to using archived
data, as part of the CEOS Volcano Demonstrator we requested
TSX/TDX/PAZ tasking at 57 volcanoes that were either not
receiving sufficient background data acquisition or needed
more frequent data collection because of increased volcanic
activity. The end goal of the CEOS Volcano Demonstrator is
to develop an integrated, international, global remote sensing
geohazards monitoring effort for disaster risk management,
following the 2012 Santorini report [Bally 2013]. The five-year
CEOS Volcano Demonstrator (spanning 2019-2023) focused
on about 50 % of Holocene volcanoes across three geographic
regions to demonstrate the utility of the satellite observations
for end users (i.e. the volcano observatories that are govern-
mentally responsible for volcano monitoring) and to research
ways in which the observation strategy can be optimized to ex-
ploit the unique advantages of each type of sensor. The CEOS
Volcano Demonstrator builds on the success of a smaller pi-

*https://ceos.org/ourwork/workinggroups/disasters/volcanoes/
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Table 1: Volcanoes analyzed in this work (listed by country).

GVP id* Volcano name Country AscP  Desc Moded
342090  Fuego Guatemala 54 63 SL
342110  Pacaya Guatemala %0 82 SL(T)
166 6 COSSC (T)
343100  San Miguel El Salvador n/a 97 M (T)
345020  Rincon de la Vieja Costa Rica 14 21 SL (T)
345060  Irazu Costa Rica 33 n/a SL (T)
345070  Turrialba Costa Rica 14 n/a SL (T)
360120  Pelee Martinique 104 20 SL (T)
360150  La Soufriere St. Vincent ~West Indies 85 23 SL (T)
351020  Nevado del Ruiz Colombia 72 n/a M (T)
351040  Cerro Machin Colombia 5 13 M (T)
351050 Nevado del Huila Colombia 11 n/a M (T)
351060 Purace Colombia 44 142 SL (T)
351080  Galeras Colombia 3 M (T)
351100  Cumbal Colombia 10 12 M (T)
351110  Chiles Colombia/Ecuador 10 n/a M (T)
353020 Wolf Ecuador (Galdpagos) 74 6 M (T)
353050  Sierra Negra Ecuador (Galapagos) ;i E;Z COSS((]T(?T)
352090  Sangay Ecuador 119 142 SM (T)
354006  Sabancapa Pera 134 nfa  CoSSC (T)
354020  Ubinas Perd 134 96 SM (T)
357040  Planchon-Peteroa Chile/Argentina 104 n/a SL (T)
357070 Chillan, Nevados de  Chile n?a S ((g))
357090  Copahue Chile 8 7 SM (T)
357111 Sollipulli Chile 28 111 SM (T)
357120  Villarrica Chile 104 11 SM (T)
357150  Puyehue-Cordon Caulle  Chile 1049’ 13 1117’ 35 CESN?((:T%T )
358020  Calbuco Chile 163 “éa Cgsl\i((:T()T )
358041  Chaiten Chile 13 n/a SM (T)
358057  Cerro Hudson Chile {153 nA;a CSQ/IS((]T(?T)
222120 Ol Doinyo Lengai Tanzania n/a 122 SL (T)
233010  Rarthala Comoros 114 152 SM (T)
233020  Piton de la Fournaise France (La Réunion Is) 121 7 SL (T/P)
234010 Heard Australia n/a 135 CoSSC (T)
260010  Barren Island India n/a 150 HS (T)
263090  Tangkuban Parahu Indonesia 96 n/a SM (T)
263180  Slamet Indonesia 96 134 SL (T)
263250  Merapi Indonesia n/a 58; 111 SL (T/P)
263300  Semeru Indonesia 111 149 SL (T)
263310  Tengger caldera Indonesia 20 n/a SL (T)

4GVP id is the identification number of each volcano in the Smithsonian Global Volcanism
Program database [Global Volcanism Program 2022], which contains information about each
volcano and its activity.

b Asc. = ascending relative orbit number analyzed in this work

¢ Desc. = descending relative orbit number analyzed in this work.

4 Mode is the product analyzed in this work (SM = Stripmap; SL = Spotlight; HS = High Reso-
lution Spotlight; CoSSC = bistatic TDX/TSX pairs). T = TDX/TSX data; P = PAZ data.
Other technical information about these data is available at https://eoweb.dlr.de/
guestegp/main#mainWindowtabExplore
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Page 275


https://doi.org/10.30909/vol.07.01.273301
https://eoweb.dlr.de/guestegp/main#mainWindowtabExplore
https://eoweb.dlr.de/guestegp/main#mainWindowtabExplore

The utility of TerraSAR-X, TanDEM-X, and PAZ for studying volcanic activity

Galetto et al. 2024

Table 1: Volcanoes analyzed in this work (listed by country).

GVPid Volcano name Country Asc. Desc. Mode
. 35 n/a SM (T
263340  Raung Indonesia (11 149 COSS((: ()T)
264230  Lewotolok Indonesia 65 12 HS (T)
266030  Soputan Indonesia 157 n/a SM (T)
268030 Ibu Indonesia 82; 80; 156 27 CoSSC(T)
268010  Dukono Indonesia 5 103 SL (T)
272020  Kanlaon Philippines 157 164 SL (T)
273010  Bulusan Philippines 34 24 SL (T)
273030 Mayon Philippines 28 34 SM (T)
273070  Taal Philippines 51’1 /1‘,14 4;/3 4 SSI\IZI ((,IT))
284170  Pagan Mariana Islands (CNMI) 80 72 SL(T)
n/a n/a
251002  Kadovar Papua New Guinea 36 23 SL (T)
251020 Manam Papua New Guinea 43 12 SL (T)
252120  Ulawun Papua New Guinea 3‘?1’ /29 538 SSI{A/I ((r%
252140  Rabaul Papua New Guinea n?a I;/6a ?—Il\g (<,FI[,‘))
253010 Lamington Papua New Guinea 42 16 SL (T)
255020 Bagana Papua New Guinea 21 16 SL (T)
255070  Savo Solomons Is. 109 56 SL (T)
257030  Ambae Vanuatu 124 10 SL (T)
257040  Ambrym Vanuatu 48; 21 86; 17 SL (T)
257100  Yasur Vanuatu 48 10 SL (T)
244020  Tau (Tutuila) ~ American Samoa 32; 123 9; 85 SL (T)

lot project that focused on Latin America and that was active
during 2013-2017 [Pritchard et al. 2018].

2 METHODOLOGY

Here and in previous works, the TSX/TDX/PAZ data have
been used to make three different categories of measurements
at volcanoes that each involve different approaches and data
products [e.g. Pritchard and Yun 2018];

1. Ground deformation and coherence maps derived from
Interferometric Synthetic Aperture Radar (InSAR) are used
to quantify ground deformation [e.g. Wang et al. 2018] and
surface-coherence change caused by volcanic deposits (tephra,
lava, lahars, domes, pyroclastic density currents) or mass re-
moval (flank movements, formation of explosion craters and
calderas) [Matthews et al. 2003; Dualeh et al. 2021; Walter
2023]. Both differential InSAR and measurement of coherence
using TSX/TDX/PAZ involves combining Single look Slant
range Complex (SSC) images acquired on different dates. To
measure ground deformation, orbital information provided by
the space agencies and Digital Elevation Models (DEMs) are
used to remove orbital and topographic effects. InSAR ground
deformation measurements can be affected by changes in at-
mospheric water vapor that can be estimated using weather
models; however, such models typically do not resolve fea-
tures <10 km in scale, which are the focus of the high-spatial-
resolution data studied here [Bemelmans et al. 2023]. Further,
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comparing interferograms with and without weather model
corrections did not show significant differences at Masaya vol-
cano, Nicaragua [Stephens et al. 2020] and San Miguel volcano,
El Salvador (Supplementary Figures page 136; Supplementary
Figures file available in the data repository®*). Lack of any
substantive difference is likely due to a combination of topo-
graphic effects and a low density of measurements underpin-
ning weather models in Central America. Other studies have
shown varying degrees of success using weather models to
correct changes in atmospheric water vapor [Parker et al. 2015;
Delgado et al. 2017; Delgado and Grandin 2021]. Thus, we do
not use atmospheric corrections in this study, consistent with
most of the studies cited herein. Analyzing a time series of
SAR images using a multi-temporal approach (e.g. persistent
scatters or small baselines) helps to reduce errors and to detect
small deformation [Hooper et al. 2012], but the main limitation
with TSX data is that for most volcanoes there are few avail-
able TSX/TDX scenes and so multitemporal approaches are
not applicable.

2. Surface-change maps using SAR backscatter or ampli-
tude data acquired over time at the same volcano [National
Academies of Sciences, Engineering & Medicine 2017]. By
comparing SAR amplitude data over time it is possible to
identify and track surface change connected to volcanic ac-
tivity, such as new or growing lava flows (or other volcanic

*https://osf.io/35xud/
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flows like pyroclastic density currents and lahars), domes and
lava lakes, and changes at volcanic vents due to explosions,
caldera collapse, or the growth of a new cone [e.g. Dualeh et
al. 2021; Barriere et al. 2022; Dualeh et al. 2023; Smittarello et
al. 2023; Valade et al. 2023} We analyze SSC images in native
radar coordinates to create time series of amplitude changes
(see Section 3.2 and Supplementary Figures). In addition, if
deformation produces geometric distortions without signifi-
cantly affecting the SAR image reflectivity, displacements can
be calculated directly from the amplitudes of SAR images ac-
quired over time through pixel-offset tracking [Casu et al. 2011,
Pinel et al. 2014] This technique measures deformation in
the along- and across-track directions using normalized cross
correlation of windows of pixels and has a lower sensitivity
to deformation than InSAR, but does not suffer from phase
aliasing in zones of large strain [Casu et al. 2011; Shreve and
Delgado 2023].

3. Topographic change using TanDEM-X bistatic interfer-
ometry can quantify height and volume variations associated
with volcanic eruptions [National Academies of Sciences, En-
gineering & Medicine 2017; Rubanek et al. 2021]. Bistatic pairs
consist of one TSX and one TDX SAR image of the same
area acquired at the same time that can be used to compute
a DEM and to calculate the topographic change with respect
to a reference DEM (see Kubanek et al. [2015a, 2021] for fur-
ther details on this methodology). Any changes in elevation
that occurred between the times of acquisition of the refer-
ence DEM and the bistatic pair due to volcanic activity can
be therefore mapped at the spatial resolution of the DEM (or
of the bistatic TDX/TSX pair if it has an equal or lower res-
olution than that of the DEM). Topographic changes can be
caused by lava flows and domes, pyroclastic density currents,
large tephra deposits, growth or destruction of a cone, and
large-scale flank or caldera collapses, each of which has a dif-
ferent characteristic spatial and temporal scale.

We have compiled previously published results that used
TSX/TDX/PAZ data from more than 80 volcanoes and
geothermal areas (Figure 1) and noted which of the three ap-
proaches above were used (see Supplemental Table 1). We
further analyzed 57 volcanoes throughout the CEOS Volcano
Demonstrator and other regions that had not been previ-
ously studied with available TSX/TDX/PAZ SAR data (Ta-
ble 1; Figure 1). Volcanoes were selected to demonstrate
TSX/TDX/PAZ SAR data in different environments (desert,
ice-clad, vegetated) and different types of eruptions (explosive,
effusive) or without eruption to assess the overall data quality.

For data analysis, we use both the InSAR Scientific Com-
puting Environment (ISCE) software [Rosen et al. 2015] and
Gamma software [Werner et al. 2000]. We used the following
products: (1) StripMap (SM) data with a spatial resolution of
~3 x 3 m pixel™! in azimuth and range; (2) High Resolution
SpotLight data (HS) with a spatial resolution up to 1 m pixel ™!
in azimuth and up to 1.5 in range; (3) SpotLight (SL) data with
a spatial resolution up to 2 m pixel™! in azimuth and up to 1.5
in range; and (4) bistatic TDX/TSX pairs, which consist of two
SAR images acquired at approximately the same time, with a
spatial resolution that depends on the mode of acquisition (SM,
SL, HS). A trade-off exists between spatial resolution and the
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area covered by the data, with higher pixel resolution (HS and
SL) data that have a smaller footprint, covering a smaller area,
than those with a lower pixel resolution (SM).

For all these types of measurements, high-resolution DEMs
are necessary to correct topographic distortions and accurately
georeference products without significant loss of resolution
[e.g. Bemelmans et al. 2023; Grémion et al. 2023]. However,
in most of the cases we did not have access to high-resolution
DEM,; therefore, we used open source 30-m resolution DEMs:
the NASA Shuttle Radar Topography Mission (SRTM) DEM,
acquired in 2000, and the Copernicus DEM [Farr et al. 2007,
European Space Agency]. The Copernicus DEM comes from
the interpolation of multiple TDX/TSX data acquired from
2011 to 2015 and therefore does not have a specific date of ac-
quisition. For this reason, we preferred to use the SRTM DEM,
limiting the use of the Copernicus DEM only to cases where
it was necessary to use an updated DEM. When available, we
used higher spatial resolution DEMs, such as WorldDEM, ac-
quired in 2012, and Pléiades [Bernard et al. 2012; Riegler et
al. 2015; Wessel 2018], as noted in the captions, to achieve the
highest spatial resolution for the derived products (e.g. ground
deformation maps and topographic change maps). In some in-
stances, when high-resolution DEMs were not available, and
we needed to show features that would be obscured by the
30-m DEMs resolution, we interpolated the 30-m DEMs to the
full resolution of the TSX/TDX/PAZ data [see figure captions;
Arnold et al. 2017].

3 RESULTS

For most of the volcanoes and geothermal areas that we ana-
lyzed (Table 1; Figure 1), we created a short report on exam-
ples of data quality for the different observation modes (Sup-
plementary Figures file and all the reports are available in the
data repository*). These reports may be useful to researchers
who want to evaluate data quality at a given volcano before
utilizing TSX/TDX/PAZ data. Below, we summarize key re-
sults on data quality for different volcanoes from the three
data analysis categories: InSAR and coherence maps, surface
change from amplitude data, and topographic changes from
bistatic TSX/TDX pairs.

3.1

Several studies have established that X-band InSAR is more
challenging in vegetated areas than longer radar wavelengths
[e.g. Pritchard et al. 2018; Sica et al. 2021]. As expected, we
find that coherence degrades with the increase of the temporal
baseline of the interferogram, especially in areas with overall
low coherence, such as vegetated areas. However, useful data
can be acquired even at heavily vegetated volcanoes when
the time period is short (days to a few weeks) and the or-
bital separation, known as the perpendicular baseline, is small
(<100 m). This is shown in Figure 2, where good coherence
is maintained in the vegetated area of San Miguel volcano (El
Salvador) when using small temporal and perpendicular base-
lines, but the coherent area significantly decreases for larger
baselines. Few centimeters of deformation occurred at San

InSAR and coherence maps

*https://osf.io/35xud/
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San Miguel (El Salvador): eruption on 22 Feb. 2020
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Figure 2: Stripmap descending data interferograms spanning different time intervals at San Miguel volcano, El Salvador (Ta-
ble 1). ANASA-SRTM 30 m DEM was used to remove the topographic effects on interferograms. [A-J] Interferometric Synthetic
Aperture Radar (InSAR) data obtained using different temporal resolution and different perpendicular baselines. [K] Change in
the mean coherence of each interferogram as a function of the temporal (t) and perpendicular baseline (b_perp).
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ot Tavurvur
TSX (SM) ascending

26 Oct. - 31 Dec. 2021
(t=66 days; b_perp=323 m)

TSX (SM) ascending
9-31 Dec. 2021
(t=22 days; b_perp=249m)

S1 ascending
8-20 Dec. 2021
(t=12 days; b_perp=17 m)

TSX (SM) ascending
26 Oct. - 9 Dec. 2021
(t=44 days; b_perp=74 m)

S1 ascending
21 Oct. - 8 Dec. 2021
(t=48 days; b_perp=16 m)

TSX (HS) descending
5-16 Feb. 2021
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I T
-1.55 cm 1:55

Figure 3: Comparison between different wrapped InSAR data at Tavurvur volcano (Table 1), inside the Rabaul caldera, Papua New
Guinea. [A-C] Stripmap data (interferogram in panel a covers the entire time-period of the interferograms reported in panels B
and C. [D-E] Sentinel-1 data covering a similar time span of interferograms in panels b and c, respectively. [F] High Resolution
(HS) data. SRTM topography [Farr et al. 2007] was used to remove the topographic effects on all interferograms. The SRTM
data were interpolated to 3 m pixel~" for panel A-C, 2 x 14 m pixel~! for D-E, and 1 m pixel~" for F, in order to process all
interferograms at full resolution. All images are in radar coordinates and have been flipped (horizontally and/or vertically) in

order to be consistent with each other.

Miguel during the pre- and syn-eruptive period of the erup-
tion that occurred on 22 February 2020 (Figure 2D, E, G, H,
J). Signals associated with the image acquired on 6 March
are likely atmospheric contributions (as evident by compar-
ing Figure 2B-C), although we were not able to completely
remove these signals with the ERA-5 atmospheric model im-
plemented in MintPy with the PyAPS software [Supplementary
Figures pages 136; Jolivet et al. 2014; Yunjun et al. 2019]. Sim-
ilar results related to coherence have been obtained with HS
mode data at Lewotolok (Indonesia), where small temporal
and perpendicular baselines provide better coherence than in-
terferograms from large temporal and perpendicular baselines,
allowing detection of ground displacements in an area char-
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acterized by steep topography (Supplementary Figures pages
52-55).

The presence of less-vegetated areas along the flanks of a
volcano can enhance the use of TSX/TDX/PAZ data for vol-
cano monitoring, as shown at Soputan volcano in Indonesia
(in Supplementary Figures pages 156-158). Here, although
the SM coherence of the whole image is low due to the veg-
etation, the flank of the volcano has good coherence even for
temporal separations >1 yr~! because of low vegetation cover
in that region. This allows for assessment of surface defor-
mation at Soputan at a high spatial resolution, supporting the
use of these data for volcano monitoring. Other equatorial
and tropical volcanoes show some areas with high coherence,
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usually in areas of low vegetation cover, that allow the use of
these high resolution data (e.g. Ulawun, Barren Island, Bagana,
Cumbal, Turrialba, Tengger Caldera, and Lewotolok), while
others are completely incoherent even with only 11 days of
temporal baseline (e.g. Tangkuban Parahu and Cerro Machin
and other volcanoes reported in the Supplementary Figures),
which is the shortest temporal resolution when no PAZ data
are available to complement the TSX/TDX data. SM data
of Rabaul caldera, characterized by an overall very low co-
herence (Supplementary Figures pages 104-109), show that
some coherence is maintained within the caldera area and in
particular near Tavurvur volcano (Figure 3A-C and Supple-
mentary Figures pages 105-109). Here, the SM data processed
at full resolution (about 3 m pixel~! spatial resolution in range
and azimuth) reveal ground deformation associated with the
Tavurvur cone (Figure 3A-C), which would be more difficult
to detect using InSAR data with lower spatial resolution, like
Sentinel-1 (about 2 m pixel™! by 14 m pixel~! in the range
and azimuth, respectively; Figure 3D-E). Tavurvur volcano is
also covered by HS data (1 m spatial resolution; Figure 3F) that
can be used together with SM data to monitor Rabaul caldera
due to the excellent coherence of the HS data in the area of
Tavurvur volcano. In addition, Figure 3A-C, F show the im-
portance of having both the ascending and the descending or-
bit data to properly study all the flanks of this volcano. Thus,
X-band data, like those acquired by TSX/TDX satellites, are
very helpful to monitor this small (0.1 km? summit craters and
1 km? volcanic edifice) but very active volcano [see Bernard
and Bouvet de Maisonneuve 2020 for recent eruption history
of Tavurvur], whose deformation would be more difficult to
detect with longer wavelengths (Figure 3).

In Figure 4 we report further examples of volcanoes where
TSX data are able to successfully detect ground displacements
connected with the volcanic activity, such as co-eruptive
subsidence of the caldera floor of Wolf volcano (Galédpagos,
Ecuador; Figure 4A), inter-eruptive deformation of the vol-
canic edifice of Ambrym volcano (Vanuatu; Figure 4B-E), and
co-eruptive deformation at Piton de la Fournaise (La Réu-
nion Island; Figure 4F-G). These deformation signals are con-
firmed by other SAR satellites [Shreve et al. 2023; Xu et al.
2023, supporting the possibility of integrating TSX/TDX data
with other SAR data to improve the temporal coverage for a
volcano. In the Supplemental Figures, we show other exam-
ples of several volcanoes with InSAR-detected ground defor-
mation from TSX/TDX data that were not previously pub-
lished. At Ulawun, Papua New Guinea (Supplementary Fig-
ures pages 200-203), we observe some post-2019 eruption sig-
nals, which are significant because previous InSAR studies us-
ing ALOS-2 data were not able to resolve any signal at Ulawun
prior to the 2019 eruption [McKee et al. 2021b].

The combination of TSX and PAZ data to generate TSX~-
PAZ interferograms can further reduce the temporal baselines
of the interferograms (4- and 7-day spans). In Figure 5A-C,
we show an example TSX-PAZ interferogram (SL mode) for
Merapi indicating localized flank deformation characterized by
high-rates of motion that occurred during 3—7 December 2020,
a few weeks prior to the onset of eruptive activity in Jan-
uary 2021. These data were communicated to local volcanol-
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ogists who were monitoring the volcanic unrest at the time of
the crisis and aided their response to the activity [Poland and
Zebker 2022]. This example emphasizes the potential of the
TSX/TDX/PAZ constellation to monitor volcanic unrest, es-
pecially when high rates of surface displacement make short-
timespan interferometry necessary. In Figure 5d we show for
comparison a Sentinel-1 interferogram of the same area. The
spatial resolution of Sentinel-1 data does not allow detection of
the deformation that occurred on the northern flank (Figure 5).
In addition, the minimum temporal resolution of Sentinel-1 is
12 days, which does not allow a full appreciation of the very
rapid displacements. For this reason, the possibility of obtain-
ing high-resolution interferograms with a temporal baseline of
4 days represents a powerful tool to monitor high-rate volcano
deformation in focused areas during unrest.

Previously published articles (Supplementary Material 1 Ta-
ble S1) reported other cases in which InSAR TSX/TDX SM
data provided useful information despite difficult environmen-
tal conditions, such as the VEI > 4 eruptions at Chaiten (2008—
2009) and Cordon Caulle (2011-2012) [Delgado et al. 2019a;
2022]. Both volcanoes are surrounded by dense temperate
rainforest, and the eruptions occurred during the austral win-
ter. These two factors led to high interferometric coherence
loss, made even worse by the ash deposition during the Plinian
phases of these events. Despite these conditions, useful infor-
mation was still obtained from these data, such as an over-
all lack of deformation observed during the effusive phase
of Chaiten eruption, and a significant deformation observed
during the onset of the Cordon Caulle eruption [Delgado et
al. 2019a; 2022]. Time series of deformation obtained with
TSX data can be helpful also to reduce errors and to reveal
volcanic unrest characterized by small deformation rates [e.g.
MacQueen et al. 2020]; however, most of the analyzed volca-
noes did not have enough data for time-series analysis.

3.2 SARamplitude data

Here we report some examples of different surface changes
connected to volcanic activity that can be detected from
TSX/TDX data. Figure 6 shows the ability of the HS mode
to detect the emplacement and growth of multiple lava flows
within small craters, such as that of the Lewotolok volcano
(area of ~0.7 km?). These flows cannot be detected by open-
access C-band SAR amplitude data, like Sentinel-1, which are
characterized by lower spatial resolution (Supplementary Fig-
ure page 51), highlighting the importance of access to HS data
during a volcanic eruption. Figure 6 also highlights the impor-
tance of having a time series for both ascending and descend-
ing satellite orbits to better detect surface change in areas of
steep topography with significant radar layover and foreshort-
ening distortions. A general advantage of SAR amplitude data
is that they are not affected by atmospheric clouds, volcanic
gas (or gas + ash), or time of day; therefore, lava flow/dome
growth can be tracked in any condition. In contrast, optical
and thermal data, which are not affected by geometric distor-
tions because of their generally more vertical look angles, are
blind in the presence of clouds and/or volcanic emissions and,
as for optical data, at night. This is evident by comparing the
HS data (Figure 6A—F) with the available cloud-free Sentinel-2
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Figure 4: Examples of deforming volcanoes from TSX/TDX/PAZ interferograms. [A] Wrapped Line of Sight (LOS) displacements
recorded by Stripmap data at Wolf volcano (Galdpagos; Table 1). The 12-m resolution WorldDEM topography [Wessel 2018] was
used to remove the topographic effects. [B, D] Amplitude data (B from the ascending orbit and D from the descending orbit)
of Ambrym volcano (Vanuatu; Table 1) (SL mode) and [C, E] the associated wrapped LOS displacements [Shreve et al. 2023].
WorldDEM was again used to remove topographic effects. [F-G] Wrapped LOS displacements recorded by Spotlight PAZ data
at Piton de la Fournaise (La Réunion Island; Table 1). A 5-m DEM produced by the French Geographic Institute (IGN) via lidar
in 2008-2009 was used to remove topographic effects. Each fringe (full color cycle) represents 2 radians of phase change
corresponding to 1.55 cm of range change in the LOS direction in panels C, E, F, G.
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Figure 5: [A-C] Wrapped interferograms (descending orbit) made from combining SL acquisitions by TerraSAR-X on 3 December
2020, and PAZ on 7 December 2020, showing localized flank deformation at Merapi volcano, Indonesia. [A] Phase change
overlain on amplitude. [B-C] Zoomed frames of areas indicated by white boxes in panel A showing only phase change and
highlighting multiple areas of localized high-rate deformation (white arrows). The 4-day interval made possible by combining
PAZ and TSX provided excellent temporal resolution of this deformation, which could not easily be measured using ground-based
monitoring. Similar interferogram using only data from TSX is given in Poland and Zebker [2022]. [D] 12-day Sentinel-1 wrapped
interferogram (descending orbit) in native radar coordinates spanning 1-13 December 2020. On the left is shown a zoom of
areas covered by panel B and C. 30-m Copernicus DEM was used to remove the topographic effects.
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data acquired on similar dates at Lewotolok volcano. All the
Sentinel-2 data are affected by volcanic emissions that partially
mask the crater area, complicating lava flow tracking (Fig-
ure 6G-L). In addition, TSX/TDX HS mode provides better
resolution of the lava flows, with respect to the 20 m pixel™!
and the 10 m pixel ™! resolution of the Sentinel-2 Short-Wave
Infrared (SWIR) and the optical/Near Infrared (NIR) bands,
respectively.

SM data also allow for detection of the evolution of sur-
face change in different volcanoes. For example, SM data ac-
quired in February 2012 and in January 2013 at Raung vol-
cano (Indonesia; Figure 7A-B) show that the small inner crater
(~1 km?) of Raung caldera became filled by newly erupted ma-
terial no later than 7 January 2013 (Figure 7A-B), probably as
a consequence of the eruption that ended the day before the
acquisition of the image in Figure 7B [Global Volcanism Pro-
gram 2022]. Figure 7C-D shows that lava flow emplacement
during the eruption started on 2 October 2018, at Soputan
volcano (Indonesia) as detected by SM ascending data. The
potential of X-band SAR amplitude data to monitor remote
volcanoes is also shown by data from Heard volcano, in the
southern Indian Ocean. This volcano is usually covered by
clouds, making the monitoring of its lava flows difficult us-
ing optical/thermal data. Figure 7E-F shows the growth of a
narrow lava flow from March to April 2022. Thanks to the
spatial resolution (~3 m pixel~!) of these data, we are able to
detect in detail this lava flow growth over time.

A further example of surface changes occurred in re-
moted volcanoes that has been possible to detect and monitor
through TSX/TDX data comes from Ambae volcano (Van-
uatu; Figure 8). Here SL data detected the surface changes
related to intermittent activity since December 2021 through
at least mid-2023, showing the formation and growth of
a new cone within the caldera lake during the December
2021—August 2022 eruption (Figure 8A-D), and further surface
changes associated with eruptive activity in 2023 (Figure 8E—
G). SL data were also able to detect an enlargement of the
inner crater (Figure 8F) immediately before one of the main
paroxysms, which deposited a large amount of new material
in the north part of the caldera (Figure 8H) between 4-7 April,
as inferred from the timing of the ascending (Figure 8F) and
the descending (Figure 8H) data.

SAR amplitude data in X-band can also be used to track lava
dome growth. ??A—C shows the cycle of lava dome growth
and destruction at La Soufriere Volcano (St. Vincent) detected
by SL data [see further details in Dualeh et al. 2023], whereas
?7?D-J shows dome growth during a time span of ~7 months
(May 2008 to January 2009) at Chaiten (Chile) [see further de-
tails in Delgado et al. 2022].

Finally, displacements can be calculated through pixel-
offset tracking in the along-track (azimuth) and across-track
(range) directions directly from the amplitudes of SAR images
acquired over time. In Figure 10, we show a comparison
of displacements at the caldera of Sierra Negra (Galapagos),
which occurred during the second half of the 2018 eruption,
detected with InSAR (LOS displacements; Figure 10A) and
with pixel-offsets (across- and along-track displacements; Fig-
ure 10B-C). Results show higher displacements in the across-
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than in the along-track direction (Figure 10B-C), with the mag-
nitude of the across-track displacements comparable to those
of the LOS displacements (Figure 10A-B). Near the intra-
caldera faults of Sierra Negra there are some differences in
the coherence of InSAR and pixel offset, with the latter re-
maining coherent in areas where InSAR is not coherent and
vice versa (Figure 10).

3.3 Topographic changes inferred from bistatic pairs of
TSX/TDX data

We used bistatic TSX/TDX pairs to evaluate topographic
change related to volcanic activity at different volcanoes. In
addition, we estimated the uncertainty in topographic change
obtained from the bistatic data we processed to show the dif-
ferent thresholds of sensitivity of these data in different envi-
ronments (e.g. glacial, tropical, arid) and with reference DEMs
with different resolutions. To compute errors in the height
change, we selected a reference area in our image that did
not experience height changes and we calculated the mean
value (which ideally should be close to zero) and the stan-
dard deviation of the pixels within this area [Table 2; Poland
2014; Kubanek et al. 2017]. We used reference areas larger or
equal to the area affected by topographic changes, trying to
select (as far as possible) areas with flat or mild topography
[Kubanek et al. 2017]. Results are shown in Figure 11 and Ta-
ble 2. In detail, Figure 11A shows the height change due to
exogenous growth of the lava dome at Ibu volcano (Indone-
sia) from 2013 (time of acquisition of the Pléiades DEM used
as a reference) to 2018. The resulting volume change of the
dome is of 38 +4 x 10°m3 (Table 2). Areas outside the lava
dome, used as references to calculate height change errors, are
completely covered by vegetation, and this could explain the
relatively high errors associated with the heights (Table 2).
At Pacaya volcano (Guatemala; Figure 11B-C), bistatic pairs
have been used to calculate the thickness of lava flows that
occurred both along the volcano’s flank and near the summit
crater (Figure 11B-C). To better estimate the thickness of these
two lava flows, we processed bistatic data acquired both be-
fore and after lava flow emplacement by using a TanDEM-X
DEM acquired in 2012 to remove background (unchanging) to-
pography and then calculating the difference between the pre-
and post- lava flow emplacement bistatic pairs (Figure 11B—
C). We estimated a volume of 9.30 +3.19 x 10°m? for lava
flows erupted on the flank at the beginning of January 2014
at Pacaya (Figure 11B) and of 8.76 + 1.36 x 10°m? for lavas
emplaced near the summit from November 2017 to Novem-
ber 2019 (Figure 11C). In Figure 11D, we show how bistatic
data are also able to detect topographic changes due to PDCs,
tephra deposition, and destruction of part of the volcano sum-
mit during the 2015 explosive eruption of Calbuco (Chile).
Despite the high spatial resolution of the bistatic data, they
sometimes do not allow detection and quantification of vol-
canic activity. This is the case for Sabancaya volcano (Per),
where the ascending data show no coherence within the small
crater 0.14 km?) or along the flank. The loss of coherence is
partially due to the use of a SRTM DEM as a reference, since
no better resolution DEMs were available, and to lagover ef-
fects (with a consequent loss of information) on the western
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Lewotolok
"1 Jul. 2021 IS 2 Jul. 2021

Figure 6: Surface change documented at Lewotolok volcano (Indonesia; Table 1). [A-F] High Resolution (HS mode) Synthetic
Aperture Radar (SAR) backscatter data in radar coordinates from ascending [A-C] and descending [D-F] orbits showing for-
mation of the lava flows and explosion crater during the 2021 eruption. The scenes are approximately 1 km wide. [G-L] For
comparison, we show available cloud-free data from [G, H, J, K] Sentinel 2B and [I, L] Sentinel 2A taken at approximately the
same time as the SAR images. [G-I] False-color images obtained by combining optical and SWIR bands (R = band 12; G = band
11; B = band 4) with a spatial resolution of ~20 m pixel~" of the Short-Wave Infrared (SWIR) bands. [J-L] False color images
(R = band 5; G = band 4; B = Band 3) with a spatial resolution of ~10 m pixel~".
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Figure 7: SAR backscatter images from [A-B] Raung caldera (Indonesia; Table 1), [C-D] Soputan volcano (Indonesia; Table 1),
and [E-F] Heard Island (Australia; Table 1). [A-D] Data in radar coordinates. [E-F] Geocoded data. Descending orbit data in
panels A-B and E-F and ascending orbit data in panels C-D. The location of new lava flow is labeled in D-F.
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Figure 8: [A-D] SAR backscatter images (Spotlight mode; ascending orbit) of Ambae volcano showing the formation and growth
of a new island within the caldera lake during the December 2021-August 2022 eruption and [E-F] the change in the inner cone
morphology during the eruption that started in February 2023 and that is still ongoing as of mid 2023. [G-H] Descending SAR
backscatter images (Spotlight mode) of Ambae volcano showing newly erupted material that was deposited in the north sector

of the caldera during the 2023 eruption.

flank of the volcano (in the direction of the satellite’s LOS;
Table 2; Figure 11E), caused by the steep topography. The
presence of glaciers also affects the ability to quantify the lava
flow thickness from bistatic data because of partial melting of
the ice due to the lava flow emplacement. This latter effect
prevents a proper estimate of the lava flow thickness, since
melting causes a “drop” of the ground baseline over which
the lava flow spreads, which can result in a “negative” height
change if the thickness of the flow is less than the depth of
melted ice, as observed at Heard volcano (Figure 11F and Ta-
ble 2). Similar negative topographic changes have been ob-
tained from bistatic TSX/TDX data in Hawai‘i, where lava
flows from Rilauea show a negative height change in areas
where they overran heavy vegetation. This occurred because
lava flows destroyed the trees that defined the pre-eruptive ref-
erence surface [Rubanek et al. 2021]. In Figure 11G, we show
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another topographic change from a volcano covered by snow,
computing the height change from a 2021 bistatic dataset and
the 30 m Copernicus DEM at Cerro Hudson (Chile). The last
eruption at the volcano occurred in October 2011 [Delgado et
al. 2014], with topographic change of more than 50 m due to
the melting of the glacier in the interior of its caldera (Table 2).

The thicknesses of the lava flows erupted on the north flank
at Sierra Negra (Galdpagos) in 2018 (Figure 12) have been
calculated by using both a DEM derived from Pléiades opti-
cal images subtracted from the 12 m TanDEM-X WorldDEM
[Shreve and Delgado 2023], and by using bistatic TSX/TDX
(CoSSC) data subtracted from the same WorldDEM (Table 2).
The total bulk volume change of the 2018 lava flows esti-
mated from the topographic change is 186.7 + 26.2 x 10° m3
for the TanDEM-X-CoSSC and 193 x 10°m? for Pléiades—
TanDEM-X. The similarity of the results, with less than 4 %
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difference in the volume change obtained from the bistatic
TSX/TDX (CoSSC) pair and from Pléiades, further confirms
the utility of bistatic TSX/TDX data to infer elevation and vol-
ume changes.

4 DiscussION

Based on our work and the previous literature (Supplementary
Material 1 Table S1), TSX/TDX/PAZ data provide valuable
insights into volcanic processes and hazards. TSX/TDX/PAZ
InSAR and SAR backscatter data are useful for anticipating
eruptions [e.g. Pallister et al. 2013; Salzer et al. 2014], and InSAR
has also helped to characterize volcanic unrest [e.g. Ebmeier
et al. 2016; Henderson et al. 2017; MacQueen et al. 2020; Eiden
et al. 2023]. The data from the satellite constellation have also
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Figure 9: [A-C] SAR backscatter images (SL mode; ascending orbit) from La
Soufriére Volcano (St. Vincent). [A-B] Lava dome growth [A modified from Dualeh
etal. 2023]. [C] Lava dome destruction due to the explosive eruption that occurred
on 9 April 2021. [D-J] SAR backscatter images (SM mode, descending orbit) from
Chaitén volcano (Chile). The dotted yellow line marks the lava dome extent. [D-I]
Exogeneous rhyolitic dome growth. [J] Spine extrusion phase.

been used to track co- and post- eruptive changes to better un-
derstand future hazards using InSAR, coherence change, SAR
backscatter, and CoSSC-derived topography (Supplementary
Material 1 Table S1).

High-resolution TSX/TDX/PAZ data have been collected
and analyzed, in this study or in previous work, at 124 vol-
canoes (Table 1 and Supplementary Material 1 Table S1), but
they could be useful at many more. Specifically, one of our
primary goals is to understand if other volcanoes have not
been studied with TSX/TDX/PAZ data because of (1) insuffi-
cient data, (2) poor data quality (i.e. no InSAR coherence), or
(3) sufficient data and quality, but no significant changes were
detected due to inadequate temporal or spatial sampling or the
fact that no changes occurred. For comparison, 185 volcanoes

Page 287


https://doi.org/10.30909/vol.07.01.273301
https://doi.org/10.30909/vol.07.01.273301
https://doi.org/10.30909/vol.07.01.273301
https://doi.org/10.30909/vol.07.01.273301
https://doi.org/10.30909/vol.07.01.273301
https://doi.org/10.30909/vol.07.01.273301

The utility of TerraSAR-X, TanDEM-X, and PAZ for studying volcanic activity

Galetto et al. 2024

0.7°S } A TerraSAR-X unw 31 Jul. - 22 Aug. 2018

0.8°S

91.2°W

91.1°"W

B TerraSAR-X rgo 31 Jul. - 22 Aug. 2018

C TerraSAR-X azo 31 Jul. - 22 Aug. 2018

Figure 10: Displacements at Sierra Negra (Galdpagos) during the final stages of the 2018 eruption. [A] LOS displacements from
InSAR. Arrows point the geometry of movement and acquisition of the satellite (the incident angle is also reported). [B] across-
track (range) displacements and [C] along-track (azimuth) displacements obtained through pixel-offset tracking.

Table 2: Parameters estimated from the analyzed bistatic data.

Mean (m)* Std (m)? V (m?)P
Ibu 1.9 56 (38+4) x 10°
Calbuco 0.57 33
Sabancaya —0.03 2.34
Heard 0.09 231 (—1.65 +0.85) x 10°
Cerro Hudson 1.6 7.7
Pacaya (2014-2013) —0.21 2.30 (9.30 + 3.19) x 10°
Pacayga (Nov. 2017-Nov. 2019)  —0.75 1.89 (8.76 + 1.36) x 10°
Sierra Negra® —0.09 1.2 (186.7 + 26.2) x 10°

@Mean is the mean value and Std is the standard deviation of the heights calculated in
referenced areas that do not experience height changes. These parameters are used to

define the height errors (see Section 3.3).

bV is the volume change calculated in areas that were covered by lava and that experience

height change.

¢ The volume is referred only to lavas erupted on the north flank during the 2018 eruption.

have erupted during the operation of the constellation [which
started on 10 July 2007; Global Volcanism Program 2022], and
several hundred additional volcanoes have had some type of
unrest (earthquakes, ground deformation, degassing, thermal
features) without eruption [Pritchard et al. 2022a]. Other con-
siderations, such as the latency and ease of use of the data,
are important factors affecting remote sensing utility during
volcanic crises [Ezquerro et al. 2023], but we do not discuss
those aspects here.

During some volcanic crises the TSX/TDX/PAZ constella-
tion acquires data regularly, providing a valuable dataset that
can be used to evaluate the volcanic hazard [e.g. Pallister et
al. 2013; Dualeh et al. 2023} However, the main limitation
in the use of TSX/TDX/PAZ data for most volcanoes is the
lack of routine data acquisition, which inhibits its utility, gen-
erating an overall lack of data, especially before the onset of
an eruption. Indeed, there are often only a few scenes per
volcano, usually acquired in different imaging modes, limiting
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the potential use of TSX/TDX/PAZ to generate the years-long
time series necessary for studying volcanic processes (e.g. vol-
canic unrest, lava dome growth, etc.). This often represents a
limitation with respect to Cosmo-SkyMed (CSK), another X-
band satellite constellation that consistently acquires data over
numerous (>160) volcanoes as part of a background mission
[Sacco et al. 2015]. Although all volcanoes have at least a few
bistatic pairs [acquired to create the WorldDEM,; Riegler et al.
2015; Wessel 2018], most erupting volcanoes lack a time series
of images before, during, and after eruptions.

Within the CEOS Volcano Demonstrator regions, there are
735 subaerial volcanoes, with 193 of them having TSX/TDX
Stripmap (SM) data and 68 with Spotlight (SL) data, totaling
217 volcanoes, or 29 % of the total. For comparison, of the
166 volcanoes in the USA, 66 have SM and 12 have SL for
70 unique volcanoes (42 % of the total; Figure 13). We suspect
that the higher percentage of volcanoes with TSX/TDX/PAZ
data in the USA compared to the CEOS area is because in

Page 288



VOLCANICA 7(1): 273-301. https://doi.org/10.30909/vol.07.01.273301

2013 Pleaides - 23 Feb. 2018 30 Sep. 2013 - 18 Jan. 2014

A t

29 Nov. 2017 - 22 Nov. 2019

e
Bad

-200 meters 200

Figure 11: [A] Height changes due to lava flows (dotted line denotes area with lava flows) at Ibu (Indonesia) calculated with
bistatic data with respect to a 2013 Pléiades DEM. [B-C] Height change at Pacaya (Guatemala) from bistatic data. Black triangle
marks the summit vent of Pacaya, while the purple and black lines outline the lava flow and the scarp along the southern flank
of Pacaya, respectively. [D] Height change at Calbuco (Chile) related to the 2015 explosive eruption with respect to a TDX DEM
(acquired in 2012). Arrows point to the position of the PDCs (while the large positive signal in the NE border of the data is due
to deforestation). e) Height change at Sabancaya volcano (Per; red triangle) with respect to a SRTM DEM (acquired in 2000)
showing loss of information in the area of the volcano. [F] Height changes of a lava flow at Heard volcano with respect to an
upsampled (10 m pixel~") Copernicus DEM (referenced to the WGS84 ellipsoid rather than to the geoid to be consistent with
the bistatic data). [G] Height change with respect to a Copernicus DEM at Cerro Hudson (Chile). The hachured line delimits the
caldera area.
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Figure 12: Elevation change at Sierra Negra, Ecuador, as a result of its 2005 and 2018 eruptions. S indicates an area of uplift due
to the emplacement of a sill intrusion. The dashed black lines are faults. [A] Elevation difference between a CoSSC and the 12 m
TanDEM-X. The 2018 lava flows are outlined by thin black lines on the volcano’s north flank. [B] Elevation difference between a
Pléiades DEM (mosaicked DEM computed from three images acquired on 28 October 2018, 6 December 2019 and 18 June 2020)
and a 12 m TanDEM-X DEM acquired in 2012 [Shreve and Delgado 2023]. The elevation difference in the interior of the caldera
(black line) is the lava flow erupted in 2005, whose height change has been calculated by differencing the 12 m TanDEM-X DEM
acquired in 2012 and 30 m SRTM DEMs acquired in 2000 [modified from Shreve and Delgado 2023].

the USA volcanoes are more frequently tasked by scientists
than volcanoes in the CEOS area. Finally, coverage by PAZ
data at volcanoes is inadequate—97 % of CEOS volcanoes have
no PAZ data. Of the volcanoes that do have TSX/TDX/PAZ
data, the acquisitions are mostly tasked after an eruption be-
gins, and there is often little or no pre-eruptive data in the
same geometry to compare against. For example, only about
half of the 36 eruptions with a Volcano Explosivity Index of 3
[Newhall and Self 1982] or larger between 2007 and 2023 in
the CEOS Volcano Demonstrator regions had TSX/TDX/PAZ
high spatial resolution mode (SM, SL, HS) collected before the
eruption began [Global Volcanism Program 2022].

In terms of TSX/TDX/PAZ data quality at volcanoes where
images are collected consistently, several criteria should be
considered, given the variety of data products and modes, to
understand which products are the most useful for volcano
monitoring. We discuss three different categories of measure-
ments at volcanoes mentioned in the results section in turn:

1. InSAR and coherence. Phase stability of pixels is crucial
for InSAR and for measuring coherence change. This implies
understanding how environmental conditions, like vegetation,
precipitation, and the presence of snowy/ice, cause decorrela-
tion over time [e.g. Sica et al. 2021]. Having a short repeat
time and small pixel size (among other parameters) can re-
duce decorrelation, but even bistatic pairs (two images ac-
quired at the same time) can experience decorrelation. Sica
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et al. [2021] noted that most natural land-surface classifications
are decorrelated over the 11-day repeat interval of TSX/TDX.
We find that since many (but not all) volcanoes have bare
rock exposed, 11-day interferograms can be coherent, espe-
cially if the perpendicular baseline is less than 100-200 m.
Indeed, small perpendicular baselines usually increase the co-
herence of the data also in areas with low coherence (Figure 2).
From this point of view, the excellent orbital control of the
TSX/TDX constellation allows for the acquisition over time
of SAR data with small perpendicular baselines [Buckreuss et
al. 2018]. While ground deformation can be retrieved from
interferogram time series with significant decorrelation using
the Persistent Scatterer and similar methods [e.g. Hooper et
al. 2012], we focus on single-interferogram quality, which is
important in volcanic areas because the spatial complexity of
deformation often requires coherence over large areas.

Integrating TSX/TDX data with PAZ data is possible to
generate interferograms with temporal baselines of 4 and 7
days [Figure 5; Sica et al. 2021]) that can be more coherent
than the 11-days interferograms, assuming that the perpen-
dicular baselines are kept as small as possible. Further work
is needed to determine which volcanoes require 4-, 7-, and/or
11-day repeats to maintain coherence at X-band wavelengths,
or which areas cannot maintain coherence over these time
intervals and require a different strategy (e.g. higher spatial
resolution, <4 day temporal repeat, or different radar wave-
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Figure 13: Number of potentially active volcanoes in the CEOS
Volcano Demonstrator regions and the USA. In red are the num-
ber of volcanoes not covered by high spatial resolution (SM, HS,
SL) TSX/TDX/PAZ data, while blue represents the fraction (per-
centage quantified in black text) having some high spatial res-
olution (SM, HS, SL) TSX/TDX/PAZ data [data from Pritchard
et al. 2022b].

length). We find that HS interferograms can be of high quality
(Figures 3 and 6; Supplementary Figures pages 52-55), espe-
cially if characterized by small temporal and perpendicular
baselines, and resolve ground deformation over spatial scales
of tens to hundreds of meters. We suggest further tasking
in this mode over small ocean island volcanoes (e.g. Supple-
mentary Figures pages 7-8) even beyond the enhanced acqui-
sitions in recent years [e.g. Plank et al. 2019]. For example, at
Raikoke volcano, McKee et al. [2021a] stated that “... the island
is too small for the effective use of InSAR techniques...”, but
we suspect that the HS mode could be effective at this vol-
cano (although only SM data have been collected to date, and
no data were collected around the time of the 2019 eruption).
Finally, the emplacement of volcanic products (e.g. lava or
PDC) alters the scattering properties of the ground producing
loss of coherence in the area covered by these products (e.g.
see Supplementary Figures pages 155-158). In these cases, it
is possible to use coherence maps to track the area affected by
volcanic products [Zebker et al. 1996; Dietterich et al. 2012,
reinforcing the need for high resolution data, like those from
TSX/TDX/PAZ, to resolve the area of the volcanic products
at a spatial resolution of a few meters.

2. Surface change in SAR backscatter or amplitude. To
measure SAR backscatter changes at volcanoes, the key ques-
tions are whether the spatial resolution and viewing geometry
are appropriate to resolve features of interest. There is no sin-
gle best mode for all volcanoes, so in this case having multiple
modes collected, possibly with a good number of acquisitions
for each mode, is helpful to determine the best imaging char-
acteristics for given processes and formations detectable from
SAR amplitude data. Given the steep slopes of volcanoes and
the SAR geometric effects of foreshortening and layover, col-
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A recent advance is the development of methods to quantify
topographic changes directly from SAR amplitude data [An-
garita et al. 2022; Dualeh et al. 2023; Smittarello et al. 2023].
These methods have been used, for example, to calculate the
height and volume change of the scoria cone of Shishaldin
Volcano (Alaska) from HS TSX amplitude data [Angarita et al.
2022, the growth of the lava dome at La Soufriere, (St. Vincent)
from TSX and CSK amplitude data [Dualeh et al. 2023], and
changes in the depth and volume of the crater of Nyiragongo
volcano [Smittarello et al. 2023]. In addition, SAR amplitude
data have been used to monitor the lava lake height at Nyi-
ragongo [Barriere et al. 2022], even though these techniques
have not been applied to TSX/TDX data so far. Eventually,
it may be possible to calculate displacements directly from
amplitude images acquired over time through pixel-tracking
methods. Pixel offset has a lower sensitivity to deformation
than InSAR, but it does not suffer from phase aliasing in zones
of large strain [Casu et al. 2011; Shreve and Delgado 2023].
This technique has been used on TSX data to detect displace-
ments (also in areas where InSAR failed) in volcanoes like
Bérdarbunga (Iceland), Bezymianny (Russia), Merapi (Indone-
sia) and La Soulfiere St. Vincent [Ruch et al. 2016; Himematsu
et al. 2019; Mania et al. 2019; Dualeh et al. 2023; Walter
2023]. All these methods based on amplitude data testify to
the importance of having high-resolution SAR data (such as
TSX/TDX/PAZ data) acquired at volcanoes at a small tem-
poral baseline to calculate topographic change and displace-
ments during, before, and after eruptions. It is not yet possible
to utilize most of these methods in near real time—necessary
for hazards assessment—but continued research and develop-
ment could make this goal a reality.

When considering whether to acquire HS, SL, SM, or other
modes, the best criteria for evaluation may change with time.
The comparison of SL. and SM at several volcanoes in the Sup-
plementary Figures can be used to help decide which mode
may be best at a given volcano. For example, SM is use-
ful to measure edifice-wide signals that can be missed by SL
[e.g. Pritchard et al. 2018), whereas the higher spatial resolu-
tion modes are useful for tracking temporal changes to lava
domes and flows (Figures 6~??). On the other hand, there
is great value in having a consistent observation mode to de-
velop a long time series [e.g. Valade et al. 2023]. These trade-
offs in spatial resolution, areal coverage, and temporal consis-
tency are examples where utilizing multiple SAR constellations
could be helpful [e.g. Ezquerro et al. 2023], with one set of satel-
lites (for example, TSX/TDX/PAZ) imaging in Spotlight mode
while others (e.g. CSK) collect consistent data in Stripmap
[e.g. the current tasking plan at Cotopaxi volcano; Arnold et
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al. 2018], or one satellite could collect ascending and the other
descending. The benefit of multiple SAR constellations was
observed during the 2020-2021 eruption at La Soufriere St.
Vincent, where TSX data were important for the analysis of
dome growth, as it was the only high-resolution SAR sensor
with frequent (11-day) acquisitions throughout the eruption.
This allowed for frequent and repeated observations of the
lava dome, which complemented the temporally frequent but
lower resolution Sentinel-1 data and the high-resolution but
infrequently acquired CSK data [Dualeh et al. 2023]. Data
from multiple SAR constellations could provide benefits for
other categories of measurements (e.g. InSAR).

3. Topographic Change from bistatic data. The TSX/TDX
bistatic pairs are an important day/night and all-weather
dataset for measuring topographic change that complement
optical measurements that have better vertical precision but
can be obscured by clouds [Plank et al. 2023]. Even though
bistatic pairs are acquired at the same time, their interfero-
grams can have low coherence in some areas [Figure 11F;
Sica et al. 2021]. Noisy scenes from bistatic pairs can have
both a small separation between the TSX and TDX satellites
(small B_perp), giving them less sensitivity to topography, and
a large B_perp, making them susceptible to volume scattering
mainly due to vegetation [e.g. Sica et al. 2021; Zink et al. 2021].
Other sources of error that can cause a loss of information are
geometric decorrelations [e.g. shadow, lagover and grazing in-
cidence; e.g. Kubanek et al. 2015b] and volume decorrelation
due to radar penetration phenomena [e.g. highly vegetated or
snow/ice-covered regions; Zink et al. 2021]. Updated high spa-
tial resolution DEMs of volcanoes during eruptions are critical
for using InSAR to measure ground deformation. For this rea-
son, as well as the need for updated DEMs for hazard forecasts
from lava flows, lahars, dome collapse, etc., targeted daily
observations are helpful to measure topographic change for
erupting volcanoes [Bally 2013], which will require multiple
types of satellites, including bistatic SAR like TSX/TDX or the
future proposed TanDEM-L (DLR) and Harmony (ESA) mis-
sions [Kubanek et al. 2021; Plank et al. 2023]. Bistatic pairs
from the TSX/TDX mission have been used to measure topo-
graphic change associated with lava flows and domes, and
even pyroclastic flows [Albino et al. 2020], although some-
times loss of information/coherence owing to factors discussed
above prevented detection of topographic change that was
known to have occurred through other techniques [Pritchard
et al. 2018]. Greater coverage and the capability to use higher
spatial resolution modes like HS or SL for bistatic TSX/TDX
pairs would be helpful to further improve the applicability of
bistatic data.

To maximize the potential of TSX/TDX/PAZ data, which
have a spatial resolution of 3 m pixel™' or better, high-
resolution Digital Elevation Models are needed to correct topo-
graphic distortions and accurately georeference the products
without experiencing a significant loss of resolution and of co-
herence [e.g. Bemelmans et al. 2023]. For the InSAR products,
displacement cannot be resolved when the displacement be-
tween two adjacent pixels exceeds half the radar wavelength
[e.g. Michel et al. 1999], and so high spatial resolution DEMs
are critical, especially for areas with large displacements fo-
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cused in small areas, like in volcanic craters [e.g. Richter et al.
2013; Bemelmans et al. 2023]. Neither high spatial resolution
DEMs nor high spatial resolution SAR data are freely available
over all volcanoes. Another limitation is that high spatial res-
olution DEMs are not always updated (e.g. WorldDEM was
acquired in 2012), while volcanoes are dynamic systems that
can experience rapid topographic changes that completely al-
ter their morphology [e.g. the 2018 caldera collapse at Kilauea;
Lundgren et al. 2019]. To maximize the potential of high spa-
tial resolution SAR data, such as TSX/TDX/PAZ data, it is
therefore important to have access to updated high-resolution
DEMs [e.g. Pléiades, WorldDEM and bistatic TSX/TDX pairs,
UAV-based photogrammetry, and Lidar DEMs; Bernard et al.
2012; Kolzenburg et al. 2016; Wessel 2018; James et al. 2020].

5 CONCLUSIONS

The long-lived TSX/TDX and now PAZ constellation has
been extremely useful for studying volcanic activity world-
wide within the framework of its design(global DEM
and semi-commercial applications [Buckreuss et al. 2018]).
TSX/TDX/PAZ can provide measurements of volcanic de-
formation and surface change that are critical for monitoring
unrest and forecasting eruptions, but the background obser-
vations that make these data most useful for volcano applica-
tions are currently available for less than 30 % of the volcanoes
worldwide. Most volcanoes on Earth (>800) need images an-
nually or every few years, but the most active and hazardous
(about 200 volcanoes) need observations as frequently as pos-
sible (daily to every few days) from TSX/TDX/PAZ and other
satellites to maintain InSAR coherence and record geomor-
phic changes [Pritchard et al. 2022a]. Because there are several
other SAR constellations in orbit (for example, CSK, Sentinel-1,
RCM, ICEYE, Capella Space, Umbra), further work is needed
to determine which of the 200 or so most hazardous volcanoes
need the 4-11 day TSX/TDX/PAZ acquisitions as opposed to
acquisitions by other satellite systems. To track possibly sub-
tle changes in ground deformation before an eruption, a time
series of routine acquisitions of high spatial resolution com-
plex imagery (e.g. SM, SL, HS) in the same geometry and
format, and with small perpendicular baselines, is required
for InSAR. Currently, only a fraction (<30 %) of CEOS demon-
strator volcanoes are receiving adequate background obser-
vations from TSX/TDX/PAZ (Figure 13). In addition to task-
ing volcanoes during eruptive crises, a quota of background
acquisitions could be allocated to anticipate future eruptions.
It would also be advantageous to coordinate TSX/TDX/PAZ
global volcano acquisition strategies with other SAR constel-
lations through a Volcano Space Task Group [Pritchard et al.
2022a] so that each set of satellites collect data in complemen-
tary modes (ascending vs. descending, incidence angle, SM
vs. SL, etc.). The TSX/TDX mission has already significantly
exceeded its designed lifetime (5.5 yr=!), even though it is ex-
pected to remain operational for a few more years [Buckreuss
et al. 2018; Bojarski et al. 2021]. Future missions that continue
the capacity of this successful constellation, especially in terms
of acquisition of bistatic data, would benefit for volcanological
applications.
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