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Abstract:

The Differential Synthetic Aperture Radar Interferometric (DINSAR) algorithm has already shown its importance in volcanic
monitoring. However, it is limited by atmospheric perturbations or temporal decorrelation, implying the existence of low-
coherence records that must be discarded. In vast studied areas, with thousands of points unevenly distributed, the
interpretation of the results is usually complicated. This text presents an analysis of the vertical component variation on
Tenerife island (Canary Islands), from 2005 to 2010, using Getis-Ord Gi* spatial statistic on ENVISAT DinSAR images.
The ascending and descending images have been processed using the Parallel Small BAseline Subset (P-SBAS)
algorithm, within ESA Grid Processing on Demand cloud environment. From Line of Sight results of both tracks, the vertical
deformation speeds have been calculated over 72,207 points with high coherence (> 0.7). Finally, the Gi* statistic has
been applied, obtaining a map with statistical significance, where the high values of Gi*, both positive and negative, imply
the spatial clustering of likely ground movements. This map highlights areas with variable vertical kinematics on Tenerife
Island, contributing to understanding of its geodynamics. The displacements obtained coincide with previous studies, even
showing possible new relationships between some phenomena that should be considered. The Gi* spatial statistic is an
efficient and quick tool to extract information in a regional scale kinematic study.
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Resumen:

El algoritmo de Interferometria Diferencial con Radar de Apertura Sintética (DInSAR) ha mostrado su utilidad en la
deteccién de cambios en la componente vertical en zonas vulcanoldgicas activas. Sin embargo, sus limitaciones en la
obtencién de datos, debido a perturbaciones atmosféricas o decorrelacion temporal, implica la existencia de registros con
poca coherencia que deben ser desechados. Cuando el area a estudiar tiene una extension significativa, con miles de
puntos distribuidos no homogéneamente por la zona, se complica la interpretacion de los resultados. En este texto se
presenta el analisis de la variacién de la componente vertical de la isla de Tenerife (Canarias), desde 2005 a 2010,
empleando la estadistica espacial Gi* de Getis-Ord sobre los resultados obtenidos a partir del tratamiento de imagenes
ENVISAT. Se han procesado las imagenes ascendentes y descendentes, usando el algoritmo Parallel Small BAseline
Subset (P-SBAS), dentro del entorno de la ESA en la nube denominado Grid Processing on Demand. Desde los resultados
en linea de vista de ambas trayectorias, se ha calculado las velocidades de deformacién vertical para 72.207 puntos con
alta coherencia (>0.7). Finalmente, se ha aplicado la estadistica espacial Gi* de Getis-Ord a dichas velocidades,
obteniendo un mapa con significacion estadistica, en el que los valores altos del estadistico Gi*, tanto positivos como
negativos, implican la agrupacién espacial de posibles movimientos del terreno. Este mapa destaca las areas con
cinematica vertical variable para toda la isla de Tenerife, ayudando a la comprension de la geodinamica de la isla. Los
desplazamientos obtenidos son coherentes con otros estudios, incluso muestran posibles relaciones entre algunos
fendmenos que deberian ser tenidos en cuenta. Consideramos el uso del estadistico espacial Gi* una herramienta eficaz
y rapida para extraer informacién en un estudio cinematico a escala regional.
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. and include information from SAR sensors, such as

1. Introduction ENVISAT or Sentinel-1. Furthemore, developments

. lating DINnSAR algorithms, such as the algorithm
Europe’s COPERNICUS programme (ESA 2021a) re .

provides global data from satellites as well as land, air and ParaI.IeI Small BAseline Subset (P-SBAS) (de Luca et al.

maritime measuring systems, spanning an extended 2015; Casu et al. 2014), enable the generation of surface

period time. The image services are usually free to access deformations time series. This algorithm is one of the
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SBAS techniques (Berardino et al. 2002) in the Grid
Processing on Demand (G-POD) environment of ESA’s
Geohazards (ESA 2021b). G-POD accesses to ESA IT
facilities, as well as its Earth Observation (EO) data files,
and provides a friendly web user interface to process in
cloud servers, instead of traditional desktop workstations.
Some studies highlight the development of this tool to
identify, monitor and evaluate risks related to geological
processes (Galve et al. 2017).

The P-SBAS algorithm also permits generation of
deformation time series in a very short time, taking
advantage of distributed computing systems, by
combining the available interferometric pairs. The results
offer a high density of points with information to analyze,
in locations where other terrestrial techniques have
greater difficulty to collect observations p.e. due to the
high cost of the GNSS network infrastructure and / or
difficulty for physical accessing. These values are usually
determined in the line of sight (LOS), not vertically, so the
interferograms must be performed between passes in the
same direction (ascending or descending). By comparing
the matching values found amongst the results in both
directions, it is possible to establish the vertical
component in subsidence studies (Rosi et al. 2014).

Meanwhile, in vast study areas, such as the island of
Tenerife (the Canary Islands) which covers over 2000 km?
(Fig. 1), the high spatial resolutions of the SAR data
(ENVISAT 5x25m), the improvement in the impact of
atmospheric delays or the residual topographic values
(Blanco-Sanchez et al. 2008), or the development of
Persistent Scatterer Interferometry techniques (Crosetto
et al. 2016), have increased the amount of highly
coherence points available. Viewing the data available for
the island at the same time can complicate the
interpretation of results and the drawing of conclusions.
This is particularly true if the phenomenon is regional and
affect the entire island with small extensions. Given the
speed with which it is possible to analyse large sets of
vector points nowadays, it would be interesting to improve
the detection of local anomalies in extensive areas,
mapping those areas of interest irrespective of their size.
The novelty of the proposed method is in the use of the
graphic feature points instead raster data. These points
are obtained directly from the image processing, avoiding
resampling of data and its associated error. In this way,
pattern identification techniques based on the clustering
of geospatial data of statistical significance, are an
interesting tool.

The Getis-Ord Gi* statistic is commonly used for hot/cold
spot detection. It has already been used for space or
space-time analysis in several recent studies within the
field of Earth Sciences. Specifically, this has been used to
improve the identification of tectonic structures and large
landslides using geological data (Troiani et al. 2017);
Péez et al. (2017) used it in the spatial-temporal analysis
of user tracking for an active GNSS network by searching
areas which were constantly used within a region, or on
slope slides from SAR data (Lu et al. 2012; Teshebaeva
et al. 2019; Lin et al. 2021). In this study case, its use is
proposed on the elevation velocity values obtained from
the LOS time series of P-SBAS processing. The
application on these data can offer a map, with statistical
significance, in which the high values of the Gi* statistic,
both positive and negative, imply the spatial grouping of
anomalous vertical ground displacements.
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Figure 1: Municipalities (orange lines and text), some
geological places and towns and, the subsidence zones studied
in Tenerife: Garachico (A); Chio (B); East (C); South (D) and
Las Cafadas Caldera (E). All figures in EPSG 25828.

This research presents a new DINSAR study on Tenerife.
The choice of the island of Tenerife for a DinSAR study
using this statistic is due to several reasons: 1) to the
limited vegetation that due to its volcanic nature and
altitude, offering a high level of coherence in DINSAR
data; 2) to the presence of as many as four areas which
are experiencing local subsidence detected in some
studies both prior to and since Teide's volcanic
reactivation in 2004; 3) to no existence of the vertical
velocity data derived from LOS of ascending and
descending images published in any previous SAR study;
and, 4) to the knowledge that the authors have about the
geodynamics of the island from prior GNSS studies
(Barbero et al. 2018; 2021). In this analysis, images from
the ENVISAT satellite have been used between 2004 and
2010. This period covers a temporal space not presented
in previous publications and closed to the detection of two
new subsidence to the East and the South of Las
Cafiadas del Teide (LCC in Figure 1). The vertical
velocities calculated using DINSAR will better evaluate the
subsidence values than those offered in other studies
and, finally, the application of the Getis-Ord Gi * statistic
on these data will highlight anomalous areas with
statistical significance. It will improve the physical
delimitation of these areas throughout the island. These
areas may be compareble and added to those set out in
the Vulnerable Elements Activity Map (VEAM) of Tenerife
island, obtained from SENTINEL-1 images with only two
years of time period (Solari et al. 2018).

2. Background

Tenerife is the largest island of a volcanic complex with
seven islands called the Canary Islands. It is located in
the Atlantic Ocean, close to the African passive
continental margin (Fig. 1). The island has an active
volcano named Teide, the world’s third-highest volcanic
structure with a height of 7,200 m from the seafloor, 3,718
m above sea level. The origin of the Canary Islands and
its volcanism is still a matter of controversy with evidence
for a mantle plume (Geldmacher et al. 2001; Mériaux et
al. 2015), regional tectonics (Mezcua et al. 1992;
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Mantovani et al. 2007; Dominguez-Cerdefia et al. 2011)
or a combination of both.

The unusual increase in seismic events in 2004, with
some earthquakes (M>3, with depths between 0-17 km)
felt by the population (Almendros et al. 2007; Dominguez
Cerdefia et al. 2018; Dominguez-Cerdefia, del Fresno,
and Rivera 2011), increased the surface deformation
studies on the island using SAR data. The first studies
were carried out between 1992 and 2000 from 18 SAR
images (Fernandez et al. 2003) (see Table 1) and
revealed two subsiding areas, Garachico (A in Figure 1)
measuring with 10 cm and an extension of 15 Km2 and
Chio (B in Figure 1) with 3 cm and 8 Km2 in the northwest
area of the island. These height variations were partially
attributed to a decrease of the groundwater level due to
water extraction, in times of scarcity, from some of 1052
horizontal underground galleries confirmed in Tenerife.
The Garachico deformation has evolved more steadily, by
approximately 10 mm/yr since 1992. The Chio
deformation was almost the same size in 1992—-1998 as
in 1998-2000, and it seems to have increased more in the
latter period (Custodio et al. 2016; Fernandez et al. 2005).
Using data collected between 1992 and 2005, a period
which included the 2004 unrest, a DINSAR study with 55
descending images between 1992 and 2005 detected,
besides the two-known subsidence, two new ones to the
East (C in Figure 1) and South of LCC (D in Figure 1).
Part of this deformation can be attributed to drops in water
table interacting with existing faults. Finally, this study
detected a broad subsidence pattern with maximum
ground velocities of about 4 mml/year related to

gravitational sinking of the dense core of the island into a
weak lithosphere (Fernandez et al. 2009). In following
studies, Chio subsidence is usually detected and on
lesser occasions the rest. A summary of those researches
are presented in Table 1.

3. Input data

The satellite for the ENVISAT mission features C-band
sensors with a wavelength of 5.6cm, review period of 35
days, angle of incidence of 23° and a nominal pixel
resolution of 5m x 25m. The data used from the ENVISAT
satellite cover two different tracks for the studied area:
388 ascending and the 352 descending. The details of
ENVISAT data used in this work are summarized in Table
2.

The result of the calculation of the vertical velocity (Vv),
following Rosi et al. (2014) methodology, was 72,204
coincident points between 153,268 ascending points and
154,985 descending. The method also gives us the
possibility of ruling out areas affected by sliding from the
main direction of deformation, which are not the target
and are considered as noise in the analysis. To achieve
this, the points whose angular value of the main direction
of deformation is between 245° and <-45° were filtered.
These angles have been obtained from the trigonometric
relationships for the vertical velocity components and the
projected in the East direction. Finally, the final set or data
input consisted of 55,225 points with Vv velocity spread
throughout the island (Fig. 2).

Table 1: Previous DInSAR studies in Tenerife.

Years/Platform Methodology and Data

Analysis (Reference)

1992-2000/ERS-1, ERS-2 LOS + GNSS (Fringe)

18 descending images
21 interferograms

1992-2005/ERS-1, ERS-2 LOS (SBAS)

55 descending images

182 interferograms

2003-2006/ENVISAT LOS (Terrain correction)
13 ascending images
4 interferograms
16 descending images
1 interferogram
2003-2008/ENVISAT LOS (Coherent pixel)

19 ascending images (5 years)
25 descending images (4 years)
2015-2018/SENTINEL-1 LOS + GNSS (PSl)

40 ascending images
135 descending images
2014-2016/SENTINEL LOS (PSl)

51 descending images

No deformation in LCC (E in Figure 1).
Garachico subsidence: 5-10 cm, increasing.
Chio subsidence: 3-5 cm, increasing.
(Fernandez et al. 2003; Fernandez et al. 2005)
No deformation in LCC.

Detected Chio and Garachico subsidence.
Two new subsidence in East (8 cm) and South (6 cm) of Teide.
A broad subsidence pattern about 4 mmyr
(Fernandez et al. 2009)

No deformation in LCC.

No clear subsidence from DINSAR data

(Samsonov et al. 2008)

Garachico: 2-8 cm (asc) and 4 cm (des)

Chio: 4 cm (both)

(Arjona et al. 2010)

Four subsidence: 5 mmyr"
Central area: 5 mmyr™
(Dias et al. 2018)
218 ADAs with threshold 4 mmyr"

(Solari et al. 2018)
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Table 2: ENVISAT image used.

Start Stop Track Pass N°
images
11/06/2004 | 08/10/2010 | 352 | Descending 34
13/02/2005 | 03/05/2009 | 388 Ascending 33
-16',8°
»28,5°
N e gt
»28,3°
Vup (mm/yr)
® >-10
® -10-5
5--3
3.1
“1-1
1-3
3-5
P 28° 5.10
20 10 0 Km ® <0

Figure 2: 2004-2010 Vertical kinematic of Tenerife Island.

4. Methodology

The Getis-Ord G; statistic is a local-level spatial
autocorrelation index where spatial dependence is
assumed (Anselin and Rey 2010; Ord and Getis 1995),
something that is previously established using Moran’s |
global statistic (Anselin 1995). A G statistic is calculated
for each point i from the cluster of observations closer
than a threshold d from i, where i is identified with a
geographical location. This can be formally expressed
with a binary weight matrix W(d), where matrix elements
are w;;(d) = 1ifthe distance from i to j is less than d, and
w;;(d) = 0 in other case. Thus, we define the Getis-Ord
G; local statistic reference to d as Eq. (1):

i wij(d)x;

n
j=1%j

Gi(d) = (1

where

x;= attribute vertical velocity Vv at location j (j
may equal i)

n = total number of points with Vv calculated

The distribution of the G/ (d) statistic is normal when the
normality is also observed in the underlying distribution of
variable X. However, when the underlying distribution is
nonnormal, the statistic test becomes nonnormal
correspondingly. Increasing the number of spatial points
in the clusters analyzed will help the distribution of the G/
statistic approach normality (Caldas de Castro and Singer
2006; Songchitruksa and Zeng 2010). The most common
method is to raise the value of d to include more x; Under
the exact or asymptotical normal conditions, G;(d) is
usually standardized, obtaining the standard normal
variates, Eq. (2):

S wi(@x—% X ], whi(@)

2
s\/ Ly wh@—(Z], wij)

n-1

(2)

z(G; (@) =

This is essentially a Z score and therefore can be
expressed as statistical significance. Therefore,
significant negative Z reveals spatial clustering of low
values of Vv within distance d, while significant positive Z
are indicative of spatial clustering of high values of Vv
within distance d.

To calculate the threshold of the parameter d, the spatial
correlogram has been applied to the analysis
phenomenon, which is an alternative measure of global
spatial autocorrelation that is not based on the
specification of a spatial weighting matrix. Instead, a local
regression fits the covariances or correlations calculated
for all pairs of observations as a function of the distance
between them (Bjernstad and Falck 2001).

5. Results and discussion

The Getis-Ord G/ statistic results offer a clustering and
significance map based on a weight matrix. Considering
subsidence areas with high significance values with
respect to their surroundings, see Figure 3. This statistic
clearly identifies and limits the subsidence of Chio (to the
east of this town, in the North of municipality of Guia de
Isora, see B in Figure 1). Furthermore, the subsidence to
the east of LCC (C in Figure 1) is identified but composed
of two areas: that of the Fernandez et al. (2009) and a
new one at the east of this main one (in the municipality
of Guimar).

T T T
16°,75 16°,50 16°,25

T
-17°,00

Il Subsidence
Il Elevation

= 28°25
Special Protection

Water table variation
Contour

Contour 0

10 0
[ E——

10 Km
L 28°,00

Figure 3: High significance area of Gi* statistic (red and blue
areas) and variation of the water table level 1985-2000 with
isolines every 20 m (CIATF 2021)

This study visualizes new dynamics to consider. Firstly,
about subsidence, several subsidence blocks to the south
of Chio and calculated with equal significance as Chio
(the municipality of Guia de Isora and Adeje). In addition,
this is the first time that it is worth commenting on some
data in the Anaga massif (municipality El Rosario),
defined as several small areas, perhaps due to the lack of
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coherence density. There are other small subsidence possible to identify and delimit anomalous subsidence
areas in this massif in the city of Santa Cruz de Tenerife and elevation phenomena on both a regional and local
and its surroundings, in urban areas. All these areas are scale.

linked to zones where the water table had decreased in . .
the period 1985-2000 (Fig. 3). It is unknown whether this Furthermore, a temporary space not previously studied

has been covered starting at the beginning of the

level has dropped over the following years. detection of new subsidence areas to the east and south

Secondly, two elevations are identified in urban areas: of LCC (Fernandez et al. 2009). Although subsequent
north-eastern coast (villages of El Varadero, Tabaiba and studies did not detect them (Samsonov et al. 2008; Arjona
Bocacangrejo, inside of El Rosario municipality), and to et al. 2010), Sentinel-1 derived data had re-tagged them
the west of the island (villages of Puerto de Santiago and with velocities greater than 4 mm/yr (Solari et al. 2018;
Montafia de Taco), see Figures 1 and 3. There is only one Dias, Catalao, and Marques 2018).

elevation in a non-urban area, on the outer south edge of
the LCC and located in a stream of lava. Finally, nothing
relevant is detected within the LCC, in Garachico (A in
Figure 1) or in the south of the island (D in Figure 1), due
to the significance of the G; statistic is lower (D and E) or
the number of input data is poor (A).

The subsidence results were linked to the effects of
settlement due to local drops in the water table, resulting
in subsidence in the areas with the most significant
decreases, of as much as 40m or 60m over a fifteen-year
period according to the CIATF map (Fig. 3). It was not
possible to correctly delimit the subsidence in Garachico
. using geostatistics, but in this case, it was due to a lack of
6. Conclusions points in the surrounding area during both passes. Also,
new dynamics have been detected that should be

This study provides vertical velocities for the island of monitored now that Sentinel-1 has already enough

Tenerife, derived from ascending and descending paths

of the ENVISAT satellite, using the P-SBAS multi- temporality for it and confirm or not their evolutions.
temporal interferometric methodology as a baseline Finally, note the lack input data in the northern part of the
between 2004 and 2010. The DInSAR vertical velocity island, coinciding with dense vegetation areas. These
map offers heterogeneous results and a lack of data for afeas offer low phase coherence, a basic requirement
the entire island (Fig. 2). The Getis-Ord Gi* statistic was when processing SAR images multitemporal, and
applied to the calculated vertical velocities, obtaining a requires completing these studies with other ground-
map which represents the clustering of points with similar based methodologies (GNSS or classical geodesy) to
absolute vertical velocities. Filtering by those of high cover the whole island.

statistical significance, the procedure used made it
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