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ABSTRACT

Persistently restless volcanoes experience frequent eruptions with Volcanic Explosivity
Index of 2 or lower. Telica Volcano, located in Western Nicaragua, experienced major unrest
beginning in May 2015 that lasted throughout the year, and that consisted of hundreds of several
ash and gas explosions. Geodetic GPS measurements show ground deformation of approximately
1-2 cm occurring at Telica during these eruptions. An analysis of Interferometric Synthetic
Aperture Radar (InSAR) Sentinel 1 images during this eruptive period confirm such deformation
signals, but due to the relatively low spatial (~15 m) and temporal resolutions of the Sentinel-1
data, and the high level of noise they contained, deformation patterns are difficult to discern and
interpret. For a clearer view of the deformation behavior at Telica during this unrest, we analyze a
dataset consisting of 63 images from the COSMO-SkyMED satellite, characterized by a spatial
resolution of ~1 m and a much higher temporal resolution than Sentinel 1. A multi-temporal
analysis of this SAR dataset spanning December 2014 to December 2015 reveals a possible pattern
of deflation before Telica volcano’s two major periods of activity in 2015.

ii

TABLE OF CONTENTS

LIST OF FIGURES .................................................................................................... iii
LIST OF TABLES ....................................................................................................... iv
ACKNOWLEDGEMENTS ......................................................................................... v
Chapter 1 Introduction ................................................................................................. 1
Background ...................................................................................................................... 7

Chapter 2 Methods ....................................................................................................... 10
Chapter 3 Results ......................................................................................................... 13
Wrapped and Unwrapped Interferograms ........................................................................ 13
Small BAseline Subset Processing................................................................................... 15

Chapter 4 Discussion ................................................................................................... 18
Cumulative Displacement ................................................................................................ 18
Summary .......................................................................................................................... 20
Future Work ..................................................................................................................... 21

Chapter 5 Appendix ..................................................................................................... 23
Wrapped Interferograms Spanning Explosive Period ...................................................... 23
Unwrapped Interferograms Spanning Explosive Periods ................................................ 24

BIBLIOGRAPHY ........................................................................................................ 25

iii

LIST OF FIGURES
Figure 1. InSAR summary (Conway, 2016) ............................................................................ 3
Figure 2: Explosion at Telica Volcano on May 8 2015 (Smithsonian, 2013) .......................... 4
Figure 3. Physical Map of Central American Volcanic Arc (Mooser 1958) ........................... 8
Figure 4. Perpendicular Baseline Plot of Acquisition Dates over Telica Volcano .................. 10
Figure 5: (Left) Wrapped Interferogram spanning December 7-December 14 2014, (Right)
Wrapped interferogram spanning April 30-June 5 2015 .................................................. 13
Figure 6: Unwrapped Interferograms of San Cristobal (circled in red) and Telica Volcano (circled
in black) covering the timespans: (Left) December 7 2014 to December 11 2014, (right)
April 30 2015 to June 5 2015 ........................................................................................... 14
Figure 8: Deformation Maps of entire scene (cropped area shown in black square outline) for: (a)
December 7 2014 to December 11 2014, (b) April 30 2015 to June 6 2015, (c) August 20
2015 to September 13 2015, (d) November 28 2015 to December 2 2015 ...................... 16
Figure 9: Cumulative displacement time series of Telica Volcano from December 2014December 2015, the red lines denote the eruptive periods in May and September 2015 19
Figure 10: (Left) Original unwrapped interferogram spanning dates December 7 2014-December
11 2014, (Right) Unwrapped interferogram spanning same time frame with linear
atmospheric phase map subtracted out ............................................................................. 22

iv

ACKNOWLEDGEMENTS

I would like to thank my thesis supervisor Dr. Christelle Wauthier, who not only
reignited my passion for geoscience but provided me the opportunity to do interactive, exciting
research. She provided me with guidance, instruction, and support that is immeasurable.
I would like to thank my advisor, Professor Richard Robinett for showing me the exciting
world of physics and providing me with the tools to make the most of my academic career at
Penn State.
I would like to thank Kirsten, Judit, and Jeff for their help throughout my time
researching with them, and their exemplary documentation of lab procedures that allowed my
research to run smoothly.

1

Chapter 1
Introduction
Remote sensing has emerged as an important tool to observe changes on the Earth’s
surface both visible and invisible to the naked eye. With the development of satellites beginning
in the late 50’s, the ability to view the Earth using various wavelengths of electromagnetic radiation
gave researchers the ability to find hidden forest fires, check the health of crops, and image the
ground in both friendly and enemy territory during wartime (Weaver, 1969). Simply put, remote
sensing involves using airborne or spaceborn satellites to collect data (often in image form) of
objects on and near the earth’s surface (Wasowski, 2018). Soon after its conception, remote
sensing was used to study volcanoes, and the island of Surtsey off the coast of Iceland became the
first erupting volcano to be monitored from the ground, air, and space (Weaver, 1969). The benefits
of using remote sensing techniques to study volcanoes are extensive: deformation that occurs on
and below the surface of a volcanic system can be viewed, the topography of volcanoes can be
mapped, and lava flows can be discovered, all without the risk of traveling to the volcano itself
(Zebker et al., 2000). The deformation of Mt. Etna post 1993 eruption until its 1995 eruption was
examined with the European remote sensing satellite (ERS), indicating a pattern of deflation,
inflation, and then sharp inflation that supported forecasting models at the time (Lanari et al.,
1998). Shuttle imaging radar (SIR-C) mapped the deformation occurring at the peak and vent of
Mt. Kilauea and was also able to view the change in lava flows around the volcano (Rosen et al.,
1996). By studying the deformation behavior of volcanoes, there is the potential for insight into
their eruptive patterns, and if these patterns can be determined, this could lead to more warning
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time before eruptions and implementation of better risk mitigation procedures. The example cases
above are just a few examples of the variety of applications remote sensing has toward monitoring
volcanoes, as well as the variety of satellites available. These satellites use different types of
sensing such as LIDAR, Radar, radiometers, and scatterometers to image the Earth’s surface
(Earthdata, 2018).
This study utilizes Interferometric Synthetic Aperture Radar (InSAR), a remote sensing
technique that uses phase changes in emitted microwaves to measure surface deformation. InSAR
is a subtype of radar imaging techniques, that all include: a transmitter that emits a microwave
signal, a receiver that collects the microwaves when they scatter off the Earth’s surface or the
atmosphere, and a recorder that stores the returned microwave signals (Kerle, 2004; Figure 1). An
antenna is placed on a satellite and as the satellite travels over an object and takes acquisitions,
those acquisitions can be combined with the Doppler effect to produce images seemingly made
from a larger antenna (Kohlhase, Feigl, Massonnet, 2003). This type of technique is called
Synthetic Aperture Radar (SAR), and the images produced are known as SAR iamges. InSAR
involves taking two SAR images taken at different dates, viewing the changes in the pixels between
both images, and determining a phase change from these pixel differences (Kerle, 2004). A Digital
Elevation Model (DEM) is then used to extract the topography signal from the difference of these
images, leaving phase differences that are mostly topography related with some noise and
atmospheric artefacts. The resulting image that shows the phase difference laid over the
topography of the area is known as an interferogram (Eineder, 2003). In the Mt. Etna study
described above, 19 interferograms were created in this fashion based on perpendicular baseline
data with an upper limit of 80 m (Zebker et al., 2000).
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Figure 1. InSAR summary (Conway, 2016)

The perpendicular baseline is the change in location as the satellite passes over the same target
during its second acquisition, so when determining image pairs a limit is placed on how large this
difference can be so that images do no decorrelate. One source of error that commonly affects
InSAR measurements of volcanoes is Earth’s atmosphere, specifically the troposphere (Ding et
al., 2008). Error caused by the atmosphere is often referred to as an atmospheric artefact, and these
artefacts originate from changes in refraction throughout Earth’s atmosphere due to varying
pressure, temperature, and water vapor (Ding et al., 2008). While pressure and temperature
contributions are small, water vapor can become stratified in mountainous areas where volcanoes
are present and have layers with different refractive properties (Ding et al., 2008). One proposed
way to mitigate these atmospheric artefacts is comparing the images potentially containing them
with GPS data or atmospheric models to identify regions affected by these atmospheric effects
(Ding et al., 2008). When combined with external data, InSAR is an effective method of remote
sensing that provides the opportunity to move past traditional challenges associated with
monitoring volcanoes.
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The persistently restless Telica volcano, located in western Nicaragua, has had several
periods of high eruptivity that can be studied using InSAR. Telica is located in the Central
American Volcanic Arc, a region often faced with viewing challenges due to dense vegetation
cover and steep topography (Ebmeier et al., 2013). In 2014 the Latin American Pilot Project
(LAPP) was created using the satellites COSMOSkyMed, TerraSAR, ALOS-2, RADARSAT 2,
and Sentinel 1A/B with the goal to study Central and South America to explore the variety in age,
type, and environment of the volcanoes (Pritchard et al., 2018). As a part of LAPP, deformation
that occurred at Telica in 2015 was viewed by the program and confirmed by motion tracked at a
GPS station present near the volcano (Pritchard et al., 2018). This deformation occurred during an
intense period of activity at the Telica complex, starting in May 2015 when it experienced hundreds
of ash and gas explosions before transitioning to a state of more passive degassing in June (Figure
2, Smithsonian, 2013). Telica experienced more explosions that year in late September and late
November, but lava was not viewed in the vent of Telica until 2016 (Smithsonian, 2013).

Figure 2: Explosion at Telica Volcano on May 8 2015 (Smithsonian, 2013)
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These periods of high activity for Telica are not uncommon, as Telica is a persistently restless
volcano that constantly undergoes small scale events (Smithsonian, 2013). In 2011 Telica
experienced a similar series of explosions from March to June that, similar to 2015, had remote
sensing images and geodetic data to record the low scale eruptions (Geirsson et al., 2013). In March
2011, low-altitude ash plumes were reported coming from the volcano that lasted through April
until an explosion occurred in May (Geirsson et al., 2013). The explosions continued into June,
but no evidence of a pyroclastic flow or lava that would predate a larger eruption was found
(Geirsson et al., 2013). Time series produced by geodetic data of the 2011 events were not able to
discern clear deformation patterns, in part due to the atmospheric artefacts mentioned above as
well as seasonal signals (Geirsson et al., 2013). Being able to obtain remote sensing data that
offered displacements to be compared with findings from other disciplines such as seismology and
petrology would allow for a holistic approach toward interpreting the behavior of Telica. With this
technique, eruptions could potentially be forecasted earlier and those living close to the volcano
(within 1km) could have more time to prepare for ash and gas explosions like the events in 2011
and 2015 or even larger eruptions (Geirsson et al., 2013).
By using InSAR to determine the deformation patterns that occurred during the 2015 events
at Telica, there is the potential to gain insight into the eruptive patterns of Telica and other
persistently restless volcanoes (PRV’s). While common eruption forecasting is done by monitoring
seismicity or gas emission levels with a low baseline of usual events, the heightened activity at
persistently restless volcanoes makes this technique less applicable (Roman et al., 2016). In an
effort to further understand PRV’s, the seismicity surrounding Telica’s 1999 eruption was studied
to explore its decline before the eruption as well as before large explosions that happened mideruption (Rodgers et al., 2014). Three months before the eruption began in May, the number of
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low frequency events around Telica began to decline, and after the explosions in May had ceased,
there was a swarm of high frequency events within the Telica volcanic system (Rodgers et al.,
2014). This same pattern of low frequency event decline occurred after eruptive activity in August,
with a high number of high frequency events occurring after explosions at the volcano in October
(Rodgers et al., 2014). These changes suggested a possible transition from an open degassing
system at Telica to a closed degassing system, which could be an indication of eruptive activity at
Telica and other PRV’s (Rodgers et al., 2014). Insights into restless volcanoes through remote
sensing instead of just seismicity have also begun, including a look into inflation at Westdahl
volcano in Alaska that occurred over a period of five years (Lu et al., 2000). Interferograms created
for two time periods, 1993-1995 and 1995-1998, showed a higher rate of inflation for the first time
period followed by a smaller inflation rate in the second period (Le et al., 2000). This data offered
a possible explanation for the magmatic behavior of Westdahl that also corresponded to patterns
at Kilauea: inflation rates are higher immediately after eruptions when magma is being quickly
replenished, and as the chamber refills, inflation slows down until the next eruption occurs (Le et
al., 2000). Time series produced from interferograms of the restless silicic volcano Aluto in the
Main Ethiopian Rift showed ground deformation occurring between 2008 and 2010 (Hutchinson
et al., 2016). The deformation was characterized by short periods of uplift that transformed into
long gradual periods of subsidence: this pattern suggested magmatic fluid injection caused the
uplift and degassing within the chambers led to the subsidence (Hutchinson et al., 2016). Using
InSAR to measure deformation during the 2015 activity at Telica volcano will offer information
like the studies mentioned above into the eruptive patterns at Telica and other persistently restless
volcanoes.

7
Background

Persistently restless volcanoes experience seismic unrest and low intensity volcanic
explosions with consistent regularity, making it hard to distinguish when a larger eruption could
be imminent with current measurement techniques (Geirsson et al., 2014). Most volcanoes have
a consistent measurable level of activity during their quiescence, and when the volcano starts to
deviate from that level, it indicates potential pre-eruptive activity. Different aspects of volcanoes
are measured including ground deformation, gas emission, gas plumes, hydrologic activity, and
slope instability, and changes in one or more of these aspects can be potential indicators for a
change in volcanic activity (Smith et al., 2018). Persistently restless volcanoes do not have states
of “background noise” when it comes to their activity; instead they have periods of eruptive and
non-eruptive behavior that don’t show clear relationships with other geophysical trends around the
systems such as rate of seismicity or frequency content (Rodgers et al., 2014). One potential
indicator of increased unrest at persistently restless volcanoes is low to intermediate explosivity
measuring 1-3 on the Volcanic Explosivity Index that could suggest dome collapse, conduit
destabilization, or pressure changes deeper in the magma chambers (Geirsson et al., 2014). With
persistently restless volcanoes, finding patterns that indicate higher intensity eruptions is a more
common practice than monitoring the volcanoes and looking for local deviations from expected
monitoring levels.
Telica Volcano is a basaltic-andesitic persistently restless stratovolcano that experienced
swarms of explosions in May, September, and November of 2015 (Geirsson et al., 2014). Telica
is located in Nicaragua where it is one of the most active volcanoes in Nicaragua and throughout
the Central American Volcanic Arc (Figure 3, Smithsonian, 2013). The volcano group that
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comprises Telica consists of several interlocked cones and vents with Telica itself having a 700m
wide double crater and a 120 m deep southern crater (Mooser, 1958).

Figure 3. Physical Map of Central American Volcanic Arc (Mooser 1958)

While Telica experiences eruptions with a VEI of 1 nearly every year, within the last few decades
the volcanic complex experienced larger eruptions that had a VEI of 2 in 1981, 1994, 1999, 2011,
and 2015 (Smithsonian, 2013). There were no eruptive events in early 2015, but by late April the
temperature of the crater had increased while there was an overall decrease in seismic events
(Smithsonian, 2013). On May 7th 2015, a series of hundreds of ash and gas explosions began at
Telica that continued for three weeks until May 28th (Smithsonian, 2013). Degassing continued
throughout June without ash explosions and by the end of the summer in August the crater had
cooled significantly (Smithsonian, 2013). On September 23rd, Telica began experiencing ash and
gas explosions again that lasted for three days and distributed ash considerable distances from the
volcano (Smithsonian, 2013). The last instance of these ash and gas explosions during 2015
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occurred on November 22nd where ashfall was again distributed to neighboring areas outside of
the volcanic complex (Smithsonian, 2013).
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Chapter 2
Methods
The interferograms used to study Telica were developed through a series of computational steps
converting raw satellite data to readable images revealing deformation at the volcano. 63 radar
images of the area surrounding Telica were ordered from the CosmoSkyMed satellite, a sensor
that uses X-band (2.5-4 cm) microwaves and has a 30 m spatial resolution (Covello et al., 2010).
Raw data was converted to single look complex’s (SLC’s) with data containing information on the
amplitude and phase of each pixel within the image (Kerle, 2004). Pairs of acquisition dates were
chosen based off a perpendicular baseline plot where the upper limit for the baseline was chosen
to be 300 m (Hooper, 2008). Pairs connected to multiple other pairs were chosen while less robust
pairs were excluded: i.e. the date pair including November 24 and December 26 was not included
since there were few date pairs connected to these dates (Figure 4).

Figure 4. Perpendicular Baseline Plot of Acquisition Dates over Telica Volcano
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The SLC’s of the 250 image pairs chosen were then used with a Digital Elevation Model (DEM)
of Central America to create interferograms that detailed the phase of the radar waves that returned
to the CosmoSkyMed satellite after reflecting off the topography around Telica. 250 wrapped
interferograms were created in this manner using the software Gamma that was developed by the
Jet Propulsion Lab. These wrapped interferograms were then smoothed and unwrapped with
Gamma software, a process that essentially changes the metric of studying deformation by
replacing fringes of color representing a phase cycle of 2𝛑 to fringes corresponding to distance
equal to half the wavelength emitted from the satellite. In CosmoSkyMed’s case, this value would
be 1.55 cm. Coherence files for each interferogram were also created, indicating which areas of
the interferograms contained signals of deformation that could be viewed without high levels of
noise.
A Small Baseline Subset (SBAS) was used to develop deformation maps of each
interferogram pair and create a time series showing the deformation occurring at Telica Volcano
from December 2014-December 2015. The SBAS analysis of interferograms was developed to
localize deformation signals within the images (Berardino et al., 2002). First, coherence images
for each unwrapped interferogram were developed and then used to mask out all areas of the
interferograms that did not have high coherence values. SBAS scripts provided by Susi Ebmeier
and modified by Kirsten Stephens were used to create the deformation maps that covered the area
contained within the interferograms. After the deformation maps were constructed, the coherence
masks were placed over them to remove deformation based on values with low coherence. The
area of the images was then cropped to focus primarily on Telica volcano, from latitude 12 to
12.56°N and longitude -86.84 to -86.78°E. A reference position that had little deformation and
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good coherence throughout the interferograms was chosen. With these deformation maps, the
overall change in Telica’s topography during 2015 both when it was relatively calm and when it
was experiencing explosive activity could be determined.
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Chapter 3
Results

Wrapped and Unwrapped Interferograms

The selected 250 date pairs produced interferograms that showed deformation occurring at
Telica volcano throughout 2015. Wrapped interferograms showed initial fringe patterns across
both Telica and nearby volcano San Cristobal, indicating strong coherence at the volcano peaks
and in areas unobstructed by heavy vegetation, an issue that affected the images especially from
March to September during Nicaragua’s wet season (Figure 5). Coherence images created through
the Gamma software also showed that in some instances coherence was artificially created by
atmospheric artefacts, an issue that would create messy fringe patterns (Figure 5).

5 km

5 km

Figure 5: (Left) Wrapped Interferogram spanning December 7-December 14 2014, (Right) Wrapped
interferogram spanning April 30-June 5 2015
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In all interferograms shown, San Cristobal is circled in red and Telica is circled in black. The
interferogram spanning December 7th to December 11th 2014 has a high amount of atmospheric
artefacts evidenced by the large fringes across the scene. Comparing this to the image spanning
April 30th 2015 to June 5th 2015, there is a significant decrease in the amount of overlying
atmosphere in the latter atmosphere, with the only present fringes appearing on the volcanoes and
a few other spots along the scene. After the wrapped interferograms were produced, they were
unwrapped; a process that stretches the fringes and changes the scale from 0 to 2𝛑 to half the
wavelength of the CosmoSkyMed satellite, 1.55 cm (Figure 6).

5 km

5 km

Figure 6: Unwrapped Interferograms of San Cristobal (circled in red) and Telica Volcano (circled in
black) covering the timespans: (Left) December 7 2014 to December 11 2014, (right) April 30 2015 to June 5
2015

Since the unwrapped interferograms were produced by stretching out the wrapped interferograms,
the wrapped interferograms that were affected by atmosphere produced unwrapped interferograms
with atmospheric effects like the December interferogram, while the April to June unwrapped
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interferogram kept deformation fringes primarily located around the volcanoes. After unwrapping
the 250 interferograms, the fringes present in these images were used in SBAS processing.

Small BAseline Subset Processing

SBAS processing created deformation maps spanning December 2014 to December 2015 from the
phase fringes in the unwrapped interferograms. The area selected to map was a cropped area of the
original interferogram area that contained Telica volcano and the nearby landscape (Figure 7). A
reference point was selected for the analysis that maintained good coherence throughout most of
the image pairs and was close to Telica, approximately 5km from the volcano (Figure 7). The
reference point was then used to map the relative deformation occurring at the volcano for each of
the date pairs generated by the perpendicular baseline plot. Coherence files were also made for
each of the interferograms and masked out pixels within the image containing poor coherence,
replacing them with white pixels. The remaining areas of good coherence showed either positive
or negative deformation, referring to uplift or subsidence respectively.

Figure 7: Cropped Ground Deformation Map of Telica,
reference point depicted by star
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a

b

c

d

Figure 8: Deformation Maps of entire scene (cropped area shown in black square outline) for: (a)
December 7 2014 to December 11 2014, (b) April 30 2015 to June 6 2015, (c) August 20 2015 to September 13
2015, (d) November 28 2015 to December 2 2015

The deformation that occurred from April 30th to June 5th spanning the May explosive events at
Telica showed ~2 cm uplift overall (Figure 8). Preceding the late September explosions, Telica
underwent little deformation, with possible slight subsidence. At the end of November 2015 there
was further uplift occurring at the volcano. The December 7 to December 14 2014 and November
th

th

28 to December 2 map have larger areas with good coherence due to having a higher temporal
th

nd
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resolution (the dates were very close to one another) as well as the atmospheric artefacts discussed
previously.
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Chapter 4

Discussion

Cumulative Displacement

Individual deformation maps for Telica volcano were used to create a time series showing
the cumulative displacement that occurred at the volcano (Figure 9). Each of the original 63 dates
from December 2014-December 2015 are plotted, with the deformation at each date shown. The
location of the ground is taken to be 0 at the first date, December 7, 2014 and the displacement
displayed on the graph is relative to that original ground measurement. There appears to be an
oscillatory nature to the volcano’s deformation between the months of December 2014 and March
2015. Starting and March 2015, there are large increases in the cumulative displacement, with a
local maximum of ~1.5 cm on March 29. Telica then experiences deflation from April until May
2015 when the displacement drops from .8 cm to -2.4 cm. This displacement corresponds to the
beginning of the May eruptive period, and as activity at Telica continued trough May and ended
in June there was a rise in the cumulative displacement value. The pattern of oscillatory behavior
starts again while the volcano goes quiet over the remainder of June, July, and August. Before the
September explosive events, the same pattern of deflation is noted, but unlike before, there was
pre-activity deflation, a jump in displacement from -2 cm to 1.2 cm, and then the similar deflation
from the May events. The pattern of pre-eruptive deflation occurring at Telica before both of its
explosive periods is potentially useful in understanding the processes beneath the surface at the
volcano.
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Figure 9: Cumulative displacement time series of Telica Volcano from December 2014-December
2015, the red lines denote the eruptive periods in May and September 2015

While a majority of volcanoes experience pre-eruptive uplift in response to shifting magma
and pressure changes beneath the surface, Telica experienced deflation of .4-.5 cm prior to eruptive
activity (Anonielli, 2014). The 2011 activity at Telica did not produce a similar deflation pattern,
but did provide a pre-eruptive observation of temperature decrease within the fumarole, potentially
due to a decrease in high-temperature hydrothermal fluids traveling across the upper level of the
volcano (Geirsson et al., 2014). There are no temperature measurements in this study to compare
with 2011, but if pre-eruptive conditions were similar, the deflation could be indicative of magma
traveling deeper into the earth’s surface or away from Telica laterally. With magma moving out of
the chamber, there could be a potential decrease in chamber pressure and volume that would cause
for explosions if the magma was replenished in a short amount of time before pressure could reacclimate. Such an unexpected pattern could be useful when viewing other volcanoes by helping
to identify possible time periods of small scale explosions like those experienced at Telica volcano.
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Summary

Deformation at Telica volcano during its explosive periods in May and September 2015
could be observed and a pattern of deflation before both periods could be discerned. The
interferogram pairs chosen to calculate Telica’s deformation were screened to have perpendicular
baselines with strong temporal and spatial resolution. This was done to ensure that coherence was
maintained across the interferograms and strong signals of deformation could be obtained. The
wrapped interferograms showed fringe patterns present at Telica for most of the dates, while also
indicating that there could be potential atmospheric artefacts affecting the deformation signals
recorded by CosmoSkyMed. The unwrapped interferograms were used to create deformation maps
of the whole area surrounding Telica, and then these maps were cropped to focus on the volcano
itself, with a reference point located at an area 5km away from Telica experiencing constant small
deformation. The deformation maps were then used to create a cumulative displacement time
series.
The time series showed a pattern of pre-eruptive deflation at the volcano before both May
and September explosive periods, with oscillatory deformation occurring months before the May
period and in the time between when the May period finished the September period began.
Unfortunately, there were no distinct data points for the September post eruptive period, so there
is no current ability to compare a pattern of post-eruptive deformation. There are some data points
for late November and December 2015 that show oscillatory behavior with a general trend toward
inflation. However, these data points have high error and are less robust than the earlier data points
due to the lack of available pairs for these dates. There is also potential error in some of the data
points in early 2015 that could be due to a variety of factors including vegetation at Telica produced
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during the rainy season as well as atmospheric effects. These atmospheric effects could arise from
stratified water vapor near Telica as well as local weather patterns associated with the rainy season
at Telica.

Future Work

A variety of techniques are being explored to remove atmospheric effects from the Telica
volcano dataset. The first process is relatively straightforward, using the GAMMA software that
processed the interferograms to create a phase map of atmospheric effects linearly correlated to
topography. Once this phase map is created, it is subtracted from the original unwrapped
interferogram with the goal of isolating deformation signals in the unwrapped images instead of a
mixture of atmosphere and deformation. The unwrapped interferograms as a result show an overall
similar pattern of deformation over flat land with notable phase differences at areas of higher
topography such as Telica volcano and a neighboring volcano, San Cristobal (Figure 10). This
method is the simplest way to remove possible atmospheric signals, but the linear assumption
between topography and atmospheric effects could be too simplistic. Another method being
explored is the technique Independent Component Analysis, which takes the signals collected by
CosmoSkyMed and breaks them into their independent components, with the goal of identifying
Telica volcano as one of those components and isolating its signals from the other signals that
could be present in the interferograms.
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Figure 10: (Left) Original unwrapped interferogram spanning dates December 7 2014-December 11
2014, (Right) Unwrapped interferogram spanning same time frame with linear atmospheric phase map
subtracted out

The goal with both of these processes is to isolate as much as possible Telica’s deformation to
understand the pattern it experiences pre-eruption. Other future work steps could include
matching this deformation pattern with other types of monitoring to develop a more holistic
approach to understand Telica’s signs of explosive activity.
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Chapter 5 Appendix

Wrapped Interferograms Spanning Explosive Period

5 km

5 km

5 km

5 km

Figure 11: Wrapped Interferograms Spanning Date Periods: (Top Left) April 30 2015 to
May 8 2015; (Top Right) April 30 2015 to June 6 2015; (Bottom Left) April 30 2015 to August 4
2015; (Bottom Right) April 30 2015 to September 13 2015
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Unwrapped Interferograms Spanning Explosive Periods

5 km

5 km

5 km

5 km

Figure 12: Unwrapped Interferograms spanning date periods: (Top Left) April 30 2015 to
May 8 2015; (Top Right) April 30 2015 to June 5 2015; (Bottom Left) April 30 2015 to August 4
2015; (Bottom Right) April 30 2015 to September 13 2015
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