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ABSTRACT

Pacaya is an active basaltic volcano in Guatemala, that underwent a heightened period of volcanic activity in
early 2021, as the culmination of effusive and explosive activity starting in mid-2015. We present an assessment
of the geophysical signals associated with this heightened eruptive interval leveraging access to ground defor-
mation data from 9 Synthetic Aperture Radar (SAR) datasets acquired by 5 different radar satellite platforms and
seismic data from 4 permanent stations. Given evidence for past vigorous eruptive activity from vents beyond the
summit area being associated with initiated or accelerated flank creep, we assess whether this process occurred
also in 2021 or not. Further, the availability of a dense SAR dataset with different spatial and temporal reso-
lutions is leveraged as an incomparable opportunity to assess the relative performance of different SAR platforms
for monitoring volcanic eruptions. The more limited seismic dataset is used for comparison of peaks in real-time
seismic amplitude measurement (RSAM) time-series, as well as velocity variations derived from single-station
cross-component correlations (SC) and auto-correlations (AC), with changes in volcanic activity. The SAR
time-series results reveal displacements compatible with down-dip motion of the unstable southwest flank
(downward vertical and westward horizontal displacements), but there might be contributions to the signal from
lava flow compaction and seasonal tropospheric water vapor variations. RSAM peaks appear to reflect vigor of
lava effusion at Pacaya but gaps in the data impede the assessment of whether there were recognizable signals
during times of change in eruptive behavior. Single-station correlations captured the effects of rainfall variability
but were otherwise too noisy to draw clear insights. Overall, this study showcases the challenges of coherence
loss during periods with widespread lava effusion and ash fall, and the advantages of performing time-series
analysis on shorter subsets of time to retain more pixels in times of lower volcanic activity. Additionally, our
results highlight the advantage of high spatial resolution SAR amplitude imagery for mapping surface changes,
the vulnerability to geometric distortions of low incidence angle platforms, and the challenge of relying on
tasking to obtain timely satellite imagery over active volcanoes.

1. Introduction

2021; Gonzalez-Santana et al., 2022). Fig. 1 shows a timeline of the slip
rates obtained from these InSAR studies along the top, and a description

Pacaya is an active basaltic stratovolcano in Guatemala, which
experienced flank collapse between 0.6 and 1.6 ka, producing a 0.65km>
debris avalanche that traveled >25 km away from the cone (Kitamura
and Matias, 1995; Rose et al., 2013; Siebert et al., 2006; Vallance et al.,
1995). Recent radar satellite geodesy (Interferometric Synthetic Aper-
ture Radar, InSAR) studies at Pacaya identified transient flank instability
events during large eruptions in 2010 and 2014 that persisted at a
decaying rate for 2-3 years after each eruption (Schaefer et al., 2015,
2017; Wnuk and Wauthier, 2017; Gonzalez-Santana and Wauthier,

of the concurrent eruptive activity styles along the bottom. Slip rates
were obtained from the same time-series location on the southwest flank
of Pacaya (Gonzalez-Santana et al., 2022). The initiation and accelera-
tion of flank creep during the eruptions in 2010 and 2014, in orange,
coincided with the opening of NNW-SSE oriented vents away from the
main open conduit. This was in contrast to other times of lava effusion
and explosive activity from 2006 to 2010 and 2018 to 2020, in purple,
where flank displacements were negligible. Therefore, the opening of
vents beyond the summit was proposed to indicate heightened
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likelihood of renewed or increased flank creep (Gonzalez-Santana et al.,
2022).

A heightened eruptive period took place at Pacaya from December
2020 to May 2021 (Fig. 1). The aims of this study were to identify po-
tential structural changes in the edifice over time during the eruptive
interval using Synthetic Aperture Radar (SAR) amplitude imagery, to
characterize any further flank deformation events using InSAR ground
deformation maps and time-series, and to update the lava flow maps
using optical and thermal satellite imagery. In particular, InSAR time-
series analysis allows investigation into whether this eruption was
accompanied by accelerated flank creep, as expected based on the
conceptual model presented by Gonzalez-Santana et al. (2022). Given
the association between prior opening of vents beyond the summit area
and renewed or increased flank creep, we produced maps of lava flows
and tracked vent locations using thermal imagery and false-color com-
posites of multi-spectral data, to compare the timing of these changes in
flank displacements with likely changes in magma ascent pathways.

Four seismic stations were intermittently active between the end of
2019 and the end of 2022 at Pacaya (Fig. 2), motivating a secondary aim
to compare both geophysical datasets, in a search for further insights
into the underlying processes operating at Pacaya during large erup-
tions. Specifically, we leverage Real-time Seismic Amplitude Measure-
ments (RSAM) and single-station seismic ambient noise cross-
correlations. At Pacaya, INSIVUMEH reports suggest a close relation
between explosive vigor and RSAM values, thus we compile RSAM time-
series to track the state of activity during the eruptive crisis. Temporal
perturbations in cross-correlated seismic ambient noise fields between
two stations, or components of a single station, can be used to produce
time-series of seismic velocity changes (Brenguier et al., 2008; De Plaen
et al., 2016; Donaldson et al., 2017). These changes have been used to
detect pre-eruptive seismic velocity drops as well as track climate-
related changes (De Plaen et al., 2016), thus we compile single-station
seismic ambient noise cross-correlations to track velocity changes
before, during, and after the eruptive crisis.

A call for international assistance during this eruptive crisis resulted
in the tasking of satellites to collect additional and higher spatial reso-
lution SAR data than that usually available over Pacaya from missions
with regular orbits and acquisitions. This resulted in access to SAR data
from a total of 5 satellite platforms, 4 of which had data in both
ascending (satellite flying south to north) and descending (satellite
flying north to south) orbits, yielding 9 individual datasets spanning
either the entirety, the second half, or the end of the eruptive crisis. In
addition to the scientific aims presented above, the availability of such a
dataset composed of X-band (~3.1 cm wavelength), C-band (~5.5 cm
wavelength), and L-band (~23.6 cm wavelength) data with different
spatial and temporal resolutions and incidence angles provided an
incomparable opportunity to assess the relative performance of different

Journal of Volcanology and Geothermal Research 447 (2024) 108027

14.40° —_—— L —

“Cerro Chiquito 7

~ TN

14.38° 1

14.37°1

14.35° fi.

-90.58°

-90.62°

-90.63°

Fig. 2. Map of Pacaya volcano showing the outline of the ancestral collapse
scarp in black, the locations of the main active cone, the Mackenney Cone (red
triangle), and old domes Cerro Grande, Cerro Chiquito and Cerro Chino (yellow
triangles). The orange inverted triangles show the location of seismic stations
(PCG, PCG2, PCG4, PCG5), and the pink circle and blue square respectively
show the reference point and time-series point used for InSAR time-series
processing. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

SAR platforms for monitoring volcanic eruptions. Thus, we present a
case study of the strengths and weaknesses of each of these datasets in
the context of monitoring active volcanic eruptions and surface changes.

1.1. The 2021 eruption sequence

The eruptive period leading to the 2021 crisis began in June 2015
with incandescence and intermittent ash venting, following Strombolian
explosions and effusive activity in January and March 2014 and inter-
mittent ash venting through February 2015 (Global Volcanism Program,
2013; Wnuk and Wauthier, 2017; Gonzalez-Santana et al., 2022). The
amount of incandescence increased throughout 2015, and Strombolian
activity built an intra-crater cone in 2016, filling most of the crater by
2017 (Global Volcanism Program, 2013). New lava flows erupted from
the summit area on January-April 2017 and explosions persisted
through 2017. Strombolian activity and lava effusion continued in 2019
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flank slip Creep flank slip Creep Neg!gg)le Co»erup.tive
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Fig. 1. Timeline of the main activity styles at Pacaya volcano between 2010 and 2022. The flank slip rate estimates along the top are from the InSAR time-series of
Gonzalez-Santana et al. (2022). Co-eruptive slip is shown in orange, slower decaying slip rates after the eruptions in brown, and negligible displacements in grey. The
activity descriptions along the bottom were condensed from Global Volcanism Program Reports, INSIVUMEH bulletin reports, thermal anomaly time-series, and the
lava flow map observations presented in Gonzalez-Santana et al. (2022). Orange descriptions correspond to heightened activity involving lava effusion from vents
beyond the summit, purple descriptions correspond to times of lava effusion from the summit, and green descriptions represent times of low volcanic activity. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and 2020, with increased explosive activity and effusion from
August-December 2020 (Global Volcanism Program, 2013; Gonzalez-
Santana et al., 2022).

On October 20, 2020, a new lava flow erupted from vents lower on
the west flank of Pacaya, in contrast to earlier flows in 2019-2020, that
had mostly initiated near the summit crater. Increased explosive and
effusive activity was registered starting on December 2020, with flows
extending >1 km (Global Volcanism Program, 2013). Explosivity
increased again in February 2021 through mid-May, with a further in-
crease in activity in March relative to the already elevated activity levels
in February. Ash plumes throughout March 2021 reached up to 5.4 km
above sea-level, and on March 23 led to the closure of the La Aurora
International Airport in Guatemala City, ~25 km away. Multiple flows
initiated on the south, southeast, and southwest flanks through March.
There was a reduction in ash venting after April 9, but new flows initi-
ated on April 27-29. May 17 marked the end of effusive activity for this
eruption, from the final fissure that opened on April 29. The last
recorded ash fall for this eruptive interval was on May 26, prior to a
return to ash venting at background levels (Global Volcanism Program,
2013).

2. Methods

To provide a detailed overview of the events associated with the
early 2021 eruptive crisis at Pacaya, we compiled lava flow maps, radar
satellite geodesy (SAR) data, and seismic data. The following sections
introduce each of these datasets.

2.1. Lava Flow Maps

Optical imagery was used to track the evolution of lava effusion at
Pacaya. Level 2 Landsat 7 and 8 data were obtained from EarthExplorer
(https://earthexplorer.usgs.gov/) and Glovis (https://glovis.usgs.gov/
app), and Sentinel-2 Full Resolution Browse GeoTIFF granules were
obtained from EarthExplorer. We downloaded 21 Landsat-8 tiles be-
tween August 1, 2020, and June 17, 2021, and 20 Landsat-7 tiles from
August 9, 2020, to June 9, 2021, both acquired every 16 days, and 63
Sentinel-2 tiles between August 7, 2020, and June 13, 2021, acquired
every 5 days.

To better visualize the thermal anomalies from lava flows and crater
incandescence, we produced Red-Green-Blue false image band combi-
nations using the short-wave infrared (SWIR), near-infrared (NIR), and
red bands for each of the optical datasets, in QGIS (https://www.qgis.
org/en/site/). These correspond to bands 7, 5, and 4 for Landsat-8,
bands 7, 4, and 3 for Landsat-7, and bands 12, 8a, and 4 for Sentinel-
2. The Landsat bands have a spatial resolution of 30 m, whereas
Sentinel-2 data have a spatial resolution of 20 m for bands 12 and 8a,
and 10 m for band 4.

We inspected all images for the presence of visible thermal anoma-
lies, regardless of cloud cover, and generated shapefiles for lava flows or
portions of lava flows that were not covered by clouds. We also identi-
fied the approximate location of effusive vents by selecting the topo-
graphically highest point on thermal anomalies. Lava flows and vents
were then manually grouped into subsets, or epochs, sharing similar
source locations to highlight changes in lava effusion behavior
throughout the study period. Finally, we outlined the extent of lava
flows for each of the identified epochs to obtain the area covered by lava
during each epoch and estimated the erupted volume using an average
lava flow thickness of 2 m (Matias Gomez et al., 2012; Wnuk and
Wauthier, 2017) (see Supporting Information, section S1).

2.2. Radar satellite data
We compiled a total of 9 SAR datasets from 5 different satellite

platforms, with acquisitions in both ascending and descending orbits for
4 of the platforms, starting before, during, and directly after the 2021
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eruptive crisis. While describing the events of the 2021 crisis, we refer to
the ‘pre-crisis interval’ as any dates prior to October 20, 2020, when
vents first opened away from the main summit region. The ‘co-eruptive
interval’ spans October 20, 2020 to May 26, 2021, the date of the last
ash venting event associated with the eruption, and the ‘post-eruptive
interval® captures all available data beyond May 26, 2021. Fig. 3 shows
the times spanned by each of the datasets presented in this study relative
to the crisis start and end (red and black dashed vertical lines, respec-
tively), and Table 1 provides extra details on all 9 datasets. Sentinel-1,
COSMO-SkyMed, and ALOS-2 data covered the full study period,
whereas TerraSAR-X tasking only began during the height of the erup-
tive crisis and RADARSAT-2 data were only available starting after the
eruption.

ALOS-2 is an L-band SAR satellite from the Japan Aerospace Explo-
ration Agency (JAXA) that was launched in 2014. Level 1.1 Single Look
Complex (SLC) images for path 148, row 3300, were downloaded
through the JAXA G-Portal and EORC Order Desk. These ScanSAR im-
aging mode scenes have a spatial resolution of 100 m, covering 350 km
wide swaths. Repeat acquisitions over Pacaya were not available on
regular intervals, with only 8 descending scenes available between
2020-01-01 and 2022-09-01. The shortest repeat interval is just under
3 months and the longest just over 6 months.

Sentinel-1 is a C-band SAR satellite constellation from the European
Space Agency (ESA) launched between 2014 and 2016. This constella-
tion had a repeat cycle of 6 days through December 2021. Level 1 SLC
data were downloaded through the Alaska Satellite Facility Vertex
portal (https://search.asf.alaska.edu) and corresponding precise orbit
files were obtained from the ESA’s Copernicus Sentinels Precise Orbit
Determination Data Hub. These data were acquired in the Interfero-
metric Wide (IW) swath mode, composed of 250 km wide swaths with a
spatial resolution of 5 m in range (along the satellite viewing angle,
perpendicular to the flight direction) and of 20 m in azimuth (parallel to
the satellite flight direction). This mode acquires data across 3 swaths
(IW1-IW3), with several bursts (typically 6-9) in each swath, that can be
processed as separate SLC images, or stitched together. For the case of
Pacaya, only one burst from swath IW2 on path 26 was required in the
descending orbit, whereas 2 bursts were processed from swath IW2 on
path 136 to guarantee full coverage in the ascending orbit.

COSMO-SkyMed is a constellation of 4 X-band SAR satellites from the
Italian Space Agency (ASI), launched between 2007 and 2010. Level 1A
SLC data were provided by ASI through the Committee on Earth
Observation Satellites (CEOS) Volcano Demonstrator. These Stripmap
Himage imaging mode scenes have a spatial resolution of 3 m and 40 km
wide swaths. Images over Pacaya were available every ~8 and ~16 days
in the ascending and descending orbits, respectively.

TerraSAR-X is an X-band SAR satellite from the German Space
Agency (DLR), that was launched in June 2007. Level 1B SLC data were
downloaded through the CEOS-hosted Supersites repository. These
Spotlight imaging mode scenes have a spatial resolution of 1.2 m in
range and of 1.7 m in azimuth, 10 km wide swaths, and a repeat
acquisition interval of 11 days.

RADARSAT-2 is a C-band SAR satellite from the Canadian Space
Agency (CSA), launched in December 2007. SLC data were provided
through the Volcano Disasters Assistance Program (VDAP), courtesy of
the National Geospatial Intelligence Agency and the U.S. Geological
Survey. These Spotlight imaging mode scenes have a spatial resolution
of 1 m and 20 km wide swaths, with a repeat acquisition interval of 24
days.

SAR images are complex and thus can be decomposed into 1) the
amplitude, a measure of backscattered radar signal reflectivity that de-
pends on the backscattering properties of the ground (mostly roughness
and electrical conductivity), the radar wavelength, and the local inci-
dence angle, and 2) the phase, which is a function of the distance be-
tween the sensor and the ground and the radar wavelength.
Interferometric Synthetic Aperture Radar (InSAR) uses the difference in
phase between two SAR images to produce a map of surface deformation
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Fig. 3. Time-span of the SAR data used in this study. The vertical red dashed line marks the timing of first vent opening beyond the summit crater on October 10,
2020, and the dashed black line marks the timing of the final ash venting recorded on May 26, 2021. D = descending orbit; A = ascending orbit. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

SAR data information and processing parameters. D = descending; A = ascending; Igms = interferograms; Pol = polarization; ML = multi-looks: range, azimuth; Inc. =
incidence angle (degrees), 1 = wavelength (cm); B, = perpendicular baseline (m); By = temporal baseline (days).

Dataset Orbit Start Date End Date # Scenes # Igms Pol ML Inc A B, Br
ALOS-2 D 2020-03-25 2022-08-24 8 16 HH 2,9 39 24.2 600 365
Sentinel-1 D 2020-06-01 2022-05-10 107 315 'A% 8,2 39 5.5 Daisies

Sentinel-1 A 2020-06-09 2022-05-30 107 314 \'A% 8,2 39 5.5 Daisies
COSMO-SkyMed A 2020-07-20 2021-12-06 58 341 HH 6,8 24 3.1 500 150
COSMO-SkyMed D 2020-07-25 2021-12-03 15 24 HH 6,6 27 3.1 500 150
TerraSAR-X A 2021-03-15 2022-03-02 25 65 HH 55 23 3.1 350 60
TerraSAR-X D 2021-03-14 2022-03-01 24 71 HH 55 22 3.1 350 60
RADARSAT-2 A 2021-06-24 2022-06-19 15 65 HH 4,14 38 5.5 200 200
RADARSAT-2 D 2021-06-19 2022-06-14 16 89 HH 4,14 44 5.5 200 200

in the Line Of Sight (LOS) of the satellite (Massonnet and Feigl, 1998;
Simons and Rosen, 2015). The interferometric process produces wrap-
ped interferograms, which show fringes, or full color cycles, corre-
sponding to phase changes between 0 and 2z, or half the wavelength of
the satellite. Wavelengths for each satellite are included in Table 1. This
observed relative phase signal is the modulo-27 of the unknown absolute
phase signal or total deformation (Massonnet and Feigl, 1998; Hanssen,
2001; Simons and Rosen, 2015). An interferogram showing this modulo-
27z ambiguity is termed “wrapped”, and the process whereby this am-
biguity is resolved is called “unwrapping”.

SAR data from all platforms were processed using the GAMMA
software (Werner et al., 2001). SAR scenes for each dataset were co-
registered and geocoded using a 12 m TanDEM-X Digital Elevation
Model (DEM). Multi-looking, or spatial averaging, was performed using
the range (perpendicular to flight direction) and azimuth (parallel to
flight direction) multi-look values listed in Table 1. First, we inspected
the multi-looked, geocoded, amplitude products to identify any changes
in scattering properties of the edifice resulting from lava flow effusion,
ash fall, or cone collapses during the eruption. We then produced in-
terferograms for each dataset, by combining pairs of scenes with small
enough perpendicular (perpendicular distance between the satellite
positions) and temporal (time between acquisitions) baselines. For
Sentinel-1, given the relatively small baselines and short repeat

acquisition periods, we created pairs for each date with the consecutive
3 dates using a “daisy-chain” approach (e.g., Ebmeier, 2016). For all
other datasets we set temporal and perpendicular baseline thresholds
based on maximizing the number of pairs creating a well-connected
network (at least 2 interferograms per scene) while retaining coher-
ence for the final products. Coherence, with values between 0 and 1,
quantifies the degree to which the scattering properties remain stable
between the two scenes, where a decrease in coherence corresponds to
decorrelation of the interferometric signal. Decorrelation arises when
the phase changes by 27 or more within a range resolution element
(Hanssen, 2001; Pinel et al., 2014). The chosen baseline thresholds are
listed in Table 1. Fig. S8 shows a plot of the interferogram networks used
for time-series analysis of all datasets. Consecutive interferograms were
also created between each date and the next, regardless of perpendicular
baseline, as inputs for stacking to enhance signal-to-noise ratios. All
interferograms were filtered using a 0.4 strength adaptive spectral filter
(Goldstein and Werner, 1998) and unwrapped, which resolves the
observed relative phase signal from the wrapped interferogram into an
absolute phase signal, using the Minimum Cost Flow algorithm (Cos-
tantini, 1998) with an irregular triangular network (Costantini and
Rosen, 1999). Finally, the unwrapped phase was converted to
displacement.

InSAR time-series analysis was performed using the Small BAselines
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Subset (SBAS) method (Berardino et al., 2002; Lundgren et al., 2001),
implemented in the MSBASv3 software (Samsonov, 2019). This tech-
nique extracts the satellite LOS displacements over time through pixel-
by-pixel linear least squares inversion of the mean phase velocity be-
tween each time interval between dates, using the first date as reference
(Berardino et al., 2002), and can increase the signal-to-noise ratio of
InSAR datasets and thus extract smaller magnitude signals. In fact,
previous work showed that for Sentinel-1 time-series over Pacaya, the
predicted ~10 cm annual amplitude of signal variation resulting from
seasonal changes in tropospheric water vapor content was reduced to
~2.5 cm when applying SBAS time-series analysis (Gonzalez-Santana
et al., 2022).

Since SBAS calculates the time-series on a pixel-by-pixel basis for
pixels which are coherent in all input interferograms, final products can
be sparse if datasets span periods of significant surface property changes,
such as lava effusion and ash fall, as was the case during the 2021
eruptive crisis. In order to mitigate some of the loss of coherence, which
manifests as no-data regions in SBAS results, we also calculated time-
series for subsets of data spanning the pre-crisis (prior to October 20,
2020), co-eruptive (October 20, 2020 — May 26, 2021), and post-
eruptive (after May 26, 2021) intervals, for datasets where enough
scenes were available. TerraSAR-X data only spanned the co-eruptive
and post-eruptive periods, and RADARSAT-2 only spanned the post-
eruptive period. Additionally, there were too few descending COSMO-
SkyMed acquisitions to produce pre-crisis and post-eruptive time-se-
ries, and too few ALOS-2 acquisitions to calculate any subsets.

Given the availability of overlapping datasets with different look
angles, we applied an extension to the SBAS approach, the multidi-
mensional SBAS (MSBAS), also implemented through the MSBASv3
software (Samsonov, 2019), to calculate a joint time-series with all 9
datasets. This technique leverages the availability of different viewing
geometries from two or more datasets to extract the horizontal and
vertical displacement components, in place of the LOS displacements
(Samsonov and D’Oreye, 2012, 2017). All SBAS and MSBAS time-series
processing used a reference region at the foot of the southwest flank of
Pacaya that remained coherent in all SAR datasets (Fig. 2).

Finally, to assess the improvement in performance of time-series
derived maps over conventional InSAR interferograms, we produced
long interval interferograms for the pre-crisis, co-eruptive and post-
eruptive intervals. We also tested the efficacy of another approach,
stacking, which, like time-series analysis, processes multiple SAR images
together instead of as individual pairs to estimate displacement more
accurately. Stacking involves adding the unwrapped phase of many
consecutive date interferograms to increase their signal-to-noise ratio,
by enhancing persistent deformation and suppressing random signals
such as atmospheric noise (Pinel et al., 2014). However, this method has
the limitation that it only offers the cumulative displacement for the full
stack period and no details on the evolution of surface deformation over
time. We stacked all the consecutive date interferograms for each of the
3 intervals to produce total displacement stacks for each interval, for
each sensor. These stacks were compared against the long interval in-
terferograms and time-series maps to gauge the performance of the
stacking approach.

2.3. Seismicity

A total of four seismic stations were intermittently active between
the end of 2019 and the end of 2022 at Pacaya (Fig. 2). PCG and PCG2
are short period stations. PCG4 is a broadband station, and PCGS5 started
as broadband and switched to short period in January 2022. Below, we
describe the two different assessments we performed with these data:
Real-time Seismic Amplitude Measurements (RSAM) and ambient noise
cross-correlations.

2.3.1. RSAM
The amount of energy recorded by seismic stations can be used to
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infer the state of activity at volcanoes and forecast eruptions (Endo and
Murray, 1991). This idea of leveraging the mean amplitudes of seismic
records, through RSAM, was introduced by Endo and Murray (1991) to
overcome the inaccuracies in estimates of seismic energy released before
eruptions due to the inability to count earthquakes and measure coda
lengths. RSAM also accounts for long-duration tremor signals which
often accompany pre-eruptive and eruptive activity. At nearby Fuego
volcano, for example, Naismith et al. (2019) found that peaks in the
RSAM data correlated with the timing of paroxysmal eruptions, show-
casing the use of these data for tracking changes in eruptive activity. At
Pacaya, INSIVUMEH reports also suggest a close relation between
explosive vigor and RSAM values.

We generated RSAM time-series from the four stations shown in
Fig. 2 to assess whether peaks in RSAM corresponded to changes in
activity during the 2021 eruptive crisis or to trends in the ground
deformation. To exclude sources more likely to be associated with non-
volcanic phenomena such as anthropogenic or meteorological noise,
RSAM values are calculated for separate pre-defined ‘useful’ frequency
bands in volcanic environments: this is termed Spectral Seismic
Amplitude Measurements (SSAM) (Stephens et al., 1994; Tarraga et al.,
2006; Krischer et al., 2015). The RSAM and SSAM for 3 band subsets
(0.1-2 Hz, 1-5 Hz, and 5-10 Hz) were computed using the python-based
SSxM obspy function (https://github.com/ThomasLecocq/ssxm). The
data were first demeaned and bandpass filtered, and each value was then
calculated on a 10-min window. Most seismic events associated with
volcanic systems fall within the 0.1-8 Hz range (Power et al., 1996).
Volcanic tremor is a continuous seismic signal that does not allow for
individual events to be identified, with energy typically distributed non-
uniformly in the 1-5 Hz band (Stephens et al., 1994; Cornelius and
Voight, 1996; Power et al., 1996). Long-period events (LPs) are low-
frequency signals typically in the 0.2-5 Hz range, whereas volcano-
tectonic (VT) events peak from 5-15 Hz and are typically interpreted
as capturing mechanical failure and tensile opening modes in the edifice
(Clarke et al., 2021). Thus, the key band capturing volcanic seismic
signals such as LPs and tremor is the 1-5 Hz band, but since other
sources can also produce signal in that range, we compared results
against the 5-10 Hz band to identify local earthquakes (VT events), and
to the 0.1-2 Hz to identify teleseisms (distant earthquakes) (Stephens
et al., 1994; Clarke et al., 2021).

2.3.2. Ambient Seismic Noise Cross-correlations

An alternative approach to leveraging seismic signals to track
changes at volcanoes, seismic interferometry, relies on scattering of
seismic waves due to heterogeneities in the crust (De Plaen et al., 2016).
Cross-correlating these random wavefields recorded by two stations
measures the impulse response of the medium at one station, as if the
source was located at the other, that is the Green functions, from which
temporal perturbations can be obtained to produce time-series of
seismic velocity changes (Brenguier et al., 2008; De Plaen et al., 2016;
Donaldson et al., 2017). Thus, velocity changes as small as 0.1% due to
changes in pressure, heat, or water saturation in the ground can be
retrieved (De Plaen et al., 2016). In volcanic regions, seismic ambient
noise interferometry can exploit volcanic tremor as a source (De Plaen
et al., 2016; Donaldson et al., 2017), but this also means that large
variations in volcanic tremor can result in instabilities in the correla-
tions. Typically, cross-correlation functions are calculated for different
pairs of stations and the results are combined across a full network of
stations to produce more stable results (De Plaen et al., 2016). However,
this approach requires dense seismic networks, or at the very least two
stations to be acquiring data in tandem. Recently, single station methods
that were applied to the study of earthquakes have been validated for the
study of volcanoes (De Plaen et al., 2016). At a single station, two types
of cross-correlation can be performed: cross component (SC), where
each component (north (N), east (E), vertical (Z)) is cross-correlated
with a different one, or autocorrelation (AC), where each component
is cross-correlated with itself, yielding 6 total combinations: NN, EE, ZZ,
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EN, EZ, NZ. De Plaen et al. (2016) showed that at Piton de la Fournaise
volcano (Réunion), both SC and AC were able to detect pre-eruptive
seismic velocity drops as well as climate-related changes, particularly
in the 1-2 Hz and the 0.5-1 Hz frequency bands, with SC results being
more stable, and AC results being more sensitive to strong-amplitude
transient events.

We performed seismic noise interferometry using the open-source
software MSNoise (Lecocq et al., 2014), following the methods of
Lecocq et al. (2014) and De Plaen et al. (2016). Only PCG2 and PCG5
were active consistently enough during the 2020-2021 study period so
we restricted our analysis to these two datasets (Figs. S9 and S10). We
focused on PCG5 broadband data for two intervals with the least gaps:
October 3, 2019 to October 17, 2020, which corresponds to the 2021
pre-crisis interval, and January 18, 2021 to August 27, 2021, which
spans parts of the co- and post-eruptive intervals. We also focused on
PCG2 data between February 21, 2021 and January 18, 2022, which
begins partway through the co-eruptive interval and continues into the
post-eruptive interval. We applied the single station approach individ-
ually for these two PCG5 and one PCG2 subsets.

All data were pre-processed using a 0.01-8 Hz bandpass filter and
resampled to 20 Hz. Spectral whitening was applied in all cases except
AC, since this sets the amplitude of the signal to 1 and no useful infor-
mation would remain (De Plaen et al., 2016), and the time-domain
normalization was set to 1-bit. Processing was performed in 6
different frequency ranges, the 4 used by De Plaen et al. (2016):
0.01-1.0 Hz, 0.5-1.0 Hz, 1.0-2.0 Hz, and 2.0-4.0 Hz, and an additional
two: 0.5-2 Hz and 0.5-3 Hz.

We computed the cross-correlation and autocorrelation for each day,
for all possible components (NN, EE, ZZ, EN, EZ, NZ) and for all 6 filters,
and applied a 15-day linear stacking to increase the signal-to-noise ratio.

Assuming homogeneous changes in the medium, the relative travel
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time differences (dt) are considered due to changes in seismic velocity
(dv) (Lecocq et al., 2014), such that:

dv dt

o % (@)

v t

These temporal velocity variations were measured in the negative
and positive sides of the correlation functions, between 5 and 35 s time
lags, and each individual daily correlation function was compared to a
reference. Following De Plaen et al. (2016), we set the reference for each
dataset as the average result for the whole time period of that dataset.
The Multiple-Window Cross-Spectral Analysis method was used to
measure travel time changes in the frequency domain, using a coherence
of 0.65 as cut-off for quality control.

3. Results
3.1. Lava Flow Maps

On October 20, 2020, vents opened away from the summit area for
the first time during the active period, which began in 2015. Thereafter,
vents continued to open along most of the upper flanks of Pacaya, within
the collapse scarp, as shown in Fig. 4. Based on changes in the spatial
distribution of lava effusion throughout the eruptive sequence we
categorized the flows into 5 groups and plotted each group as a different
color (Fig. 4). More detailed descriptions of these observations are
included in the Supporting Information (Section S1), as well as a figure
with flows for each epoch plotted in different panels (Fig. S1). Areas
covered by the lava flows during each epoch as well as approximate
volumes are listed in Table S1. A link to the lava flow shapefile re-
pository is also provided in the Supporting Information.
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Fig. 4. Map of vent locations and lava flows erupted on Pacaya between October 2020 and May 2021, color-coded to highlight changes in effusive sources over the
study period. Each of the epochs are also plotted in separate panels in Fig. S1 (Supporting Information).
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3.2. August 1 — October 12, 2020

From August through September, we observed near-persistent crater
incandescence and occasional lava flows, extending a few hundred
meters away from the main summit. These flows are shown in brown in
Fig. 4.

3.3. October 20 — December 31, 2020

The first instance of a visible thermal anomaly with its source away
from the summit was on October 20, 2020. Between then and the end of
2020, lava flowed from a series of vents ~500-800 m west of the summit
vent, as shown in light green in Fig. 4. The longest thermal anomalies
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extended ~1300 m in November.
3.4. January 8 — February 25, 2021

On January 8, 2021, we observed a shift in lava flow activity onto the
southwest flank, emanating from vents ~350 m southwest of the summit
crater and with maximum observed lengths of ~1400 m on January 9,
and ~1700 m on February 25. At the end of January, crater incandes-
cence was still observed, as well as a potential reactivation of the
November 25/28 vents west of the summit. These flows are depicted in
orange in Fig. 4.

Sentinel-1 (2021-07-08)

~90.63° ~90.62° ~90.60° -90.58°
TerraSAR-X (2021-07-13)

Shadow

Layover

Fig. 5. Comparison of descending orbit amplitude data from ALOS-2, Sentinel-1, COSMO-SkyMed, TerraSAR-X, and RADARSAT-2, with red arrows pointing to
examples of shadow and layover geometric artifacts. The filled black arrow represents the satellite flight direction, while the open arrow shows the look-direction.
RADARSAT-2 Data and Products © MDA Geospatial Services Inc.(2022) - All Rights Reserved. RADARSAT is an official trademark of the Canadian Space Agency. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.5. March 5-13, 2021

Multiple flows were active on March 5 and 13, 2021, as shown in
dark green in Fig. 4. At least two branches flowed southwest and south-
southwest from the January vent, with at least three others originating
nearer the summit crater and flowing southwest, north and south. On
March 13, lava flowed at least 2350 m southwest from the summit,
which showed ongoing incandescence, although cloud-cover impeded
making out the full anomaly.

3.6. March 20 - May 19, 2021

By March 20, 2021, lava effusion on the southwest flank had ceased.
Summit incandescence was ongoing, and a new lava flow appeared
~900 m southeast of the summit, flowing within the collapse scarp. On
March 21 a new flow initiated northwest of the summit, extending
~2250 m west by March 30, from a vent ~1000 m northwest of the
summit. The north flow was active at least through April 9, and no
longer incandescent by April 19, 2021. On April 22 crater incandescence
was visible and on April 30 and May 8, vigorous incandescence was
observed around the area of the March 2021 vents despite dense cloud
cover. The last clear lava flow was observed on imagery from May 14,
2021, originating north of the summit and flowing west, north of the
earlier March flow, and extending for at least 2200 m. These final flows

Sentinel-1 (2021-07-22)
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are shown in red in Fig. 4. By May 19, 2021, incandescence was no
longer visible in this area, in agreement with GVP reports of the final
flow activity on May 17, 2021 (Global Volcanism Program, 2013).

3.7. Radar satellite data

3.7.1. SAR amplitude

We inspected the amplitude images for each of the 9 SAR datasets, to
identify morphological changes in the crater and volcanic flanks. Figs. 5
and 6 show comparison geocoded amplitude images from each of the
satellites in the descending and ascending orbits, respectively, for post-
eruptive acquisition dates. SAR imagery is acquired on side-looking
geometries, which introduces distortions, such as foreshortening,
shadowing, and layover, particularly over mountainous areas (Simons
and Rosen, 2015). Foreshortening happens on relief sloping toward the
satellite, whereas sloping away from the satellite leads to lengthening.
Layover is an extreme case of foreshortening that happens when the
slope of the target, in this case Pacaya, is steeper than the satellite
incidence angle, such that the upslope is viewed sooner than the
downslope and the pixel order in the images appears reversed (Pinel
et al., 2014). Shadowing arises when surfaces slope away from the
sensor such that the radar beam cannot illuminate them. These effects
are greater the smaller the satellite incidence angle, that is the angle
between the LOS and the vertical (Massonnet and Feigl, 1998). Due to

COSMO-SkyMed (2021-07-31)
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Fig. 6. Comparison of ascending orbit amplitude data from Sentinel-1, COSMO-SkyMed, TerraSAR-X, and RADARSAT-2. The filled black arrow represents the
satellite flight direction, while the open arrow shows the look-direction. RADARSAT-2 Data and Products © MDA Geospatial Services Inc.(2022) - All Rights

Reserved. RADARSAT is an official trademark of the Canadian Space Agency.
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the shallow incidence angle of the TerraSAR-X (22-23°) and COSMO-
SkyMed (24-27°) acquisitions, and the steepness near the summit at
Pacaya, the ascending orbit scenes from these platforms show distor-
tions on the western flank, and the descending orbit scenes show dis-
tortions on the eastern flank, extending to the summit crater region in
both cases. Distortions are less extreme for the RADARSAT-2 dataset.
Detailed observations from each of the datasets including example fig-
ures of observed changes are provided in the Supporting Information
(Section S2).

Overall, ALOS-2 amplitude images show low amounts of distortion,
but low spatial resolution; Sentinel-1 amplitude images show low
distortion and have average spatial resolution; COSMO-SkyMed ampli-
tude images have better spatial resolution but worse distortions;
TerraSAR-X Spotlight-mode amplitude images show even finer detail
but greater distortions; and RADARSAT-2 spotlight-mode amplitude
images have the best spatial resolution and least distortions of the high-
resolution datasets in this study.

These data allow observation of crater changes in the summit around
January 2021 and the appearance of a ~100 m long trough-like feature
on the west-northwest edge of the crater on May 2021 (Sentinel-1:
Fig. S3), the appearance of lava flow channel features on the southwest
flanks (descending COSMO-SkyMed and TerraSAR-X: Figs. S4 and S6),
and changes in the distorted regions that spatially match lava flow
emplacement locations (ascending COSMO-SkyMed and TerraSAR-X:
Figs. S5 and S7). The high-resolution datasets, such as RADARSAT-2,
enable identification of lava flow channels that are only ~10 m across
(Figs. 5 and 6).

3.7.2. Differential InSAR

Differential interferograms were created as inputs for time-series
analysis and stacking, but also individually inspected. Fig. 7 shows an
example co-eruptive interferogram from the descending orbit TerraSAR-
X dataset, highlighting widespread loss of coherence, manifesting as
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Fig. 7. Descending orbit TerraSAR-X wrapped interferogram from scenes ac-
quired on March 25 and April 5, 2021, showing loss of coherence (pixelated
appearance) where the lava flow observed on the March 30, 2021 imagery was
emplaced (purple outline). We also observe a high density of fringes in the
coherent areas directly surrounding the lava flow source and extending down
the southwest flank. The black line represents the ancestral collapse scarp and
the red triangle represents the Mackenney cone. The filled black arrow repre-
sents the satellite flight direction, while the open arrow shows the look-
direction. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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pixelation, nearest the summit area as well as on the western flank. The
latter closely matches the outline of lava flows emplaced during the time
spanned by the interferogram. Despite the loss in coherence in the
summit and lava flow regions, co-eruptive interferograms still displayed
dense fringes on the west and southwest flanks (e.g., Fig. 7).

Overall, interferograms showed better summit coherence before and
after the heightened eruptive period, as shown by the descending orbit
Sentinel-1 example in Fig. 8. The pre-crisis and post-eruptive in-
terferograms also display summit fringes that match the locations of lava
flow emplacement prior to their spanned time periods.

Fig. 9 shows an example interferogram with similar time in between
acquisitions (72 to 84 days) for each dataset, enabling comparison of
platform performance. COSMO-SkyMed and TerraSAR-X, both the X-
band sensors, show the greatest loss of coherence, manifesting as pix-
elation, surrounding the volcanic edifice and in the regions affected by
lava flow emplacement. Given the shallower incidence angles for both
these datasets, coherence is also lost in regions of layover, which espe-
cially affects the ascending orbit data over the summit area. Sentinel-1
and RADARSAT-2, the C-band sensors, produce interferograms that
retain more coherence than the X-band sensors, and ALOS-2, being L-
band, preserves the most coherence, even extending beyond the volcanic
flanks. RADARSAT-2, having higher spatial resolution than Sentinel-1,
produces smoother-looking results. Despite ALOS-2 showing the best
coherence, the coarser spatial resolution results in a grainier appearance
for its output interferograms. Finally, since each fringe in an interfero-
gram corresponds to a phase change of half the radar wavelength, we
observe the most fringes in the X-band data and the least in the L-band
data.

3.7.3. Stacking

Consecutive unwrapped interferograms for each of the 9 datasets
were stacked into pre-crisis, co-eruptive and post-eruptive stacks (if data
for those dates were available) and compared against the respective long
interval unwrapped interferograms made from the start and end ac-
quisitions in each stack (Figs. 10 and S11-S18). Fig. 10 showcases how
the stacked maps for the descending Sentinel-1 example have increased
signal-to-noise ratio compared to the long interval interferograms,
which are affected by loss of data (pixelated areas indicating low
coherence) due to temporal decorrelation. The stacked data show
negative LOS displacements of up to 100 cm in the summit and neigh-
boring areas, where coherence is lost in the long interval interferograms,
with the peak displacements tracking the location of lava flow
emplacement shortly before and during each interval. Comparisons for
all other datasets are included in the Supporting Information
(Figs. S11-S18). Given the few ALOS-2 interferograms to stack, this
dataset shows the least improvement after stacking (Fig. S11). The
Sentinel-1 data, on the other hand, show the clearest improvement
(Figs. 10 and S12). The datasets affected by significant layover (COSMO-
SKyMed and TerraSAR-X) show distortions in the affected areas
regardless of stacking (Figs. S14 and S16).

3.7.4. InSAR Time-series

Fig. 11 shows the LOS displacements obtained through individual
SBAS time-series analysis on each dataset for the 10 by 10 pixel time-
series region shown in Fig. 2, manually overlain onto the same plot.
The time-series location was chosen as the highest elevation point on the
southwest flank that remained coherent in all 9 datasets. Since all
datasets were resampled onto the same DEM grid during conversion
from SAR coordinates to geographic coordinates, the time-series loca-
tion is equivalent in all datasets. Individual time-series plots for each of
the datasets are included in the Supporting Information (Figs. S19-S27).
We observe a general trend of decreasing LOS displacements (ground
motion away from the satellites) through 2021, when the displacements
reverse and start to follow a positive trend. There is good overlap be-
tween most datasets, except for the ascending orbit Sentinel-1 and
COSMO-SkyMed datasets. Their deviation is most striking from the start
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Fig. 8. Example pre-crisis (left), co-eruptive (middle), and post-eruptive (right) consecutive date wrapped interferograms from descending orbit Sentinel-1 high-
lighting a greater lack of coherence (more pixelation) near the summit during the co-eruptive period. The summit fringes in the pre-crisis and post-eruptive in-
terferograms match the locations of prior lava flow emplacement (Fig. 4). The black line represents the ancestral collapse scarp and the red triangle represents the
Mackenney cone. The filled black arrow represents the satellite flight direction, while the open arrow shows the look-direction. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Example descending (top) and ascending orbit (bottom) wrapped interferograms from all five platforms, spanning similar time frames between acquisitions
(72 to 84 days). The black line represents the ancestral collapse scarp and the red triangle represents the Mackenney cone. The filled black arrow represents the
satellite flight direction, while the open arrow shows the look-direction. RADARSAT-2 Data and Products © MDA Geospatial Services Inc.(2022) - All Rights
Reserved. RADARSAT is an official trademark of the Canadian Space Agency. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

until the end of the eruptive period, when they follow a flatter trend than
their respective descending datasets, but we see better agreement from
mid-2021 onward.

The MSBAS results (Fig. 12) show a similar trend to the overlapping
SBAS time-series (Fig. 11), with horizontal displacements showing
westward motion starting with the co-eruptive period, on October 2020,
accelerating at the start of the post-eruptive period until the end of 2021,
and shifting to eastward motion thereafter. The vertical displacements
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show more scatter but appear to show downward motion during the co-
eruptive period, which accelerates directly after, before flattening out
after the middle-end of 2021.

The SBAS time-series approach is limited by the availability of well-
connected networks of scenes and by the coherence of the individual
interferograms from which the time-series are derived. Since we were
interested in identifying changes between the pre-crisis, co-eruptive and
post-eruptive intervals, and obtaining the best possible coherence in the
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referred to the web version of this article.)

displacement maps, we reprocessed time-series for these shorter in-
tervals, for those datasets where enough scenes were available (> 6).
Otherwise, we extracted the interval displacements from the results of
the full dataset time-series analysis. Fig. 13 shows pre-crisis, co-eruptive,
and post-eruptive displacement maps derived from individual period
time-series results for the example descending Sentinel-1 dataset. All
other dataset maps are included in the Supporting Information
(Figs. $28-S35). In all cases, loss of coherence, shown as no data, in
white, is greatest in the summit areas. The Sentinel-1 maps highlight
how changes in coherence vary greatly by interval (Fig. 13). The pre-
crisis maps are mostly incoherent, or missing data, in the summit area
which was affected by lava flows prior to October 2020; the co-eruptive
map shows the greatest loss in coherence, or the greatest amount of
missing data; and the post-eruptive map shows some improvement in
coherence, as reflected by a greater abundance of pixels for which data
was obtained.

3.8. Seismicity

3.8.1. RSAM

Fig. 14 compares the SSAM results from stations PCG2, PCG4 and
PCGS5 for the 0.1-2, 1-5, and 5-10 Hz bands. The individual plots for
each station are included in the Supporting Information (Figs. S36-S38).
Unfortunately, there are large data gaps in the seismic record (see
Figs. S9 and S10) due to intermittent telemetry problems and a change
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from a broadband to short-period sensor at PCG5 in early 2022. PCG
RSAM data only covered the end of 2021 and thus were not considered.
There is a gap in data during the first half of the heightened interval, so
we are unable to see whether there was a clear ramp-up in RSAM as lava
effusion patterns began to change. However, we observe that the
remainder of the heightened interval shows more peaks than the in-
tervals before and after in all 3 frequency bands. There is a further peak
in the PCG5 data in June, after the eruption, showing up strongest in the
0.1-2 Hz range, but this was not observed at the other stations. Besides
this post-eruptive peak, the rest of 2021 shows similarly low RSAM
values in the 1-5 Hz range to those observed before October 2020. There
are some isolated peaks, the largest of which also appear in the lower
and higher frequency bands. The 0.1-2 Hz range also shows an increase
in peaks starting later in the co-eruptive period but this is not as marked
in the other two frequency ranges.

3.8.2. Ambient seismic noise cross-correlations

Fig. 15 shows the mean and median plots for variations in seismic
velocities derived from 15-day stacks of single-station AC and SC for the
2019-2020 PCG5 data, and the 2021 PCG2 and PCG5 data. Example AC
and CC functions used to estimate the seismic velocity changes are
provided in the Supporting Information (Figs. S39-S40). We observe
good agreement between the AC and SC results for the 2019-2020 PCG5
data, with velocity variations between —0.2 and 0.2%, and peak ve-
locities in the summer and troughs in the winter. The 2021 results from
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both stations are noisier and harder to interpret, but overall, both AC
plots and both SC plots look similar to each other. AC data for PCG2
appear less noisy than for PCG5. Both 2021 SC results show lower
variability at the start and increased variability at the end of the periods.
For PCG5, this begins in April 2021, intensifying after July, whereas for
PCG2 the larger peaks appear after November 2021.
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4. Discussion
4.1. Interpretation of the deformation signals

Pacaya experienced several changes in flank displacement rates
throughout the 2021 eruptive period (Figs. 11 and 12). Before and
during the heightened activity period, we observe larger discrepancy
between the ascending and descending datasets (Fig. 11), with
descending data showing negative LOS motion trends, while the
ascending data show a flatter trend. All LOS results as well as the
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horizontal displacements show a change in trend at the start of 2022,
with LOS displacements becoming positive, and horizontal motion
switching from westward to eastward, whereas vertical displacements
show a more subtle change to a flatter trend starting sooner.

Given the evidence for previous flank creep at Pacaya also corre-
sponding to times of lava effusion from vents beyond the summit crater
(Gonzalez-Santana et al., 2022), a likely candidate for the observed
negative LOS displacement trend is flank creep. This is compatible with
the motion components being downward and westward displacements,
since this corresponds to down-dip motion on a southwest flank. Addi-
tionally, the total ~10 cm negative LOS displacement in descending
orbit datasets observed for the time-series location on the southwest
flank (Fig. 2) is comparable to the magnitude observed in similar time-
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series spanning the previous transient instability events in 2010 and
2014 (Gonzalez-Santana and Wauthier, 2021; Gonzalez-Santana et al.,
2022). It should be noted that all the displacements presented here are
values for the time-series location, which was chosen based on the
constraint that SBAS time-series only produce results for pixels that
remain coherent in all input interferograms. As such, these are not
maximum values, and locations further up the flank could have expe-
rienced greater displacements, like the ones reported for the 2010
instability event (Schaefer et al., 2015). Additionally, given the complex
nature of the observed deformation patterns, likely overprinting from
other signals, and the lack of coherence near the summit, we consider
physical modeling of potential deformation sources to be beyond the
scope of this paper.
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InSAR time-series leading up to the start of the heightened activity
period studied here showed flank displacement rates of ~1.2 cm/yr from
2015 to 2018, followed by negligible displacements from 2019 through
the end of 2020 (Gonzalez-Santana et al., 2022). Joint time-series
analysis of the descending Sentinel-1 dataset presented in Gonzalez-
Santana et al. (2022) and that presented here suggests that the observed
trend of decreasing LOS displacements initiated concurrently with the
start of the heightened eruptive interval around October 2020. There is
evidence for flank movement between 2015 and 2019, followed by
negligible displacements between 2019 and 2021 (Fig. S41). Flank
movement then renews with eruptive activity in 2021. Thus, the initi-
ation of this new transient flank instability event corresponded in time
with the initiation of a heightened eruptive period characterized by lava
effusion beyond the summit crater, as in 2010 and 2014.

There are two other possible factors impacting displacement signals
at Pacaya. The first is seasonal variability in tropospheric water vapor,
which can cause scatter in time-series, particularly in tropical settings
such as Guatemala (Ebmeier et al., 2013). As shown in Gonzalez-Santana
etal. (2022), this variability can cause annual oscillations in InSAR time-
series data at Pacaya, with amplitudes of ~2.5 cm and peaks in the high
rainfall months of boreal summer, and troughs during the drier boreal
winter. Thus, the 5 cm uptick observed in 2022 might be related to the
effect of variations in tropospheric water vapor, and not a true shift in
the direction of motion. Displacements prior to 2022, however, are of a
greater magnitude, and thus more likely to be a true signal that is large
enough to overprint the cyclical tropospheric water vapor variation
trend.

The second possible factor is lava flow compaction or settling of
volcanic material such as tephra. As can be seen in the stacked
displacement maps (e.g., Fig. 10), there is considerable negative LOS
motion over areas where lava flows have been emplaced (Fig. 4), with
magnitudes of up to ~100 cm. The 2021 eruption had a larger area
inundated by lava flows than the two previous eruptions, with some
flowing either side of the chosen time-series point. Since the time-series
point was chosen to remain coherent in all 9 datasets across their full
durations, and we observed a loss of coherence in interferograms
spanning a new emplacement of lava, it is unlikely that the chosen point
is directly on a lava flow. Thus, there is a low likelihood of the signal
directly capturing lava flow compaction. Briole et al. (1997) found that
subsidence can extend outside lava flows, likely due to relaxation of the
substrate in response to loading produced by the emplaced lavas, based
on their study at Etna volcano (Sicily). Through numerical models, they
were able to estimate that the amplitude of the expected lateral bulging
would be <10-15% of the maximum subsidence. Thus, it appears that
substrate relaxation would have primarily a vertical component,
whereas here we observe both horizontal and vertical displacements of
similar magnitudes (Fig. 12).

Despite the similarities in volcanic activity and flank displacements
for this eruption and those in 2010 and 2014, this eruptive crisis was
followed by a striking change in the direction of flank displacement at
the start of 2022, from negative to positive LOS displacements and
westward to eastward horizontal displacements. After the 2010 erup-
tion, negative LOS displacements decayed over 3 years until the 2014
eruption, while after the 2014 eruption, the negative LOS displacements
decayed over approximately another 3 years before leveling out right
until this 2021 eruptive crisis. The 2021 flank motion only lasted for 6
months after the end of the eruption, before the change in trend. Possible
explanations for such a reversal in ground displacements could be
deflation of the flank post-eruption, which would likely cause larger
horizontal than vertical displacements, as observed. This switch in LOS
motion marks a change in the behavior of flank displacements at Pacaya
since the start of the time-series presented in Gonzalez-Santana et al.
(2022). The study period presented here only just captures the start of
this shift, therefore, time-series should be extended in future work, in
order to better understand the possible mechanisms at play, as well as
any implications for changes in flank motion in the future.
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The time-series results presented here show a third occurrence of
renewed or accelerated flank displacements at Pacaya during vigorous
eruptions since 2007 (Schaefer et al., 2015; Gonzalez-Santana and
Wauthier, 2021; Gonzalez-Santana et al., 2022). Importantly, this has
happened in all three instances of vent opening beyond the summit
crater over that time interval (Gonzalez-Santana et al., 2022), suggesting
that we can expect more flank instability at Pacaya with more of these
styles of eruption, which is an important observation for forecasting the
likelihood of future flank displacement events. However, we note the
small sample size of only three events and the variability in SAR data
available over each event due to changes in the number and types of SAR
satellites in orbit. There are additional differences between the charac-
teristics of the volcanism accompanying each event. The 2010 eruption
was accompanied by the greatest and most extensive amount of flank
displacement and was also the only one where lava flow vents opened
outside the collapse scarp (Schaefer et al., 2015). Both the 2014 and
2021 eruptions had lava flowing from vents within the collapse scarp
instead. The 2014 eruption had lava effusion from 2 main vent locations,
west and south of the summit, whereas the 2021 eruption had vent lo-
cations to the west, southwest and south. Additionally, the 2010 and
2021 eruptions were both directly preceded by volcanic activity from
the main summit, whereas the 2014 eruption took place following
relative volcanic quiescence (Wnuk and Wauthier, 2017; Gonzalez-
Santana and Wauthier, 2021).

4.2. Insights into the performance of different satellite platforms and
processing techniques

Overall, we note the advantage of high spatial resolution data for
identifying small-scale changes on volcanic flanks. In this study, this
included imagery in Spotlight mode from RADARSAT-2 and TerraSAR-X
and in Stripmap mode from COSMO-SkyMed. The Sentinel-1 constella-
tion provides the best temporal resolution data, with average spatial
resolution, and has a more reliable repeat pass interval, like RADARSAT-
2. ALOS-2 data have the least reliable repeat pass interval, and the
coarsest spatial resolution, however the longer wavelength increases the
potential to produce coherent interferograms over vegetated areas,
particularly for interferogram pairs with longer temporal baselines.
Sentinel-1 has the further advantage of consistently acquiring data in the
path/frames established since both A and B platforms were launched
and fixed, whereas other sensors, such as RADARSAT-2 and TerraSAR-X,
rely on tasking for data to be actively collected over certain regions in
the world, especially in the high-resolution Spotlight imaging mode.
Since it can take time to set up acquisition requests, this resulted in no
available imagery covering the start of the eruptive crisis from the
tasked platforms. The availability of imagery acquired with larger
incidence angles was beneficial for minimizing geometric distortions,
especially layover, on the steep flanks of Pacaya. This led to Spotlight-
mode RADARSAT-2 imagery slightly outperforming relative to the
other high resolution datasets. Thus, whenever satellites have many
incidence angles available for tasking, the tasker should consider the
trade-offs between a timelier tasking versus one with the appropriate
incidence angle and flight direction specifications to appropriately
capture data over the slopes of interest.

In terms of processing approaches, we find that even when shorter
time-series could be processed for each eruptive interval (e.g., Sentinel-
1), stacking performed better than extracting cumulative displacements
from the time-series (Figs. 10 and 13), as far as retaining more data in
the summit and other fast changing areas. However, time-series analysis
enables tracking the evolution of the displacement of each coherent
pixel over time, whereas stacking only provides an absolute change for
the full interval. Nevertheless, both of these approaches perform better
than the conventional differential interferogram, especially when
looking at long periods of time, since temporal decorrelation reduces
coherence. Loss of coherence is particularly challenging in active vol-
canic regions, since it can arise due to emplacement of lava flows and
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falling ash, which alter the back-scattering properties of the surface.
Large displacements can also lead to phase gradients greater than a
fringe per pixel, which also results in incoherence. Therefore, wherever
large displacements are expected, shorter time interval interferograms
or longer wavelength data are beneficial for retaining the most
coherence.

Comparison of similar time interval interferograms from each data-
set further highlights the interferometric performance and sensitivities
of each platform (Fig. 9). Overall, we see the least phase change in the
ALOS-2 data, given the longer wavelength, but also the most data closest
to the summit, in regions affected by lava flow compaction. COSMO-
SkyMed and TerraSAR-X perform similarly, retaining the least coher-
ence, but showing the most fringes in coherent areas, due to the shorter
wavelength of their sensors (X-band). Given their shallow incidence
angles, coherence is lost in regions of layover, which especially affects
the ascending orbit data over the summit area. RADARSAT-2 operates at
the same wavelength as Sentinel-1 but has a finer spatial resolution, so
captures a cleaner signal in its interferogram.

The emplacement of lava flows changes the surface scattering
properties of the ground such that coherence is often lost in interfero-
grams where the first image was acquired prior to emplacement (Fig. 7).
Thus, the appearance of incoherence can be used to track lava flow
emplacement. We observed this coherence loss in all datasets, but most
starkly in the shorter wavelength datasets, as seen when comparing the
co-eruptive time-series maps for the L, C, and X-band data (e.g.,
Figs. S28, 13, and S30, respectively). Interferograms showed better
coherence before and after the heightened eruptive period, likely
because conditions remained more stable and there was less frequent
ash fall (Fig. 8). After emplacement, lava flows cool and compact over
time, which can be captured as deformation fringes in interferograms,
especially since recently emplaced flows tend to be coherent due to an
absence of vegetation. This is seen after June 2021 in the region of the
northwest flows (Fig. 13). Thereby, wherever lava flows have been
emplaced, the assessment of whether there are any additional sources of
deformation is complicated.

4.3. Interpretation of the seismic signals

The lack of long-term continuity in the seismic data for Pacaya
prevents us from being able to create full time-series of RSAM or velocity
variations to fully capture changes during the pre-crisis, co-eruptive, and
post-eruptive intervals.

Nevertheless, in the RSAM data, we observe more peaks during and
shortly after the co-eruptive period across all frequency ranges (Fig. 14).
For the 1-5 Hz range that is expected to capture magmatic activity, we
also observe higher values during the pre-crisis period, where lava
effusion was ongoing from the summit crater, than for the post-eruptive
period, where lava effusion had stopped. Thus, RSAM values do appear
to reflect vigor of magma effusion at Pacaya. Unfortunately, given the
break in data at the time of first vent opening away from the summit in
late October 2020, we are unable to infer whether the larger RSAM
peaks in the second half of the co-eruptive period for which we have data
might be due to a difference in the location of lava effusion or simply due
to the increased vigor of lava effusion and explosive activity.

Given the findings by Liu et al. (2019) that seismic velocity varia-
tions can track changes in rainfall, we produced a time-series of rainfall
data to compare to the velocity variations (Fig. 16). We used Global
Precipitation Measurement Mission (GPM) Level 3 Integrated Multi-
satellitE Retrievals for GPM (IMERG) Final Daily 0.1 x 0.1° data ob-
tained from the Goddard Earth Sciences Data and Information Services
Center through their GIOVANNI visualization tool (https://giovanni.
gsfc.nasa.gov/giovanni/), which provide an estimate of daily accumu-
lated precipitation (Huffman et al., 2019). Data were downloaded in
netCDF format and plotted in 10-day bins. Overall, there is some
agreement between seismic velocity variations and rainfall variations,
especially in the second half of the 2019-2020 PCG5 dataset, but the
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Fig. 16. 10-day average of daily accumulated precipitation over Pacaya ob-
tained from GPM Level 3 IMERG Final Daily 0.1 x 0.1 degree data (blue bars).
The red rectangle highlights the overlap with 2019-2020 PCG5 data, and the
green rectangle highlights the overlap with 2021 PCG5 data. The vertical red
dashed line marks the timing of first vent opening beyond the summit crater on
October 10, 2020, and the dashed black line marks the timing of the final ash
venting recorded on May 26, 2021. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

increase in velocity variation at the end of 2019 begins before the in-
crease in rainfall, thus rainfall is unlikely to be the only driver of the
observed variation.

Overall, the range of variations we observe is comparable to those
measured with single-station approaches at Piton de la Fournaise by De
Plaen et al. (2016). We note that the 2021 datasets appear much noisier,
particularly the SC results, which show several peaks toward the end of
the time-series. Given the culmination of the eruption at the end of May,
and transition into volcanic quiescence for the rest of the year, it is likely
that the sources of noise changed too much during the observation
period for coherence to be preserved. Additionally, seismic velocity
changes might not be as well delineated due to contamination from
continuous tremor signals. Inspection of cross-correlation functions
show that at times these are very one-sided and at others more sym-
metrical, with the one-sidedness suggesting contributions from sources
in a particular direction, as opposed to a uniform noise source or well
scattered waves (Fig. S42). Finally, both PCG2 and PCG5 lie to the
southwest of Pacaya, 3—4 km away from the summit, thereby, we would
expect this region to experience fewer changes in the subsurface due to
magmatic processes under the edifice and the observed vents. Thus,
future seismic assessments at Pacaya would benefit from the availability
of data from stations closer to the summit and active vent areas.
Nevertheless, we highlight the ease with which these seismic datasets
can be computed, and their value even at volcanoes with just one
seismometer.

5. Conclusions

We present a geophysical assessment of a heightened eruptive period
that took place at Pacaya volcano between October 2020 and May 2021,
leveraging access to ground deformation data from 9 SAR datasets ac-
quired by 5 different radar satellite platforms and seismic data from 4
stations. We highlight the advantage of high resolution SAR amplitude
imagery for mapping surface changes related to lava flow emplacement,
the vulnerability to geometric distortions of low incidence angle plat-
forms, and the challenge of relying on tasking tasking to obtain imagery
over volcanoes. Our results underscore the value of access to data from a
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variety of platforms with different wavelengths, incidence angles, repeat
intervals and spatial resolutions. We emphasize the challenges of
coherence loss during periods with widespread lava effusion and ash
fall, and the advantages of performing SBAS time-series analysis on
shorter subsets of time to retain more pixels in times of lower volcanic
activity. Stacking provides a mean to recovering the greatest amount of
ground deformation signal as a trade-off with more detailed temporal
information. SBAS time-series analysis, on the other hand, enables
tracking the evolution of ground deformation with time, while still
retaining more coherence than equivalent long interval interferograms.
Our time-series results reveal downward and westward displacements
on the southwest flank that are compatible with down-dip motion. Given
the evidence for previous flank creep at Pacaya during times of similarly
vigorous eruptive activity, renewed flank creep is proposed as a likely
candidate. However, there may be contributions from lava flow
compaction, given the widespread lava effusion, and from known sea-
sonal tropospheric water vapor variations. Based on the available data,
RSAM peaks appear to reflect vigor of magma effusion at Pacaya, but a
gap in the data impeded the assessment of whether there are recogniz-
able signals in the seismic data that could alert to a change in the
behavior of the eruptive activity, such as opening of vents beyond the
summit.
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