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ABSTRACT

Several applications of InSAR in volcano and seismic areas are described.
The aim is to demonstrate the utility of this space technique for routine
monitoring in these hazard areas and show that satellite radar interferometry
could be routinely integrated in operational volcano monitoring procedures as
a complement to other collected data or as a monitoring technique on its own.
The scenarios chosen were the Canary Islands (Tenerife, Lanzarote y La
Palma) and in a second stage, Ecuador (Tungurahua volcano and Galapagos
islands). Results obtained have been very different in every scenario: at
Tenerife island we have found two deformations outside the usual monitoring
areas and have verified the results of no deformations previously obtained in
Las Cafiadas Caldera with ground surveys; at Lanzarote and La Palma islands
we have not found any deformations greater than 3 cm. Ground deformations
have been obtained in Galapagos Islands, due to recent eruptions and no
deformation has been found in Tungurahua volcano, despite very recent
eruptions. Moreover, seismic studies in South of Iberian Peninsula (Adra
earthquake in 1993) have shown displacements, still under consideration.
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1. INTRODUCTION

Active volcanoes and seismic areas are closely monitored to try to
forecast an eruption or earthquake and, if occurs, to study the phenomenon.
There are several instrumentation and geodetic and/or geophysical terrestrial
techniques for studying these areas, but all of them have one thing in
common, they include point specific measurements. Since 1990’s, a new
space technique was successfully applied to detect ground deformations,
indeed displacements produced by Landers earthquake (Massonnet et al,
1993). This technique, named Synthetic Aperture Radar Interferometry
(InSAR) (Zebker et al., 2000; Massonnet and Sigmundsson, 2000; Biirgmann
et al., 2000), is based on the use of satellite radar images for obtaining a
deformation map of the studied area, and can provide information in a 100 km
X 100 km area (size of ERS SAR image).

Since then, InSAR has been used extensively: for detecting displacement
produced by earthquakes (Zebker et al., 1994; Wright et al., 2001), eruptions
(Massonnet et al., 1995; Lanari et al., 1998; Amelung et al., 2000), water
extraction (Amelung et al., 1999), or civil construction (Fruneau and Sarti,
2000). However, in these applications the researchers knew the triggering
event, that is to say, they knew what they wanted to study and they used
InSAR to detect the produced displacements.

In our research we have used InSAR that way, to detect the displacements
produced by the Adra earthquake (December 23, 1993), but our studies
basically aim to show that InSAR can be used operationally as a monitoring
technique, complementing the traditionally collected monitoring data in
volcano and seismic areas or monitoring a remote area on its own. To prove
this, we have applied InSAR on Canary Islands and Ecuador (Tungurahua and
Galapagos Islands) since 1999, in the frame of DECIDE-VOLCANO Project
(funded by European Space Agency) (Carrasco et al., 2000) and
SISMOVOL2000 Project (funded by Ministerio de Ciencia y Tecnologia)
(Fernandez et al., 2002b). The results differ widely at each scenario, but in all
of them can be concluded that InSAR can be used as a monitoring technique
on its own, although, wherever possible, it is better to complement it with
other data for a complete monitoring of the whole risk area.

This paper presents a brief description of InSAR basis and the results
obtained at the different volcanic and seismic scenarios.
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2. SAR INTEFEROMETRY: BASIS

SAR Interferometry (InNSAR) is a space technique based on the phase
differences from two radar images, acquired by satellite from separate orbits
and at different times, to obtain a ground displacement image of the area in
question, called interferogram or fringes pattern. This interferogram shows the
difference in the radar signal travel path (satellite to ground and back again)
between the two image acquisitions. Each interference or fringe shows a 2%
change in the wave phase, assigning it a colour scale (blue-green-yellow-red)
or grey scale. If we assume that the two orbits are coincident (zero baseline),
the interferogram should be zero flat if the land remains unchanged. Should
any displacement occur over the scenario between the two image acquisitions,
an additional distance would appear in the radar signal travel path, resulting in
a phase component that can be measured precisely. For the ERS satellites, a
change in the line of sight distance of 2.8 cm results in an approximate full 27
phase, and thus a fringe in the interferogram. Thus centimetric ground
deformations can be measured with InSAR (Massonnet and Feigl, 1998).
However, the orbit distance (baseline) is never zero (because satellites follow
different orbits in each pass over the same area), so the interferogram reflects
this distance as fringes, which are called topographic fringes. Therefore an
interferogram contains topographic and deformation fringes. If we are
interested in deformation, topographic fringes must be removed (Figure 1),
using one of three methods: short baseline (Goldstein et al., 1993), three pass
method (Zebker et al., 1994), and two pass method (Massonnet et al., 1993).
In our work, we used the last method, which requires using a Digital
Elevation Model (DEM) to remove the topographic fringes. Thus, the
interferogram obtained (without topography) only shows deformation fringes,
and is called a differential interferogram.

The high level of accuracy, along with the large area imaged with each
ERS SAR image (100 km?), are two reasons for using InSAR for geodetic
monitoring. ERS-1 was launched by the European Space Agency in 1991 and
the first INSAR application for detection of ground deformations in 1993
appeared. Massonnet et al. (1993) used ERS-1 SAR images to detect
displacements produced by Landers earthquake (Mojave desert-California-
USA) in 1992. The results were amazing, so this technique has been used
extensively since then for large applications in ground deformations: co-
seisms and post-seisms displacements (Massonnet et al., 1994, 1996; Ozawa
et al., 1997; Tobita et al., 1998; Michel et al., 1999; Pollitz et al., 2000;
Wright et al., 2001), determination of ice-flow velocity of glaciers (Goldstein
et al., 1993; Joughin et al., 1996; Joughin et al., 1998), studies of subsidences
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produced by human-activities (mining ground water, oil, gas, or minerals;
tunnels construction) (Carnec et al., 1996; Massonnet et al., 1997; Fielding et
al.,, 1998; Galloway et al., 1998; Amelung et al., 1999), detection of
displacements in volcanic areas (Massonnet et al., 1995; Lanari et al., 1998;
Avallone et al., 1999; Beauducel et al., 2000; Amelung et al., 2000).
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Figure 1. This diagram shows how a differential interferogram is obtained. First, a process
interferogram is calculated from two SAR images. This interferogram shows topographic and
deformation fringes, and the latter are obtained by using a Digital Elevation Model (DEM),
which provides a simulated interferogram that only contains topographic fringes. Next, the
topographic fringes are removed from the process interferogram, and a differential
interferogram is obtained. Although errors (overall, with atmospheric origin) may appear
throughout the process, they can be minimized by studying several differential interferograms.

Nonetheless, this technique has several limitations. One of them is that,
like any space technique, the SAR signal is damaged by atmosphere in the
sense that the number of wavelengths will change when the signal passes
through it, producing a change in the satellite to ground distance known as
atmospheric delay. This effect can mask the actual distance between satellite
and ground, producing an additional number of fringes in the interferogram
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that can be interpreted as deformation fringes (Massonnet et al. 1994,
Goldstein 1995). There are several ways of distinguishing between
atmospheric or deformation fringes and of trying to minimize that
atmospheric effect ( Zebker et al. 1997; Williams et al. 1998; Beauducel et al.
2000; Romero et al. 2003), but no single way to remove it completely.

Other important limitation is maintaining phase coherence in the area
under study. Coherence measures the pixel-to-pixel resemblance between
radar images, to assure the stability of ground backscattering over time
(Massonnet and Feigl, 1998; Biirgmann et al., 2000; Hanssen 2001). Changes
over terrestrial surface (ground moisture changes, landscape erosion, crop
growing), movement of the leaves in the trees, the changing surface of the sea,
etc. produce a variation in the backscattering, adding noise in the phase
differences, so it is difficult to obtain fringes in the interferogram. Areas with
scarce or null vegetation are the best for obtaining “good coherence” (good
quality phase) and so, a good quality interferogram.

Furthermore, differential interferograms only show deformation in the
satellite line of sight, so only one component of displacement is seen. It is
possible to obtain two components by using ascending and descending passes
but, with current satellites, the three components are only obtained if
something characteristic about displacement is known, like for glaciers, where
it is supposed that they are parallel to surface (Joughin et al., 1998).

Due to these advantages and drawbacks, InNSAR can only be used in certain
areas. Several aspects have to be studied before this technique is applied,
taking into account how we want to use InSAR, for monitoring a risk area
(several years research) or if we want to study a specific past event
(earthquake, volcano deformation after an eruption, etc). In both cases, good
coherence is essential, but this can may more critical in the first case, when
more images are involved. It is essential to have information about vegetation
(absence or presence, type of soil, ...), weather (dry, rainy, less changing
seasons, ...), direction and magnitude of possible deformation, etc., for a good
selection of the SAR images. Furthermore, for monitoring it is necessary to
cover a large time (for example, from 1991 to 2001 when the ERS satellites
were available for interferometry) with a homogeneous distribution of images
during that time.

3. APPLICATION TO GROUND DEFORMATION STUDIES ON
VOLCANIC AREAS.

Our volcanic studies have focused on the Canary Islands (Tenerife,
Lanzarote and La Palma), Galapagos Islands and Tungurahua volcano

Fisica de la Tierra 59
2002, 14, 55-84



Romero et al. Synthetic Aperture Radar Interferometry (InSAR)...

(Ecuador). The Canary Islands were selected because are the only active
volcanic area in Spain. The last eruption dates from 1971, in the Teneguia
volcano (La Palma), so a more active scenario was required to prove that
InSAR might be useful for trying to detect an eruption and monitoring a
remote area, such as the Galapagos and Tungurahua volcano in Ecuador.

3.1. CANARY ISLANDS

This archipelago is located between 27° and 30° latitude N and 13° and 19°
longitude W (Figure 2) and its volcanic activity began 40 m. y. ago (Arafia
and Ortiz, 1991). We choose Tenerife, Lanzarote and La Palma as scenarios
to apply InSAR because a dozen eruptions have occurred there over the last
500 years (Tenerife: 1704, 1706, 1798, 1909; Lanzarote: 1730-36, 1824; La
Palma: 1585, 1646, 1677, 1712, 1949, 1971) (see e.g., Felpeto et al., 2001),
and therefore any eruption in the future is more likely to occur on these
islands than on the others.
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Figure 2. Canary Islands site.

Tenerife

Tenerife is the largest island in the Canaries. Most recent volcanic activity
is associated to monogenetic volcanoes that are aligned on two volcano-
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tectonic axes: NW-SE and NE-SW, forming the recent ridges: NW-SE ridge
and NE-SW ridge (Figure 3, upper box). These two ridges are linked in the
centre of the island by Las Cafiadas Caldera, an elliptical depression
measuring 16x9 km” which was built when Las Cafiadas volcano collapsed
0.2 m. y. ago (Ancochea et al., 1990). In the north of this caldera is the Teide-
Pico Viejo complex, a double stratovolcano that is still active, although its
activity is limited to fumaroles in the summit of Teide volcano (Arafia et al.,
2000a).

Geodetic monitoring on the island prior to our research focused on Las
Cainadas with a geodetic and a levelling network located in the south of the
Caldera (Sevilla and Romero, 1991), which were built to detect displacements
associated to volcanic activity inside the networks. Both of them have been
periodically reobserved since being installed in 1987. Furthermore,
gravimetric campaigns have been conducted to study the three-dimensional
structure of the island (Vieira et al., 1986; Ablay and Kearey, 2000; Arafa et
al., 2000b), and temperature and concentrated gas monitoring in the summit of
Teide (Salazar et al., 2000). However, none of the observations performed to
date in the Caldera have indicated any anomaly that might point to volcanic
unrest in this area. Outside the caldera, there is a geodetic network (covering
the whole island) marked and observed by the Instituto Geografico Nacional
(IGN) using GPS in 1994 (Blanco et al., 2000), and there are also IGN
seismic stations for controlling earthquakes with a magnitude greater than 2.5
(Blanco et al., 2000).

Thus, despite the nature of volcanism on Tenerife (there has not been more
than one eruption in the same volcanic edifice, except for the Teide and Pico
Viejo volcanoes) and the location of the last eruptions on recent ridges, the
monitoring focused on a small area, Las Cafiadas Caldera.

In accordance with its volcanism, the last eruptions and the theoretical

results obtained by Yu et al. (2000), the best monitoring system would have to
cover the whole island. Therefore InSAR was used, since one SAR image
covers the whole island.
For Tenerife we used 18 SAR images, taken by the European Space Agency
satellites ERS-1 and ERS-2 during the period 1992-2000. Theses images were
processed with EPSIE2000 software (Martinez and Moreno, 1997), giving 21
differential interferograms. Good coherence was obtained (Figure 4), even for
time-spans beyond 7 years, due to the fact that much of the island has not
been covered yet by vegetation (Las Canadas Caldera and the areas of the last
eruptions). Therefore InSAR can be applied on Tenerife for routine
monitoring.
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Figure 3. Geographical and geological information. In upper box, geological sketch
of Tenerife Island: 1-Ancient basaltic series, 2-Cafadas series, 3-Recent and historical
series, and 4-1706 Montafia Negra eruption lava flows. It also shows the location of
Tenerife ridges, and geodetic network. Roques de Garcia is a spur between the two
calderas. Lower box, geological section (A-B) also showing the position of Teide
complex and Montafia Negra volcano. Positive latitude to the N and positive
longitude to the W in the figure (modified from Fernandez et al., 2002a).
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Figure 4. Coherence image from Tenerife island for 2agu96-15sep00. Best coherence
(white) can be seen at Las Cafadas Caldera and at NW-SE ridge, the area of the last
eruptions.

Moreover, two important results were obtained: a) no deformation in Las
Canadas Caldera, coinciding with terrestrial techniques (Figure 5), and b) two
land subsidences outside the monitored areas in the NW of the island, where
the last eruptions occurred. These deformations have been named Garachico
(Figure 5.a) and Chio (Figure 5.b), respectively. Both of them are subsidences
that increased from 1992 to 2000. The Garachico deformation measured about
9 cm between 1993-2000, covering 15 km? and is located at Montafia Negra
volcano lava flows, one of the last historic eruptions (1706)on the island. The
Chio deformation measured about 3 ¢cm between 1993-2000, extends over 8
km? on the south of Garachico deformation and is also an area covered by
basaltic material (which is the reason for the good coherence).
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To check these deformations and monitor the areas lacking coherence (i.e.,
where no InSAR information is available), we designed a GPS network (using
vertexes built by IGN whose coordinates are determined in the REGCAN-95
geodetic system (Caturla, 1996)) that covered the whole island and was
densified in the north-western deformation area . Both networks were first
observed in 2000 (Rodriguez-Velasco et al., 2002; Fernandez et al, 2002a).

Figure 5. Differential interferogram from Tenerife island for 2agu96-15sep00. No
fringe can be seen in the Las Cafiadas area, so there is no deformation from 2agu96 to
15sep00. a) and b) are Garachico and Chio subsidences, respectively, from 20jul93-
15sep00 differential interferogram. At Garachico subsidence there are 3 fringes, i.e., ~
9 cm of ground subsidence from 20jul93 to 15sep00; at Chio subsidence there is 1
fringe, i.e., #3 cm of ground subsidence from 20jul93 to 15sep00.
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The results from these campaigns confirmed the Chio deformation and
revealed other points of deformation in the north of the island, in non-coherent
areas. Therefore the two techniques complement one another, with the GPS data
making up for the lack of information from InSAR.

Lanzarote

Although there have only been two historic eruptions on Lanzarote (1730-
36, 1824), they have been two of the most important eruptions in the Canaries.
Indeed, the 1730-36 eruption was one of the biggest basaltic volcanic events
ever seen by man (Arafia, 1997). During this event, known as the Timanfaya
eruption, 1 km® of lava was emitted from different mouths aligned in a
fracture 14 km long, covering an area approximately of 200 km? (Felpeto et
al., 2001) and forming Timanfaya National Park (Figure 6). Nowadays, there
are still geothermal and seismic anomalies due to 1730-36 eruption in this
area (Romero et al., 2003).

The clear likelihood of future activity, together with the island’s structural
and geodynamic characteristics, prompted the installation of a permanent
Geodynamic Laboratory in 1987 (Vieira et al., 1991; Fernandez et al., 1992).
Several instruments have been set up in this station in these years, permitting
ongoing observation of deformation, gravity changes, sea level, temperature
inside rock and different meteorological parameters. According to the
collected data, no deformation or gravity change related to volcanic activity
has been detected between 1987 and 2000 (Arnoso et al., 2001).

However, the volcano monitoring system installed on Lanzarote only
supplies information from 2 areas: Cueva de los Verdes and Timanfaya
National Park (see location in Figure 6). This poses two problems: there is no
information about the deformation field of whole island and, in case of
volcanic unrest, it would be very difficult to infer information about the
intrusion characteristics. Consequently we thought that it would be better to
use a technique to monitor the whole island, such as InSAR, like on Tenerife.

For Lanzarote we used 6 SAR images, taken by the ERS-1 and ERS-2
satellites during the period 1992-2000. Good coherence was obtained in most
interferograms, principally in Timanfaya National Park and Corona volcano
area (Figure 7), so InSAR can be used for routine monitoring of volcanic
activity on this island. Different atmospheric artefacts were found in most
interferograms, but we managed to separate them from the other
interferometric signal (Romero et al., 2003). Consequently, we can assure that
on Lanzarote island there is no deformation greater than 3 cm of vertical
ground deformation (Figure 8), coinciding with the Geodynamic Laboratory
results.
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Figure 6. Geological sketch of Lanzarote island, showing the two historic eruptions,
Timanfaya eruption (1730-36) and 1824 ones. TNP (Timanfaya National Park) and
CV (Cueva de los Verdes) mark the instrumentation location of Geodynamic
Laboratory (modified from Romero et al., 2003).

Figure 7. Coherence image from Lanzarote island for 1lagu95-16agu97. Areas of
best coherence (white) are Timanfaya National Park (southwest) and La Corona
volcano (northeast), where Geodynamic Laboratory instrumentation has been
installed (see Figure 6).
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Figure 8. Differential interferogram of Lanzarote island for 11agu95-16agu97. There
is no deformation fringe anywhere on the island. The artefacts are of atmospheric
origin.

La Palma

La Palma accounts for most of the eruptions that have occurred in the
archipelago over the last 500 years (historic eruptions), and all the eruptions
on this island have taken place at the Cumbre Vieja ridge, to the south of the
island (Romero, 2000). Indeed, the last eruption in the Canary Islands
occurred at Teneguia volcano in 1971, which is why La Palma has become
one of the most closely monitored islands of the Canaries in recent years. In
2000 and 2001, this island became very famous among scientists following
the publication of several articles (Moss et al., 1999; Day et al., 1999; Ward
and Day, 2001) which warned that a landslide might occur on the southern
part of the island in the event of a new eruption, although not all scientific
researchers agree with this (Arafia, 2000).

Since 1994, the Cumbre Vieja ridge and the west flank, where the last
eruptions occurred, have been monitored by geodetic network. The results
obtained in the campaigns carried out are within the error-margins of the
techniques employed (Moss et al., 1999). Like in Tenerife and Lanzarote, the
whole island is covered by an IGN-owned GPS network, observed once in
1994, and seismic stations.
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Therefore, and again like Tenerife and Lanzarote, there is no monitoring
system designed to cover the whole island, which is why we considered using
InSAR to detect any deformation. For La Palma we used 6 SAR images, taken
by the ERS-1 and ERS-2 satellites during the period 1992-2000, but we did
not have DEM to remove the topography in the interferograms. However, due
to the short baselines (less than 20 m) between images, we can assure that
there is no deformation greater than 3 or 4 fringes (9-12 cm ground
displacement) on this island, although small deformations might be masked
by topographic fringes. These results match terrestrial techniques. The
coherence obtained has been good, although a large part of La Palma island is
covered by abundant vegetation. Areas of higher coherence correspond to
recent lava fields of the last eruptions that occurred on the island (Figure 9)
and are located in the southern part and in areas close to Taburiente Caldera.

Figure 9. a) Coherence image of La Palma island for 100ct93-20agu95 and b)
geological map of La Palma. Areas of higher coherence (white) in a) coincide with
lava flows of the last eruptions that occurred on the island, according to b). Geometric
deformation in a) with respect to b) is due to stretching by ERS satellites.
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This is the first time that InNSAR has been applied in the Canary Islands for
volcano monitoring purposes, in the sense that we have used images covering
many years. Massonnet and Sigmundsson (2000) show one interferogram of
La Palma island that covers the period 1992-1995, but without removing the
topography as we have. In the light of this interferogram, the authors reach the
same conclusions as us, namely that no deformation has occurred, although
they suggest that more images are required to identify the timing of changes
in a volcano, as we have done. However, we also have to remove the
topographic fringes to assure that they do not mask deformation. Later,
especially if any deformation is found, this island would be a good scenario
for using InSAR and GPS together, because the coherence is not good enough
in hazard areas (Cumbre Vieja ridge), where a geodetic network has been
installed (Moss et al., 1999). This network could be used together with the
IGN network in the same way as on Tenerife (Fernandez et al., 2002a).

3.2. ECUADOR

Although the Canary Islands are an excellent scenario for using InSAR to
monitor a volcanic area, as we have seen, there have not been any eruptions or
major activity in the last few decades. Consequently, we decided to apply
InSAR to Ecuador in order to select a more active area with recent eruptions
such as Tungurahua volcano and Galapagos Islands, where InSAR could be
tested in a similar way as in the Canaries. The deformation associated to the
most recent volcanic activity in Galapagos Islands and its detection using
InSAR technique has been described in several papers (see for example;
Jonsson et al., 1999; Amelung et al., 2000). Like the Canaries, they are an
excellent scenario due to volcanic origin and absence of vegetation, allowing
a very good coherence and thus clear detection of the displacements that
occurred during volcanic activity in the 1990’s. Tungurahua is one of the
Ecuador’s most active volcanoes, and has erupted several times in recent
years (1999, 2000 and 2001).

Galapagos Islands

The Galapagos Islands consist of at least 20 basaltic hotspot volcanoes
grouped in several islands, located 1000 km to the west of Ecuador mainland,
in the Pacific Ocean (Figure 10). Two different types of volcanoes are to be
found in the Galapagos. In the west, on the Isabela and Fernandina islands,
large volcanoes with an "inverted soup-bowl" morphology and deep calderas
occur (Simkin and Howard, 1970; Chadwick and Howard, 1991). These
volcanoes are among the most active in the world (Simkin, 1984). In the east,
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Figure 10. a) Galapagos islands and Tungurahua volcano location and b) a more
detailed map of Galapagos.
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smaller shield volcanoes with gentler slopes occur. Our research focused on
Fernandina and Isabela islands, specifically on the Fernandina, Cerro Azul,
Sierra Negra and Alcedo volcanoes. Eruptions have occurred in all of them in
the last century, the 1995 Fernandina eruption and 1998 Cerro Azul eruption
being the most recent ones (Amelung et al., 2000).

Volcano monitoring on Galapagos is not an easy task. The archipelago is a
long way from the mainland (1000 km) and field work is expensive. Despite
being a first class natural scenario, the islands’ small population (even
including the restricted tourism) make it less important than the mainland, in
terms of volcanic risk. Nevertheless, until 1990 there was a World Wide
Standardized Seismic Network (WWSSN) station for registering events larger
than magnitude 4.0 Richter and in 1997 the Instituto Geofisico de Ecuador
deployed a seismic network for monitoring events of magnitudes down to 2.0
Richter (but this network has not been working continuously). Therefore the
Galapagos Islands is a good scenario for proving that InSAR can be used as a
monitoring technique in a remote volcanic area, due to its recent activity and
the scarce monitoring.

5 differential interferograms were obtained with 8 SAR images, taken by
ERS-1 and ERS-2 satellites, from 1992 to 2000. Coherence in Galapagos
Islands is excellent, due to their volcanic origin. There are two areas of low
coherence, due to dense vegetation: the south (south of Cerro Azul and Sierra
Negra volcanoes) and central part (Alcedo volcano) of Isabela island (Figure
11).

Deformations were detected at the four volcanoes: Fernadina, Cerro Azul,
Sierra Negra and Alcedo. Our results are very similar to Amelung et al.
(2000) ones. They used images from 1992 to 1999, whereas we used images
from 2000 (May00 and Jun00). Apart from detecting the same deformations
for the same time span, our study also revealed a new deformation in
Fernandina volcano and a subsidence in Alcedo volcano caldera. The DEM
used for removing topographic fringes had large errors in the south of Isabela
island, so the differential interferograms of this area have topographic fringes,
preventing us from calculating the exact magnitude of certain deformations.
The bottom of the calderas is flat, so the displacement inside them did not
need DEM correction. The results obtained at the four volcanoes are given
below.

Fernandina

Two ground subsidences of about 3 cm were detected in the northern part of
volcano (corroborating the results of Amelung et al., (2000)), and in the lava
flows of 1995 eruption, during the period Oct98-Jun00 (Figure 12.1.), not

Fisica de la Tierra 71
2002, 14, 55-84



Romero et al. Synthetic Aperture Radar Interferometry (InSAR)...

detected by Amelung et al. (2000). Furthermore, a lava flow subsidence was
detected on the south-eastern part of the island (coinciding with Amelung et
al. (2000)), with a magnitude of 3-6 cm in Jun92-Nov98 interferogram
(Figure 12.2.).

Alcedo —Y

volcano

Sierra Negra
volcano

Cerro Azul
volcano

Figure 11. Coherence image for Oct98-Mar99 interferogram. In white, coherent areas
and in black, non-coherent areas (inland black zones coincide with vegetation areas).
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Figure 12. 1) Fernandina island interferogram for Oct98-Jun00. In white circles,
Fernandina subsidences. 2) Fernandina island (eastern area) interferogram for Jun92-
Nov98. In white circle, lava flows subsidence.

Cerro Azul

Subsidence was detected in the north-eastern part of the summit,
associated to the Sep-Oct98 eruption, although it is not located in that area.
This subsidence is only visible in the Jun92-Nov98 interferogram (Figure 13),
but is masked by topographic fringes that could not be removed with DEM, so
its magnitude cannot be obtained.
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Figure 13. Jun92-Nov98 interferogram overlaid amplitude image, for the Cerro Azul
volcano. Fringes are visible around the volcano and in the north-eastern part of
thesummit. The former are topographic fringes and latter (white circle) are
subsidence.

Sierra Negra

An uplift was detected inside the caldera, corroborating the results of
Amelung et al. (2000). The uplift measured about 207-210 c¢cm in Jun92-
Nov98 interferogram (Figure 14), but is decreasing, because in the Mar99-
Jun00 interferogram it only measured about 6-9 cm.

Like Amelung et al. (2000), we detected a lava flow subsidence in the
north of the Sierra Negra volcano, in an area of former lava flows. The
magnitude of the subsidence could not be obtained because these fringes were
mixed with topographic fringes that could not be removed with DEM (due to
the DEM error mentioned earlier). This deformation is not so clear in other
interferograms.
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The deformation found in the Sierra Negra volcano in recent years
confirms the information from fieldwork about severe cracks and ground
deformation.

Figure 14. Jun92-Nov98 interferogram for Sierra Negra volcano caldera. There are
71 fringes, two of them are due to topography and the rest is an uplift of about 2 m.

Alcedo

The Jun92-Nov98 interferogram (Figure 15.1.) revealed deformation
inside the caldera, in the form of an uplift of about 72-81 cm, (coinciding with
Amelung et al. (2000)) whereas the Oct98-Jun00 interferogram (Figure 15.2.)
revealed a subsidence of about 6 cm. This subsidence has been observed in 3
differential interferograms, showing that it is not an atmospheric artefact.
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Figure 15. 1) Jun92-nov98 interferogram of Alcedo volcano. Fringes are only visible
inside caldera, the rest is incoherent due to vegetation in this area. This fringes show
an uplift of about 72-81 cm. 2) Oct98-Jun00 interferogram of Alcedo volcano. Two
fringes inside caldera show a subsidence of about 6 cm.

Tungurahua volcano

Tungurahua is one of Ecuador’s most active volcanoes, with an elevation
of 5023 m (Hall et al., 1999). It is located 120 km south of Quito, although the
nearest city is Bafios, 9 km northeast of Tungurahua’s summit (Figure 10).
Historical eruptions (1534, 1557, 1640, 1641, 1644, 1646, 1757, 1773, 1776,
1777, 1857, 1885, 1886-88, 1900, 1916-25, 1944, 2000, 2001) have originated
from the summit crater and have included strong explosions and sometimes
lava flows, lahars, and pyroclastic flows that reached populated areas at the
volcano’s base.

The Instituto Geofisico runs a permanent monitoring station near the
volcano where they record data (through radio telemetry) from field deployed
seismometers and microphones in the volcano flanks. Additionally, there is a
monumented Electronic Distance Measurement (EDM) network for the
measuring of ground displacement. This instrumentation is located in the
northwest area of the volcano (Tungurahua young edifice) (Hall et al., 1999),
where the last eruptions occurred, having registered the volcanic activity in
the last years (1994, 1998, 1999, 2000 and 2001). The availability of satellite
data (InSAR) provided a unique tool not only for the monitoring of the
volcano, but to assess the instrumentation results, which had not been cross-
checked until now.
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11 ERS SAR images (acquired by ERS-1 and ERS-2 satellites from 1992
to 2000) were used to obtain 13 interferograms. The images were chosen to
try to detect any deformation between periods of activity of Tungurahua
volcano in 1994, 1998 and 1999. In general, Tungurahua volcano shows good
coherence with short temporal separation and baseline, but due to frequent
volcanic activity in recent years (ash emission and lahars) and long temporal
separation, the ground properties change, and the coherence is very poor, as
after ash clouds. Tungurahua’s summit (the last 100 m) does not show good
coherence due to snow. The images with good coherence show the volcano as
a ring (Figure 16.1.). The inner area is incoherent (snow), as is the outer area
because the green landscape is covered in vegetation. The main part of the
cone is coherent because it is not covered with vegetation or snow. Therefore
all the interferograms only show a small area of Tungurahua volcano (about
1000 m high), where we have not found any clear deformation. There is only
a %, fringe of deformation between Jul98 and Jan99, which has not been not
confirmed with additional data (Figure 16.2.).

Figure 16: Coherence image (1) and interferogram (2) for 31jul98-22jan99. Good
coherence visible on flanks of Tungurahua. Summit has no coherence due to snow. In
white circle ¥ fringe of deformation.

4. APPLICATION TO GROUND DEFORMATIONS STUDIES ON
SEISMIC AREAS: ADRA EARTHQUAKE

Southern Spain has the highest level of seismic hazards of all Spanish
regions, as observed in historic earthquakes (Buforn et al., 1995) and in the
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instrumental seismic records kept by the Andalusian Institute of Geophysics
and the National Geographic Institute.

On December 23, 1993 an earthquake of magnitude Mb = 5.0 occurred
between the towns of Adra and Berja (South Spain) at 14:22:34.5 (U.T.)
(Figure 17). This earthquake was felt extensively in Spain, causing some
damage in the epicentral zone with a maximum intensity of VII (M.S.K.)
(Martinez Solares and Pascual, 1996; Rueda et al., 1996). A few days later, on
January 4, 1994, another earthquake of magnitude Mb = 4.9 occurred 26 km
to the southeast of the first one, in the Alboran Sea. This one was also felt in a
large part of Spain, and also reached a maximum intensity of VII (M.S.K.) in
areas near the epicentre on the Spanish coast (Martinez Solares and Pascual,
1996; Rueda et al., 1996). These two principal earthquakes were followed by
a long seismic series of small earthquakes that last more than a year.

4090000~

4080000

4070000

4060000

4050000
. 500000 510000 520000 530000 540000 550000 560000

Figure 17. 18dec93-30ct95 interferogram with the location of Adra and Berja cities
and Adra earthquake epicentre (EQ). Two patterns of deformation can be seen: the
right one indicates an uplift and the left a subsidence.

The fault associated to this earthquake is not visible on the free surface, as
occurs with most earthquakes in the south of the Iberian peninsula. This
makes it difficult to conduct any detailed study because there is no data about
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the surface deformation. The only data available are those provided by the
seismic network of the zone, and by the portable array installed after the first
earthquake occurred.

To try to detect the displacements produced by this earthquake using
InSAR we have used two images: one before the event, December 18, 1993
and another after the event, October 3, 1995. A Digital Elevation Model was
used to remove the topography and to obtain the differential interferogram
(Figure 17). Two patterns of one cycle fringe with different signs are seen.
The right one indicates an uplift and the left a subsidence. This result matches
the type of fault (normal: strike is 300°, dip is 80° and rake is —120° (Morales,
personal communication)) and its depth (8 km) [e.g., Rundle, 1982; Fernandez
et al.,, 1996; Fernandez et al., 1999). However, the location of the
deformation, far from the epicentre, might show that these fringes are of
atmospheric origin. Furthermore, deformation looks large for a small 8 km
depth earthquake as this one (see e.g., Rigo and Massonnet, 1999).

5. SUMMARY AND CONCLUSIONS

This paper present the results obtained after applying InSAR in the Canary
Islands, using radar images from 1992 to 2000. During 2000 and 2001 we
began using the EPSIE2000 software for the steady-state processing of radar
images in Canaries, and started assessing long-term stability coherence. This
was easily achieved thanks to the volcanic nature of the archipelago.
However, the authors not only assessed the feasibility of the technique, but
also demonstrated that it can operationally yield results that cannot be
achieved by any other means. This is the case of the deformations detected in
Tenerife in areas not covered by traditional monitoring systems. These results
prompted the authors to design and observe a global GPS network, with
which they demonstrated that periodical observation should be included in
routine geodetic monitoring to complement radar observations (Rodriguez-
Velasco et al., 2002; Fernandez et al., 2002a).

We have not found any displacement over 3 cm on Lanzarote and La
Palma using InSAR, but consider that SAR interferometry could be combined
with terrestrial techniques to improve the chances of detecting possible
deformation and enhance coverage, thus permitting better interpretation.

In the second stage, the research was extended to Ecuador (Tungurahua
volcano and Galapagos Islands) to test this technique in a more active
volcanic area. The coherence achieved in Galapagos was excellent due to its
volcanic origin, ground deformations being recorded in the four volcanoes
studied (Fernandina, Cerro Azul, Sierra Negra and Alcedo). This technique
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has proven to be an excellent tool for monitoring volcanoes in a remote area
like this. Coherence was lowest at Tungurahua, due to the abundant
vegetation around the volcano and the snow on its summit, and only a small
area of the volcano could be monitored. No ground deformation was detected,
despite this volcano being one of the most active in Ecuador in recent years.

In seismic monitoring, deformations associated to the Adra earthquake are
under consideration to assess whether or not this deformation is of
atmospheric origin.

All results have proven that InNSAR can be used as a monitoring technique
in volcanic and seismic regions. Overall, we have tried to exploit the large
advantages of InSAR to obtain ground displacements maps (with centimetric
accuracy) of 100 km’ area. Despite InSAR’s drawbacks (coherence and
atmospheric interferences) in some scenarios, if suitable images are selected
these drawbacks can be solved and InSAR monitoring can be applied to
complement ground monitoring in remote areas.
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