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Abstract

The thesis presents a detailed analysis of the use of Multi-temporal Synthetic
Aperture Radar Interferometry (MT-InSAR) technology in the management of
geological risks in various urban areas of Central America, focusing on three
specific cases: Guatemala City, La Palma, and San José. Each of these areas faces
unique challenges due to their geology and human activity, making MT-InSAR an

indispensable tool for risk assessment and mitigation.

In Guatemala City, the study focuses on ground subsidence caused by excessive
groundwater extraction. This densely populated and constantly expanding region
faces a significant geological risk due to the overexploitation of aquifers, resulting
in sinkholes and potential ground collapses. MT-InSAR allows for precise
monitoring of these deformations, providing crucial data for urban planning and

the implementation of sustainable water management policies.

In La Palma, the focus is directed towards recent volcanic activity, particularly
along the Cumbre Vieja, has been critically examined. The 2021 eruption, linked
to previous volcanic events, highlights the ongoing geological dynamism of La
Palma. MT-InSAR technology is used to detect and analyze past and present
deformations, facilitating the implementation of prevention measures and early

warning systems.

Finally, in San José, the research addresses both ground subsidence and seismic
activity. Given the location of San José in a high tectonic activity zone, the risks of
earthquakes and the consequent ground deformation are of particular concern. The
use of MT-InSAR helps to identify potential risk areas and to monitor the
structural integrity of the urban environment, improving the disaster response

capability.

These three case studies demonstrate the versatility and effectiveness of MT-
InSAR technology in identifying and managing different types of geological risks.
By integrating this technology into risk management policies, authorities can
significantly improve the resilience and safety of vulnerable urban areas in Central

America.
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Resumen

La tesis presenta un analisis detallado del uso de la tecnologia de Interferometria
de Radar de Apertura Sintética Multitemporal (MT-InSAR) en la gestién de riesgos
geoldgicos en varias areas urbanas de Centroameérica, enfocandose en tres casos
especificos: Ciudad de Guatemala, La Palma y San José. Cada una de estas areas
enfrenta desafios tinicos debido a su geologia y actividad humana, haciendo de MT-

InSAR una herramienta indispensable para la evaluaciéon y mitigacion de riesgos.

En Ciudad de Guatemala, el estudio se centra en la subsidencia del suelo causada
por la extraccion excesiva de agua subterranea. Esta region densamente poblada y
en constante expansiéon enfrenta un riesgo geoldgico significativo debido a la
sobreexplotacion de los acuiferos, lo que resulta en la formacién de sumideros y
posibles colapsos del suelo. MT-InSAR permite un monitoreo preciso de estas
deformaciones, proporcionando datos cruciales para la planificacién urbana y la

implementaciéon de politicas sostenibles de gestién del agua.

En La Palma, el enfoque esta dirigido hacia la reciente actividad volcanica,
particularmente a lo largo de Cumbre Vieja, que ha sido criticamente examinada.
La erupcion de 2021, vinculada a eventos volcanicos anteriores, resalta el
dinamismo geolégico continuo de La Palma. La tecnologia MT-InSAR se utiliza
para detectar y analizar deformaciones pasadas y presentes, facilitando la

implementacién de medidas de prevencion y sistemas de alerta temprana.

Finalmente, en San José, la investigacién aborda tanto la subsidencia del suelo
como la actividad sismica. Dada la ubicacién de San José en una zona de alta
actividad tectdnica, los riesgos de terremotos y la consecuente deformacion del
suelo son de particular preocupacion. El uso de MT-InSAR ayuda a identificar
areas de riesgo potencial y a monitorear la integridad estructural del entorno

urbano, mejorando la capacidad de respuesta ante desastres.

Estos tres estudios de caso demuestran la versatilidad y efectividad de la
tecnologia MT-InSAR en la identificacion y gestién de diferentes tipos de riesgos
geoldgicos. Al integrar esta tecnologia en las politicas de gestién de riesgos, las
autoridades pueden mejorar significativamente la resiliencia y seguridad de las

areas urbanas vulnerables en Centroamérica.
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1. Introduction and framework



1.1.Introduction and Objective

This doctoral thesis aims to advance the understanding and monitoring of
deformation processes in areas with high geological risk, as in most of Central
America and volcanic islands such as La Palma, across various scales. This
collaborative work 1s supported by three case studies which involves the
collaboration of several actors (academic and managers) and the use innovative
tools. Throughout this project, the scope of analysis has taken into consieration the
natural and induced geological processes that can help to explain observed
deformation patterns, including volcanic, tectonic and aquifer management

activities at different scales.

This thesis materializes the collaboration between the technological startup
Detektia and the Universidad Politécnica de Madrid in the form of Industrial
Doctorate to advance geological risk mitigation technologies in vulnerable areas
through Multi-Temporal Synthetic Aperture Radar (MT-InSAR). This initiative,
integral to the KUK-APHAN project targeting seismic risk reduction in Central
America (2019-2023), involves partnerships with governments and academic
entities across El Salvador, Guatemala, Honduras, and Costa Rica. It aims to
globally market the developed technologies to public administrations, construction
companies, and risk reduction consultants in Central America and the Caribbean.
This strategic dissemination seeks to enhance public safety and infrastructure
resilience, showcasing significant European advancements in sustainable urban
development and infrastructure maintenance. Detektia has emerged in response to
an international demand, given that its technology, which only requires spatial

information with no need for ground instrumentation, can be utilized globally.

The current lack of competition underscores the importance of rapidly scaling the
product to become a market leader in the coming years. This proposal is crucial for
Detektia's internationalization, occurring within an international R&D project that
will introduce EYERADAR, the platform used to communicate the products to the
managers or other potential clients, marking a significant step in broadening its

global footprint and market presence.

The Laboratory of Topography and Geomatics at the Civil Engineer School of
Madrid is dedicated to teaching, research, and technology transfer in the fields of
Cartographic Engineering, Geodesy, Photogrammetry, and Terrain Engineering.
Located within the School of Roads, it boasts computer classrooms, topographic

equipment, and skilled personnel. The Laboratory aims to bridge the gap between



research in Topography, Geomatics, and applied civil engineering, driving R&D and
technology transfer in monitoring, GIS, and Remote Sensing in collaboration with
engineering firms. This effort enriches its teaching approach, integrating computing

and preparing future engineers for professional practice.

This proposal promotes the research and technology transfer activities of the UPM's
Laboratory of Topography and Geomatics, focusing on internationalizing its
operations. It emphasizes the direct positive impact on sustainability, contributing
to achieving environmental, social, and economic Sustainable Development Goals,

which are particularly pertinent currently.

The direct positive impact on sustainability associated with this proposal should be
highlighted, aiding in the achievement of the Sustainable Development Goals that

are of environmental, social, and economic importance today.

Implementing preventative and effective control of infrastructure can significantly
reduce greenhouse gas emissions by avoiding collapses and irreversible damage,
thereby reducing the need for new construction and subsequently lowering GHG
emissions. Furthermore, the selection of the company by the European accelerator
Parsec, the only accelerator in the EU using Earth Observation data to innovate in
critical sectors like energy and food during the COVID-19 pandemic, highlights the

environmental importance of this approach.

From a social perspective, technology significantly impacts societal safety and
resilience. The development of technological surveillance solutions can minimize the
risk of disasters caused by natural or technological hazards. By analyzing changes
at a millimetric level, we aim to reduce infrastructure vulnerability, a critical factor
in preventing collapses. This approach not only enhances public safety but also
strengthens the overall resilience of communities against potential disasters.
Economically, infrastructure monitoring using satellite radar technology leads to
significant savings. It reduces personnel expenses associated with on-site
measurements as well as the costs associated with preventive maintenance.
Additionally, it is vital to recognize the economic benefits of avoiding potential
collapses or irreversible failures in infrastructure, which can mean substantial
financial savings for governments and organizations, thereby contributing to more

efficient and economically sustainable infrastructure management practices.

The MT-InSAR technique dates back several decades, but it is only today, thanks to
the efforts of the international community (governments, space agencies,

universities, etc.), which have promoted the launch of numerous satellites equipped



with radar sensors, and the development of computer equipment and algorithms,

that the processing of such a vast amount of information has been made possible.

The need to establish quality metrics for MT-InSAR products has emerged as a
central theme, given their importance in assessing the reliability and usefulness of
these products. The proposed metrics include coherence, phase variance, precision,
accuracy, and uncertainty, among others, all of which are essential to ensure the
quality of the information provided by MT-InSAR.

As regards the challenge in defining the quality, the discussion on MT-InSAR
products highlights the fact that quality is determined more by the decisions of the
MT-InSAR engineer than by the data itself. This underscores the importance of
applying appropriate thresholds to reveal or hide information depending on the
intended application, leading to a more application-oriented understanding of MT-
InSAR data quality.

Hanssen (2023) proposes a classification system to support this characterization or
intention of MT-InSAR products. This system categorizes products from
Opportunistic (O-products) to Advanced Application-Aligned (AAA-products), based

on the specificity of their application and the quality of control and assurance.

Opportunistic Products (O-products): These are defined as those calculated
without a specific objective, problem, or application in mind. These products
are not validated by certified experts and, therefore, may lack the precision

needed for specific applications.

Accepted Products (A-products): These are not defined a priori for a specific
application but are accepted by certified experts. Although they can be useful,

they are not necessarily optimized for particular problems.

Application-Agnostic Products (AA-products): These are approved by certified
experts and may include minimal contextual information. While they are of
higher quality than A-products, they are still not aligned with specific

problems.

Advanced Application-Aligned Products (AAA-products): Represent the
highest category, designed after defining a specific problem by an identified
end-user. They utilize contextual data and are intended to solve concrete
problems, making them optimal for very specific applications. The quality of
these products is ultimately defined by the end-user's satisfaction, and their

effectiveness can be precisely evaluated and validated.
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This classification emphasizes the importance of aligning MT-InSAR products with
the specific needs of end-users, ensuring that the data is not only technically

proficient but also relevant to the real-world problems being addressed.

In the context of the high quality and choice of MT-InSAR products currently
available; the Copernicus Ground Motion Service, despite its relevance and
applicability across a wide range of geological and infrastructure monitoring
contexts, would be classified as an AA (Application-Agnostic) product according to
the taxonomy proposed by Ramon Hanssen (2023). This is because, although it
provides high-quality data on ground movement at continental level, it is not
designed or tailored for specific deformation problems, nor has it been reviewed by
experts in particular fields such as landslides in order to be considered an AAA
product (Hanssen ,2023)

The research delves into the use of MT-InSAR technology for the study of geological
risks. The goal is to thoroughly explore how geological alterations can be located and
characterized at different scales, with the aim of developing more effective methods
for risk prevention and mitigation in the Central American region and La Palma.
Additionally, it seeks to promote the use of these technological tools at an

International level, establishing a new standard in geological risk management.

The initial objectives set out in the research, along with an explanation of how and
why they have been adapted to better meet the needs of the project are detailed

below:

1. Validate the Use of MT-InSAR Technology for the Prevention of Geological
Risks in Central America's Urban areas: The objective of creating risk
scenarios is aimed at minimizing future damages caused by adverse events.
To accomplish this, it is essential to focus on several key areas: increasing
public awareness about risks, enhancing building codes to lower
vulnerability, improving emergency response strategies, and calculating

potential losses for the insurance industry.

2. Contrast the MT-InSAR deformation results in different case studies with
information from other disciplines used to analyze geological risks: Integrate
and compare the data obtained through MT-InSAR with information from
other disciplines such as geology, geotechnics, and hydrogeology to validate

and enrich the results.


https://www.zotero.org/google-docs/?XXBhyI
https://www.zotero.org/google-docs/?3i7YtA

3. Determine the scope or correlation between contemporary piezometric data
and MT-InSAR results for the case study of Guatemala City: Analyze and
correlate the available piezometric data with the deformation results detected
by MT-InSAR to better understand the causes and patterns of ground

deformation.

4. Establish how MT-InSAR provides a basis for integration into an
infrastructure monitoring system: Evaluate and propose the integration of
MT-InSAR data and methodologies into urban and interurban infrastructure
monitoring systems, providing a solid foundation for the management and

prevention of geological risks.

1.2.Thesis structure and roadmap

This document, organized into 8 chapters (Figure 1.1), embarks on a comprehensive
exploration of ground deformation phenomena through the lens of advanced
satellite technology, setting the stage for an in-depth investigation across various

geographical locales.

- Chapters 1, 2, and 3 introduce and contextualize the work, outline the objectives,
synthesize the state of the art, and describe the study areas where all analyses and
discussions have been developed; it also provides a an overall perspective about MT-
InSAR, the basics and different algorithms of processing that exist as Persistent
Scatterers Interferometry (PSI) or small baseline subset interferometric synthetic
aperture radar (SBAS).

Chapter 4 presents an in-depth analysis of land deformation within the
Metropolitan Area of Guatemala City, utilizing Persistent Scatterer Interferometry
(PSID) techniques. A significant amount of SAR images from Sentinel-1 satellites
were processed to characterize deformation patterns over urbanized surfaces. A key
finding was the identification of areas experiencing significant subsidence. This
chapter highlights the utility of MT-InSAR technology in urban planning and risk
management, offering a foundational approach for mitigating potential risks

associated with land subsidence.

Chapter 5 focuses on correlating MT-InSAR data with hydrogeological
observations to understand the impact of groundwater management on land
subsidence in Guatemala City. By integrating MT-InSAR analysis with piezometric
data, the research reveals patterns of subsidence closely related to groundwater

extraction activities. The findings emphasize the critical need for sustainable
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groundwater management practices aimed at avoiding the exacerbation of
subsidence rates and advocates the incorporation of MT-InSAR data into
hydrogeological studies to improve the understanding and management of

subsidence phenomena.

- Chapter 6 explores the application of MT-InSAR technology to study seismic and
volcanic risks in Central America, with a focus on San José de Costa Rica and La
Palma in the Canary Islands. It presents detailed case studies where MT-InSAR
data has been utilized to monitor and analyze deformation patterns related to
seismic activities and volcanic eruptions. This chapter underlines the effectiveness
of MT-InSAR in detecting and characterizing ground deformations, providing
valuable insights for disaster preparedness and risk reduction strategies. It stresses
the role of MT-InSAR in enhancing the understanding of seismic and volcanic
processes, aiding in better hazard assessment and mitigation efforts in vulnerable

areas.

- Chapter 7 brings together the ideas from the previous chapters and relates them
to the degree of achievement of the proposed objectives, ultimately leading to the

conclusions in chapter 8.
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1.3.Thesis outcomes

During the three-year course of this doctoral thesis, several pieces of research have
been conducted and published, contributing significantly to the field of study. These
publications, encompassing a diverse range of topics within the scope of the thesis,
highlight the ongoing efforts and scholarly contributions made throughout the

research period:

Garcia-Lanchares, C.; Marchamalo, M.; Sancho, C. (2021). Descripcién del
proyecto de tesis doctoral: aplicacion de la tecnologia MT-InSAR a la
prevencién de los riesgos geoldgicos naturales e inducidos en ciudades e
infraestructuras prioritarias de Centroamérica. En Proceedings 3rd Congress
in Geomatics Engineering. Editorial Universitat Politecnica de Valencia. 170-
176

Benito, M. B., Alvarado, G. E., Marchamalo, M., Rejas, J. G., Murphy, P.,
Franco, R.; Sanchez, J. (2023). Temporal and spatial evolution of the 2021

eruption in the Tajogaite volcano (Cumbre Vieja rift zone, La Palma, Canary
Islands)

Garcia-Lanchares, C., Marchamalo-Sacristan, M., Fernandez-Landa, A.,
Sancho, C., Krishnakumar, V., & Benito, B. (2023). Analysis of Deformation
Dynamics in Guatemala City Metropolitan Area Using Persistent Scatterer
Interferometry. Remote Sensing, 15(17), 4207.

Garcia-Lanchares, C., Marchamalo-Sacristan, M., Fernandez-Landa, A.,
(2024). Use of MT-InSAR in the analysis of the influence of groundwater
management on land subsidence in the Metropolitan Area of Guatemala City

(Under development)

Benito M.B., Arroyo-Solorzano, M., Climent, A., Montero, W., Alvarado, G.,
Lopez, A., Garcia-Lanchares, C., Marchamalo,M., Ornelas, A., Hernandez,
Rubio O., Quiréds, L.E.; 2023; Seismic Hazard Scenarios for the City of San

Jose, Costa Rica: Evaluation of Critical Ruptures on Nearby Faults

Furthermore, the following publications were presented in different conferences:

Ornelas Agrela, A. F., Benito Oterino, B., Blanco, R. F., Garcia Lanchares, C.,
Marchamalo Sacristan, M., Alvarado, G., Schmidt, V. (2022,May).

Deterministic scenarios for seismic hazard assessment in the metropolitan



area of San Jose, Costa Rica. First results of the Kuk-Ahpan Project. In EGU
General Assembly Conference Abstracts (pp. EGU22-604).

Garcia-Lanchares C., Marchamalo M., Benito M.B., Sancho C., Fernandez-
Landa A., Ornelas A., Franco R., Hernandez O, Montero W., Arroyo M. 2022.
An analysis of the contribution of MT-InSAR interferometry for seismic
hazard management. A study case: San José (Costa Rica) Living Planet 2022
Symposium, Bonn, Germany, 23-2 May, 2022

Garcia-Lanchares C., Marchamalo M., Benito M.B., Sancho C., Fernandez-
Landa A., Ornelas A., Franco R., Hernandez O., Gamboa C. 2022. Analisis de
la dinamica de deformacién en area urbana en el area metropolitana de
Ciudad de Guatemala con metodologia MT-InSAR y datos Sentinel-1.
Memorial del XIV Congreso Geolégico de América Central y VII Congreso
Geologico Nacional. Colegio de Gedlogos de Costa Rica. ISBN 978-9930-9769-
0-6. San José, Costa Rica

Garcia-Lanchares C., Marchamalo M., Benito M.B., Sancho C., Fernandez-
Landa A., Ornelas A., Hernandez O., Montero W., Arroyo M. 2022.
Aplicaciones de la interferometria SAR en los estudios de riesgo sismico y

volcanico. 10* Asamblea Hispano Portuguesa de Geodesia y Geofisica -
Toledo, noviembre de 2022

Garcia-Lanchares, C., Marchamalo-Sacristan, M., Fernandez-Landa, A.,
Sancho, C., Krishnakumar, V., & Benito, B. (2023). MT-InSAR for Land
Deformation Analysis in Guatemala City; Fringe 2023; Leeds (England)

1.4.Theoretical background

1.4.1. Risk assessment and Remote sensing

The analysis of generic risk is crucial for assessing and understanding the

vulnerability of a region or community to various hazards (Figure 1.2), thereby

facilitating the implementation of effective mitigation and preparedness measures.

This analysis is essential for informing strategic decisions in areas such as urban

planning, the design of resilient infrastructures, and the development of response

and recovery strategies for potential adverse events.

To conduct an effective risk analysis the United Nations International Strategy for
Disaster Reduction (UNISDR, 2009) among other authors (UNISDR, 2015; Ward
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et al., 2019) consider it essential to construct a risk framework around the following

criteria :

What are the dangers like? To what extent can

Risk: Losses that a society or community can suffer depending on the product
of the hazard and the vulnerability associated with its conditions (social,

economic, political, cultural, technical and environmental)

Hazard: Refers to the probability of an adverse event occurring,this being an
essential component in risk evaluation. Hazard can vary depending on the
type of risk considered (natural, technological, health, etc.) and is based on

the likelihood of such an event occurring in a specific region.

Cost: Related to the economic losses associated with an adverse event. This
includes damage to properties, infrastructure, resources, and the costs of
recovery and reconstruction. This aspect is considered by multiplying the
potential losses by the probability of event occurrence in order to evaluate
the risk.

Vulnerability: Indicates the susceptibility of a region or community to suffer
damage or losses due to an adverse event. In the context of risk analysis, it
considers the ability of structures, infrastructure, and the population to
withstand and recover from the effects of the event (UNISDR, 2015).

Vulnerability

What assets and how

What danger exist? susceptible are they? How many lfves are at stake?
What is the cost?

they be damaged?

Risk scenario

Figure 1.2:Components of a Risk study

In a review by Ward et al. (2019) , natural hazards are categorized into hydrological,

climatological, meteorological, and geological types, aiding the understanding of

their diversity and assessment methodologies. Focusing on geological hazards,



(Ward et al. 2019) highlight the challenges posed by volcanic eruptions, land
subsidence, and earthquakes due to their unpredictability and the potential
devastation, emphasizing factors such as tectonic movements and human-induced
changes. The review emphasizes adaptation and mitigation strategies, particularly
noting the vulnerability of resource-constrained regions, where the inability to
implement effective disaster risk (DRR) reduction exacerbates challenges,
especially with geological hazards and their sudden onset, impacting unprepared

communities significantly.

The risk posed by natural hazards is extremely high and is increasing. Since 1990,
reported disasters have led to over 1.6 million fatalities globally, and economic
losses are estimated at an average of around $260-310 billion per year. The need to
reduce the risk associated with natural hazards is recognized by the international
community, and is at the heart of the Sendai Framework for Disaster Risk
Reduction (UNDRR 2015).

Coy (2010) focus on risk from the engineering perspective, stressing the importance
of understanding natural processes, correlations, and frequency of events in specific
locations. Geological threats such as earthquakes, landslides and subsidence are
analyzed in accordance with their distinct characteristics and regional recurrence,
while vulnerability is assessed through social, economic, and infrastructural lenses,
considering factors such as population density, construction quality and urban
policies. The evaluation of geological risk emphasizes the interplay between threat
and vulnerability, with technologies like MT-InSAR enhancing accuracy. Research
undertaken by Coy M. underscores the increasing ecological and socio-economic
risks in Latin America, noting that between 1972 and 2001, natural disasters
claimed an estimated 84,000 lives and affected 13 million people, with events like
the 1976 Guatemala City earthquake resulting in approximately 23,000 fatalities.
These risks are compounded by societal disparities, unequal power dynamics, and
access imbalances, shaping the ongoing relationship between society and nature in

Latin American countries.

1.4.2.Contribution of remote sensing to risk analysis

Remote sensing techniques play a crucial role in hazard studies, providing valuable
data for disaster management and risk analysis (Ostir et al.,, 2003). These
techniques have been successfully applied in various hazard studies, including

tsunami vulnerability analysis (Rémer et al., 2012), glacial terrain analysis (Allen
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et al., 2008) and glacier and permafrost hazard assessment (Kaab et al., 2005).
Publications by different authors have highlighted the advantages afforded by the
use of remote sensing and Geographical Information systems in nature-hazard
monitoring (Joyce et al., 2009; Ostir et al., 2003):

- Comprehensive Hazard Analysis: Integrating diverse data types, such as
satellite imagery, topographical maps, and demographic statistics, into a
single platform, enhances the accuracy and comprehensiveness of hazard

analysis, offering a holistic view of potential risks.

- Precise Identification and Risk Assessment: Utilizes detailed spatial analysis
to 1identify susceptible areas, assess vulnerability, and evaluate risk levels,

facilitating targeted interventions.

- Enhanced Decision-Making Support: Assists in developing informed
preparedness strategies and response plans by simulating and predicting

natural hazard impacts, thus saving lives, and reducing economic losses.

- Effective Communication: Offers powerful visualization -capabilities,
including mapping and 3D modelling, for disseminating hazard information

among emergency responders, decision-makers, and the public.

- Optimized Resource Allocation and Planning: Aids in the strategic allocation
of emergency response resources and the planning of evacuation routes,

optimizing disaster response efforts.

1.4.3. Remote sensing: From SAR to MT-InSAR

Remote sensing systems based on electronic radiation detectors are obviously not
image-generating systems; the result is not an image but rather a set of numbers
stored in a computer-compatible format. These systems are divided into two groups
according to different technical solutions. Passive remote sensing systems measure
existing radiation, such as the solar radiation reflected from the earth's surface.
Active remote sensing systems emit radiation at the studied object and measures
the amount of reflected radiation. Sensors measures the average reflection in a
selected wavelength band (Figure 1.3) (Martensson, 2024)
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Figure 1.3: Electromagnetic Spectrum (Patruno, 2024)

The result is recorded as an image element on the scan line termed a pixel. A pixel
1s usually square, and when discussing the ground resolution of a particular sensor
system, the pixel size is cited; for example, an 80 m pixel size means that the

smallest image element records the average reflection from an area of 80 by 80 m
(6400 m?) (Figure 1.4.) (Martensson, 2024).
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Figure 1.4: Scheme of the transformation of sensed radiation into the pixels of an image
(Mé&rtensson, U, 2024).
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Basics of SAR

Synthetic Aperture Radar (SAR) (Figure 1.5) is a cutting-edge radar sensor
technology, adept at capturing high-resolution imagery from significant distances.
Its application in remote sensing is typically observed in space-based platforms,
deployed aboard aircraft or satellites, facilitating the acquisition of high-resolution
images of the Earth's surface, sensitive to the microwave region of the
electromagnetic spectrum. SAR is an active sensor system which operates day and
night, by emitting electromagnetic waves in one of the specific frequency bands,
namely the X band (3 cm), C band (6 cm), and L band (24 cm) and P band (64 cm).
The penetration capabilities of SAR ensures minimal signal degradation and
facilitates imaging under clouds and all-weather conditions. This aspect is
particularly advantageous over optical imaging techniques, offering consistent
monitoring capabilities for dynamic events or for surveying areas commonly covered
by clouds (Massonnet & Feigl, 1998).

The data acquired using coherent radar systems resembles a hologram, rather than
a traditional image, requiring significant signal processing to develop the final
imagery. The conversion of raw SAR data into an intelligible image format is a
complex inverse problem, involving detailed processing to accurately represent the
features on the Earth's surface (Bamler & Hartl, 1998).
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Figure 1.5: illustrates the geometry involved in Synthetic Aperture Radar (SAR) imaging.

In the context of Synthetic Aperture Radar (SAR) as described by Bamler & Hartl
(1998) SAR system employs a side-looking geometry to illuminate the Earth's



surface. As the sensor traverses its path at a height H, it emits microwave pulses
downward onto its footprint a specified area of the Earth's surface covered by the
radar's illumination. These pulses are emitted at a consistent rate, defined by the
pulse repetition frequency (PRF), and the SAR system captures the scattered echoes

from the Earth's surface in response to each pulse.

The reception of these echoes is coherent, meaning the SAR system preserves the
phase information of the received signals. The echoes are then organized into a two-
dimensional matrix based on the 'two-way signal delay time' and the 'pulse number.'
The 'pulse number' is directly related to the position of the satellite along its path,
while the 'delay time' corresponds to the slant range distance from the SAR sensor
to the target on the ground (Bamler & Hartl, 1998).

Scatterers located at varying distances from the radar (across different slant ranges)
cause different delays between the emission and reception of the radiation. Given
the almost purely sinusoidal nature of the transmitted signal, this delay, denoted
as T, results in a phase shift, ¢, between the transmitted and received signals.
Consequently, the phase shift is proportionally related to the total round-trip
distance of the radiation, 2R, divided by the wavelength A of the transmitted signal.
This principle is depicted in Figure 1.6 (Ferretti et al., 2007).

To elaborate further, the assumption made about the ensemble of scatterers that
they are temporarily stationary and reside in the far-field of the SAR antenna is
critical for SAR imaging. This means that the scatterers, which could be any feature
on the Earth's surface that reflects the radar signal back to the antenna, are
unchanging during the short time span of radar signal emission and reception. The
assumptions concerning the scatterers' ensemble in Synthetic Aperture Radar
(SAR) imaging namely, their temporary stationarity and far-field placement are
pivotal. They presume that scatterers, reflecting radar signals back to the antenna,
remain unchanged during signal emission and reception, which is essential for
simplifying signal interpretation by avoiding additional phase complexities due to
movement. The 'far-field' assumption ensures that scatterers are at a distance
where radar waves become parallel, enabling SAR systems to treat wavefronts as
planar, simplifying image formation by recording phase and amplitude without
near-field curvature complexities. These assumptions are foundational to SAR
system design and operation, facilitating the creation of precise Earth surface
representations vital for diverse applications such us surveillance, environmental

monitoring, and deformation analysis.
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These assumptions help to ensure that the radar signals can be processed and
Iinterpreted to create a clear and accurate representation of the Earth's surface.
They are fundamental to the design and operation of SAR systems (Figure 1.6 and
equation 1.1).

¢ : The phase shift measured in radians.
A : The wavelength of the SAR signal.
R: The one-way slant range distance from the SAR system to the target.

Equation 1.1: The formula depicted is a mathematical representation of the phase shift
(¢) observed in a Synthetic Aperture Radar (SAR) signal due to the round-trip travel of
the radar waves to and from a target.

A complex SAR (Synthetic Aperture Radar) image is a type of data representation
used in SAR imaging systems, characterized by each pixel in the image containing
both amplitude and phase information. This is distinct from traditional optical or
radar images, which typically only provide amplitude information (i.e., the intensity
or brightness of the returned signal) (Ferretti et al., 2007).

- Amplitude: Represents the strength or intensity of the radar signal that is
backscattered from the surface features to the SAR antenna. The amplitude
in a SAR image can give insights into the material properties and texture of

the Earth's surface. For example, areas with high backscatter (bright areas



in the image) might indicate metallic objects or rough terrain, while low

backscatter (dark areas) might indicate smooth surfaces like water bodies.

- Phase: Encodes the position of the scatterer relative to the radar system,
based on the phase of the returned signal. The phase is a measure of the time
delay between the radar signal's emission and its reception after bouncing off
the target. In SAR imaging, this delay is converted into a phase angle within

the complex number associated with each image pixel.

In Synthetic Aperture Radar (SAR) imagery, the detected signal is typically
represented in varying shades of grey to depict different levels of backscattered
radiation (Figure 1.7). In such images, bright pixels indicate regions where the
radar signal is strongly reflected to the sensor, which is characteristic of areas with
structures or materials that have a high radar reflectivity, like urban environments
with buildings and concrete surfaces. Conversely, dark pixels are indicative of areas
with low radar reflectivity, such as calm water bodies, where the smooth surface
results in the radar signal being scattered away from the sensor, leading to minimal
backscatter. This method of visualization allows for the differentiation of surface

features based on their radar reflectivity properties.
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Figure 1.7: Shows a SAR image over Ciudad de Guatemala, SAR sensor in Sentinel 1
satellite. (Source: Sentinel-hub)
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SAR sensors

Synthetic Aperture Radar (SAR) sensors have undergone significant evolution since
the launch of the first SAR satellite, Seasat, in 1978. This evolution has been
marked by the development and continuous improvement of technologies, which
have greatly expanded the capabilities and applications of space SAR systems. The
differentiation of these systems according to the frequency bands in which they
operate - X, L, and C - has allowed for specialization and adaptation to specific Earth

observation needs (Moreira, 2014).

X-band: The TerraSAR-X and TanDEM-X satellites represent outstanding
examples of the evolution of SAR sensors in the X-band. Launched in June
2007, TerraSAR-X marked a milestone by providing high-resolution radar
images for commercial and scientific applications. Its "twin," TanDEM-X,
launched in June 2010, joined TerraSAR-X in a closely controlled flight
formation, a first for a space-based radar interferometer. Together, they have
generated a global Digital Elevation Model (DEM) of the Earth's surface with
unprecedented accuracy, which has been fundamental for scientific research

and a wide range of commercial applications.

L-band: The Tandem-L mission proposal illustrates the innovative potential
of L-band SAR sensors for the systematic monitoring of dynamic processes on
the Earth's surface. Tandem-L aims to use an Li-band radar interferometric
instrument to provide a unique dataset for research on climate and the
environment, geodynamics, hydrology, and oceanography. This approach
promises to revolutionize our ability to inventory the height and biomass of
forests globally, measure Earth's deformation due to tectonic processes and/or
anthropogenic factors, and monitor soil moisture and ocean surface currents,

among other applications.

C-band: Sentinel-1a, the first satellite of the ESA/EU Copernicus program,
launched on April 3, 2014, exemplifies the evolution of SAR sensors in the C-
band. Equipped with a C-band SAR instrument, Sentinel-1a was designed
with a focus on emergency services, the marine environment, and land use
mapping, in addition to contributing to climate change research. Its main
acquisition mode, the Interferometric Wide Swath (IW) mode, utilizes the
beam steering concept in azimuth known as TOPS (Terrain Observation by
Progressive Scans), achieving improved image performance. Sentinel-1a's

ability to provide high-resolution images and its contribution to Earth



observation under all weather conditions and at any time of day underline
the vital role that C-band SAR sensors play in global monitoring and disaster

management.

The evolution of space-based SAR sensors continues to mark a golden era for Earth
observation, with each frequency band offering unique capabilities that open new
possibilities for science and society. Innovations in technologies such as digital
beamforming and waveform diversity, along with the use of large reflector antennas,
promise to elevate these capabilities to unprecedented levels, allowing for detailed

and frequent observation of our planet.

Recent advancements in spaceborne Synthetic Aperture Radar (SAR) technology
have led to the launch of several satellites with SAR sensors. The Indian Space
Research Organisation (ISRO) launched the RISAT-1 in 2012, providing multi-
mode, multi-polarization SAR data (Chakraborty et al.,, 2013). Similarly, the
KOMPSAT-5, launched by Korea, and the HdJ-1-C, launched by China, have
enhanced SAR capabilities for applications such as disaster monitoring and
environmental management (Deng et al., 2014; Kwag, 2013). These satellites have
significantly improved the imaging capacity of SAR systems, providing high-
resolution, all-weather, and day-and-night images (Moreira, 2014). The potential of
SAR technology for applications such as traffic monitoring and ship detection has
also been highlighted (Wang et al., 2019).

SAR Interferometry

Generating interferograms involves comparing multiple SAR images captured at
the same geographical point but at distinct moments in time. This comparison yields
maps that can accurately track changes, movements, or alterations in the Earth's
surface. Such data is invaluable for numerous practical applications, offering critical
insights into surface dynamics. InNSAR phase measurements can detect variations
between two SAR image captures, commonly designated as the master and the slave
images. Figure 1.4 exemplifies the primary phase component observable in a
standard InSAR assessment. In a straightforward scenario, the phase response from
an isolated point scatterer is defined as (Bamler et al., 1999; Guarnieri & Prati,
1996). The equation depicted is used to calculate the phase (¢). It is defined as in

equation 1.2.
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¢ = ZRP)\*ZH + ¢scat (1.2)

Rp is the slant range, which is the straight-line distance between the radar antenna and
the point on the ground.

A is the wavelength of the radar signal.

dscat represents the phase contribution from the scattering properties of the target,
which depends on its electrical characteristics.

Equation 1.2: Interferometric phase

This formula encapsulates the total phase as a combination of the distance-
dependent phase shift and the target's scattering properties. The first term
accounts for the phase change due to the signal's round-trip travel time, and the
second term ¢scat accounts for the phase shift introduced by the interaction of the

radar signal with the scattering characteristics of the target's surface.

Importance on coherence

In the intricate process of InSAR, coherence stands as a pivotal element, directly
influencing the quality and reliability of the resulting interferograms. Coherence is
a measure of the similarity in phase characteristics between pairs of SAR images,
crucial for the accuracy of the phenomena being monitored. When selecting SAR
images for interferogram generation, a meticulous approach must be taken,
factoring in the view angle, which significantly impacts the resulting image
geometry. SAR satellites capturing data on both ascending and descending passes
offer differing viewpoints of the terrain, each with its unique geometrical

considerations.

The geometrical baseline the spatial separation between the satellite's positions
across distinct passes also plays a critical role, dictating the interferogram's
sensitivity to the Earth's topographical nuances and its overall coherence. A
profound understanding of these spatial factors is necessary to ensure that
topographic features are accurately represented, and the integrity of the phase

information is maintained across the images.

Temporal dynamics are equally consequential. The temporal baseline, denoting the
time span between image acquisitions, must be carefully calibrated to mitigate

decorrelation effects that can obscure or distort the image, such as those induced by



alterations in the landscape, yet it should be sufficiently extended to capture the
subtleties of gradual geological shifts. The timing of acquisitions is further nuanced
by factors such as natural lighting and seasonal changes, which can affect image

clarity and coherence.

Importantly, the coherence of certain terrains is inherently variable; areas subjected
to foreshortening—where the terrain slope faces the radar—tend to lose coherence
rapidly when the perpendicular baseline exceeds a minimal threshold. This effect is
particularly pronounced in challenging environments such as dense forests or water
bodies, where the complex interaction with radar signals often results in low
coherence. Conversely, terrains with opposing slopes generally exhibit higher
coherence, provided they are not obscured by shadows, benefiting from enhanced
spatial resolution and a greater effective critical baseline compared to flat areas
(Ferretti et al., 2011).

Importantly, the coherence of certain terrains is inherently variable; areas subjected
to foreshortening where the terrain slope faces the radar tend to lose coherence
rapidly when the perpendicular baseline exceeds a minimal threshold. This effect 1s
particularly pronounced in challenging environments such as dense forests or water
bodies, where the complex interaction with radar signals often results in low
coherence. Conversely, terrains with opposing slopes generally exhibit higher
coherence, provided they are not obscured by shadows, benefiting from enhanced
spatial resolution and a greater effective critical baseline compared to flat areas
(Ferretti et al., 2007).

InSAR

Interferograms are a key output of Synthetic Aperture Radar (SAR) interferometry,
a technique used for topographic mapping and surface change monitoring
(Guarnieri; 1996; Bamler, 1999). An interferogram can be created by using two SAR
1mages, and it can be defined as the phase increment between both images, taken

over the same area but in different moments.

The creation of an interferogram using Synthetic Aperture Radar (SAR) imagery is
a methodical process (see figure 1.8) that begins with the acquisition of the primary
datasets known as the master and slave images. These images, often in the form of
Single Look Complex (SLC) files, contain comprehensive amplitude and phase
information necessary for the subsequent steps of interferometric analysis (Ferretti
et al., 2007).
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The interferometric phase measured in InSAR, as depicted in Equation 1.3,
encapsulates the cumulative effects of various geophysical and atmospheric factors
that influence the SAR signal. Each component in the equation represents a

different source of phase change (Osmanoglu et al., 2011):

A(I):¢ﬂat+¢topo+¢orbit+(1)defo+¢tropo+(|)iono+(|)scat+¢noise (1 . 3)

Equation 1.3: Total interferometric phase

odnat: The flat earth phase, which accounts for the phase shift due to the
assumption of a flat Earth in the SAR processing.(DEOS, 2008)

bropor The topographic phase contribution, representing the phase change due
to the Earth's topography (Bamler et al., 1999).

ddefor The phase contribution related to actual ground deformation between

the SAR image acquisitions.

dorvit- The phase error introduced by inaccuracies in the satellite's orbital

information.

btropo: The tropospheric phase contribution, which accounts for the phase

delay caused by the radar signal's interaction with the troposphere.

®iono: The i1onospheric phase contribution, which reflects the phase shift
introduced by the ionosphere (Hanssen, 1996; Zebker et al., 1997).

bscat: The phase contribution related to the electrical properties of the

scatterers on the ground.

Pnoise: The interferometric phase noise term (¢noise) can be linked to

coherence and is composed of four distinct decorrelation factors.

As Ferretti et al. (2007) and Colesanti et al. (2003) suggest, InSAR phase
measurements are sensitive to these various components. Depending on the specific
application, some of these factors may be considered noise. For instance, when the
goal is to generate a Digital Elevation Model (DEM), ground deformation is treated
as noise since it is not relevant to the elevation data being sought. Conversely, when
studying ground motion, the stable topographic phase (which would form the DEM)

needs to be removed to isolate and analyze the deformation signal.



As we delve into the realm of InSAR, we transition from the broader overview of
this advanced remote sensing technique into a more detailed examination of the
algorithms that underpin its functionality. MT-InSAR, standing for Multi-temporal
Interferometric Synthetic Aperture Radar, harnesses a series of SAR images taken

over time to accurately track ground deformation.
MT-InSAR

MT-InSAR, or Multi-temporal Interferometric Synthetic Aperture Radar, is a
powerful remote sensing technique for monitoring ground deformation. It overcomes
the limitations of conventional InSAR, such as phase decorrelation and atmospheric
artifacts, by using multiple time series of SAR images (Bamler et al., 1999; Even &
Schulz, 2018; Massonnet & Feigl, 1998; Rosen et al., 2000; Singh Virk et al., 2018).

A range of MT-InSAR algorithms have been developed, each with its own strengths
and limitations (Singh Virk et al., 2018)

PSInSAR (Persistent Scatterer Interferometry): The PSInSAR technique,
perfected by Ferretti et al., shines in urban settings where numerous stable
scatterers are present. This method's strength lies in its precision, capable of
pinpointing surface movements to within millimeters. It adeptly forms
interferograms, sidestepping the baseline decorrelation problems often seen
in conventional MT-InSAR methods. However, its prowess diminishes
outside of urban landscapes due to a scarcity of persistent scatterers. It may
also stumble when faced with phases that are inconsistent or lack coherence,

despite the presence of stable amplitudes (Hooper et al., 2004)

Stable Point Network (SPN): SPN excels at processing expansive datasets of
radar imagery, enabling the measurement of ground deformation with
millimetric accuracy. It effectively minimizes geometric decorrelation, a
common hurdle in selecting Persistent Scatterers. Nevertheless, a
substantial collection of images is necessary to pinpoint electromagnetically
stable points, which could be a challenge in regions with infrequent satellite

coverage (Crosetto et al., 2008)
Persistent Scatterer Pair (PSP): Designed by Costantini et al. (2021), the PSP

method adeptly tackles the complications posed by atmospheric disturbances
and orbital inaccuracies without relying on filtering. It has the advantage of
pinpointing Persistent Scatterers within full-resolution SAR images, paving

the way for intricate analyses. However, the extensive computational effort
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required due to the numerous potential connections between Persistent

Scatterers can be taxing.

Small Baseline Subset (SBAS): The SBAS method, introduced by Lanari et al.
(2004), specifically targets slow-moving deformations, providing highly
accurate measurements. It achieves this by utilizing interferograms with
minimal spatial and temporal baselines, which helps in reducing the effects
of decorrelation and topography. The intricacy of processing and analyzing a

dataset divided into numerous small subsets is, however, a notable challenge.

Coherent Pixels Technique (CPT): CPT is a PSI technique that isolates
complete deformation evolution, DEM error, and atmospheric artifacts from
a stack of interferograms, an approach detailed by Mora et al. This method is
particularly advantageous as it allows for the isolation of deformation signals.
The multi-looking step required for coherence estimation, which might reduce

spatial resolution, is a limitation to consider (Mora et al., 2003).

SqueeSAR: developed by (Ferretti et al.,, 2011), increases interferometric
coherence using statistical approaches and is particularly effective in non-
urban areas. It manages to improve coherence over distributed targets and
offers an increased coverage of ground points. Vegetation can, however,
interfere with the identification of radar targets, affecting the deformation
detection process. Moreover, the precision and quality of deformation
measurements can diminish with increasing distance from the reference

point.

IPTA: Interferometric Point Target Analysis is applied on selected point
targets that exhibit persistent scattering behavior over a prolonged
observation period (Werner et al., 2003). Errors resulting from atmospheric
artifacts in SAR scenes separated by large baselines are reduced through the
use of multiple scenes of the site and higher measurement accuracy can be
achieved. Several manmade structures over urban areas, infrastructures or
exposed rocks outside the cities showing visible scattering are helpful in
achieving estimates of the progressive terrain deformation in millimeters (C.-
T. Chen et al., 2007).

MT-InSAR software’s

MT-InSAR data is being processed by different open source and commercial tools
listed below; Open-Source Research Packages: ISCE, ROI-PAC, DORIS, GMTSAR,



StaMPS and SNAP Commercial Packages: Gamma, GEOMETICA, ENVI
SARScape, ERDAS IMAGINE, SARPROZ and DI-APASON. Some of the recent
trends being followed using StaMPS, SARPROZ (copyright(c) 2009 Daniele Perissin)
and G-POD services of ESA for land surface deformation monitoring are discussed

as bellow.

Stanford Method for Persistent Scatterers (StaMPS): StaMPS a MATLAB
based software developed at Stanford University and subsequently upgraded
at the University of Iceland, Delft University of Technology and the
University of Leeds. The package is equipped with persistent scatterer and
small baseline methods and with an option to combine them. It is developed
for PSI processing to work well in barren terrain in nonurban areas
undergoing nonlinear deformation having no man-made structures. It uses
amplitude and phase information of individual pixels to determine the
probability of being a permanent scatterer (PS). StaMPS like PSI utilizes
amplitude scattering values for initial PS selection, includes the SBAS (Small
Baseline Subset) method to identify those scatterers that dominates in
scattering from the resolution cell and the pixels whose phase decorrelates
little for short time periods during filtering called slowly decorrelation filtered
phase (SDFP). First PS selection based on amplitude scattering values is
carried out and then it is refined in an iterative manner by performing phase
analysis in space and time. Utilization of these techniques enables a
deformation signal with greater coverage to be extracted. Both PS and SDFP
selections are combined and deformation is then extracted using the phase

unwrapping algorithm (Ab Latip et al., 2015; Sousa et al., 2010).
SARPROZ: designed by Daniele Perissin of Purdue University Netherlands,

which 1s capable of processing different sets of interferograms by different
techniques running in the software background. Parameter estimation can
be done by PSI algorithm, Capable of estimating APS through different
algorithms for graph inversion. Acquired SLC Image data is first converted
into a format which SAPROZ recognizes. Then various steps such as
computation of data statistics, precise orbital application, retrieving weather
data from each scene, creating a subset of the area of interest etc. are
performed using GUI (Graphical User Interface). SARPROZ automatically
downloads the metrological data during the day of acquisition. Master and
Slave Images are extracted from the data set, co-registered and the offset

between master and slave images is predicted. Each slave image is aligned to
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the master image in such a way that each pixel belonging to a portion of the
1maged terrain in the slave image 1s exactly under the corresponding pixel in
the master image. Amplitude Stability Index 1s calculated by generating the
co-registered stack, reflectivity map, temporal average of the intensity values
of the image datasets etc. (Bakon et al., 2016). Coarse points are selected and
DEM assisted geocoding is performed. Selection of the good tie points depends
upon the resolution of the data available. Bright pixels identifiable in the
reflectivity map are selected manually as Ground control points (GCPs). DEM
1s then converted to SAR coordinates to support PSI processing. A phase to
height and phase to flat constants conversion process is then carried out.
Amplitude stability index threshold is applied to create PS candidates to
estimate preliminary parameters and Atmospheric Phase Screen (APS)
(Lazecky et al., 2015).

GAMMA: developed by Grenerczy & Wegmiiller (2011) , is distinguished in
the realm of MT-InSAR processing tools by its comprehensive capabilities for
the analysis of SAR, MT-InSAR, and PSI data, especially with its complete
integration of Sentinel-1 SAR data.nThis method is instrumental in
maintaining the continuity of phase information across bursts in Sentinel-1
data, thus preventing the occurrence of phase jumps which can significantly
compromise the accuracy of MT-InSAR analysis. GAMMA's robust processing
capabilities extend to phase filtering, unwrapping, and coherence estimation,
each being a vital step in the generation of reliable MT-InSAR results. The
software's Interferometric Point Target Analysis (IPTA) component supports
methodologies like SBAS and PSI, enabling the derivation of deformation

time series.

LiCSBAS: It is a distinctive open-source tool created by Yu Morishita, offering
a specialized approach to MT-InSAR time series analysis. As elucidated in
the "LiCSBAS Tutorial" (Morishita et al., 2020), this software operates within
a Python3 setting and is engineered to analyze interferograms sourced
directly from LiCSAR, a service providing pre-processed interferograms
generated using the GAMMA software. The integration between LiCSBAS
and L1CSAR showcases an end-to-end processing capability, streamlining the

journey from raw data acquisition to detailed geophysical interpretation.

In the realm of ground deformation detection and analysis, MT-InSAR techniques,
specifically PSI via SNAP-StaMPS and SBAS within the LiCSBAS framework, have

emerged as crucial methodologies. This study leverages these approaches to assess



their efficacy in detecting deformations. The accuracy of both the SNAP-StaMPS
and LiCSBAS techniques is set within 2 mm/yr as evidenced in the literature
(Mancini et al., 2021; Morishita et al., 2020).

Sang-Wan (2010) compared PSInSAR and SBAS, noting that while both techniques
are capable of identifying ground deformations, PSInSAR excels at detecting local
deformations, whereas SBAS is more effective in areas with minimal unwrapping
error. This underscores the necessity of choosing the appropriate method based on

the study area's specific characteristics and the deformation type.

Bouraoui (2014) and Goel (2014) both discussed the use of SBAS and PSInSAR in
time-series analysis, with Goel emphasizing the need for increased spatial density
of measured points and Bouraoui highlighting the potential of combining the two
methods. Ferretti et al. (2011)proposed a new algorithm, SqueeSAR, for processing
interferometric data-stacks. Even & Schulz (2018) discussed the use of distributed
scatterers in MT-InSAR, reviewing the use of DS in PS algorithms.
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2. Study areas



This introduction sets the stage for a detailed exploration of the chosen study areas,
highlighting the reasons behind their selection and the significance of their
inclusion in this work. Each of these regions offers a unique setting to better
understand the geological processes at play and their impacts on human society.
Furthermore, analyzing these areas significantly contributes to our understanding
of how different communities and risk management systems respond to the threat

of natural disasters.

The selection of the study areas for this work reflects the needs of the stakeholders
within the framework of the industrial doctorate. Primarily, the areas studied in
the kuk-Ahpén project include Central America and Murcia, with the addition of La
Palma following the event in September 2021. All these study areas share a common
geological risk that characterizes them due to their geographical location.
Furthermore, these areas also tie in with the industrial interests of Detektia, which
involve the monitoring of large infrastructures or urban areas with fervent
development, where the technology developed is required for appropriate

maintenance and planning to achieve sustainable development.

Finally, the choice of areas in the study also facilitates the learning process and
meets the requirements of the Geomatics Engineering doctoral program, such as the
publication of scientific articles and the preparation of materials to participate in
scientific conferences. Taking into consideration the abovementioned factors,
combined with the fact that local contacts were able to provide information to
validate the MT-InSAR results, the most suitable locations for the development of
this Industrial Doctorate research were San José, Costa Rica, Guatemala City, and

La Palma.

Figure 2.1 serves as a visual starting point for this discussion, illustrating the
geographical locations and key characteristics of the study areas. Throughout this
section, we aim not only to document the geological peculiarities and associated
risks of each region, but also to reflect on the lessons learned and mitigation
strategies applicable on a global scale. By delving into the study of these areas, our
alm 1s to contribute towards a more resilient future, one in which we are more

prepared for the challenges presented by natural disasters.
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Study area 3

Study area 2

Figure 2.1:Global vision of the location for the three study areas. Geographical Reference
system WGS84

Through this section, we aim not only to document the geological peculiarities and
associated risks of each region but also to reflect on the lessons learned and
mitigation strategies applicable on a global scale. By delving into the study of these
areas, we commit ourselves to the goal of advancing towards a more resilient future,

prepared to face the challenges that natural disasters present.

2.1.La Palma

La Palma, situated at coordinates 28° 36" 46” N and 17° 51’ 58" W, along with the
adjacent island of El Hierro, are the most westerly islands of the Canary
archipelago. They form a chain extending east to west, lying between 97 and 403—
516 km to the west of Africa's passive continental margin as depicted in Figure 2.2.
Both islands are active volcanic sites. El Hierro's last eruption was in 2011, while
La Palma has had numerous documented historic eruptions, including a recent one
in 2021 (Carracedo et al. 2001; Kliigel et al. 1999, 2005) . La Palma is the
archipelago's second youngest and historically most active island, accounting for the
majority of the archipelago's historic eruptions in the past 600 years, with all
eruptive activity occurring along the southern Cumbre Vieja rift. The island's prior
eruption in 1971 is known as the Teneguia eruption, named after a local aboriginal
site. The 2021 Tajogaite eruption, named after the location of its first vent, is
significant locally as it links the current magma plumbing system with those that
fueled the 1971, 1949, and earlier eruptions. This connection allows for the tracking
of the seismic evolution of the magma plumbing system beneath La Palma (Benito
et al., 2023).
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Figure 2.2: Study area in La Palma. Geographical Reference system WGS84

2.2.Central America

These studies collectively underscore the importance of understanding the general
deformation caused by seismic and volcanic activity, and the need for comprehensive

risk and vulnerability assessments in these areas.

2.2.1. San José de Costa Rica

Central America is a complex mosaic of landscape dynamics, shaped by a wide range
of terrestrial processes. Few other regions on Earth exhibit such a magnitude of
geomorphological diversity. Throughout the Central American isthmus, there is a
great diversity of tectonics, lithology, and climatic domains concentrated in 0.4% of
the Earth's surface. The physiography is primarily defined by the northwest-
southeast orientation of the Mesoamerican trench and the volcanic front. These
morphotectonic components were formed in the Cenozoic era, through the
subduction process of the Cocos oceanic plate beneath the Farallon plate, along the

western edge of the Caribbean plate.

Throughout the Cenozoic, this first-order contrast in basement lithology has been
overlaid by a diverse collection of rock formations generated in a variety of tectonic
environments, including volcanic mountain ranges, fore-arc and trench-slope
basins, alluvial plains and deltas, intra-arc rift valleys, fold-and-thrust belts, high

plateaus, and carbonate platforms.
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In the north, the Motagua Polochic fault system cuts across central Guatemala,
accommodating sinistral shearing between the North American and Caribbean
plate (Samsonov et al., 2013; Zheng et al., 2018).

Central America spans an area of 500,000 km? and is home to around 40 million
people. It is situated on a narrow strip of land that separates the Pacific Ocean from
the Caribbean Sea, connecting the vast continental lands of South and North
America. Central America consists of seven countries. The Quaternary volcanic belt
1s one of the most notable geotectonic features of the region. Among the most
characteristic geotectonic characteristics of the region is the 1100km Quaternary
volcanic front, which stretches from the Mexican-Guatemalan border to the central
part of Costa Rica and embraces 40 major volcanoes. (Denyer, n.d.)
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Figure 2.3: Study area in Costa Rica. Geographical Reference system WGS84

2.2.2. Guatemala City

DRR plays a crucial role in promoting social and economic growth and ensuring a
sustainable future. Central American urban areas are geologically young volcanic
areas. The physiographic architecture of Central America is primarily determined
by the northwestern course of the Central American trench and the Central
American volcanic front, which were formed by Cenozoic subduction. Soils in the
region, combined with heavy rainfall, topographic complexity, and a seismically
active area, can be prone to great instability during earthquakes and heavy
precipitation (Bommer & Rodriguez, 2002). The Population Census XII and the
Housing Census VII reveal that 14,901,286 people reside in Guatemala, with a



yearly population growth rate of 1.8% between 2002 and 2018. The Guatemala
Department, which includes Guatemala City and 16 other municipalities, houses
the most significant percentage of the country’s population, 20.2% of the total
(Instituto Nacional de Estadistica Guatemala, 2019) . This population growth has
resulted in increased infrastructure development and exploitation of natural
resources, such as underground water. Between 2017 and 2019, 2—3 million square
meters of construction was authorized, with the municipality of Guatemala
accounting for 45% of these new construction areas. Housing projects make up a
large proportion of these projects, with an increase of 1,363,777 buildings between
2002 and 2018 (UNISDR, 2009). Construction and urban growth must be conducted
within the framework provided by risk assessments, with a focus on disaster risk
reduction. Land use sensitive to disaster risks, urban planning, safe construction,
and sound infrastructure will not only contribute to water management, but will

also protect lives and properties, and thus benefit entire cities (UNISDR, 2009).

Using PS InSAR, this study analyzes the deformation dynamics of part of the
Metropolitan Region of Guatemala, known officially as Region Metropolitana de
Guatemala (RMG) (Figure 2.4). This area includes Guatemala city (comprising 22
zones) and four adjacent cities: Santa Catarina de Pinula, Petapa, Villanueva, and
Mixco. The RMG is influenced by natural factors, such as geological features,
extreme climate with intense precipitation, and socio-demographic factors, which
makes it an interesting case study.
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Figure 2.4: Study area in Guatemala. Geographical Reference system WGS84
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3. MT-InSAR applied to the prevention of
geological hazards of tectonic and volcanic
origin: San José (Costa Rica) and La Palma

(Spain)

This chapter is partially published in the following publications...
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Jose, Costa Rica: Evaluation of Critical Ruptures on Nearby Faults
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Franco, R.; Sanchez, J. (2023). Temporal and spatial evolution of the 2021
eruption in the Tajogaite volcan (Cumbre Vieja rift zone, La Palma, Canary
Islands)



3.1. Application of MT-InSAR in the development of seismic

threat scenarios in the city of San José (CR)

3.1.1. Introduction

Costa Rica is characterized by high seismicity of intermediate moment magnitude
Mw < 7.7, with earthquakes generated both in the subduction zone of the Cocos
plate beneath the Caribbean, and in faults of the volcanic chain. The most
significant recent seismic activity in the country is centered on the earthquakes of
April 22, 1991, in the Limén area, with Mw 7.7 and intensity IMM X and DE
January 8, 2009, in the Cinchona area, both caused significant human and economic
losses (Barquero & Rojas, 2010). The capital of the country: San José, is located in
the complex fault system of the Central Valley, which has been affected by
numerous destructive earthquakes throughout its history (Benito et al., 2023). In
this research we use satellite technology to analyze and describe the dynamics of
deformation in the city of San José and the most important seismic structures in the
area, for which images are obtained from Sentinel-1, the ESA constellation equipped

with C band radar sensors (Figure 3.1).
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3.1.2. Data and methods

Study area

The designated study area in the thesis encompasses the Central Canton of San
Jose, specifically focusing on three key faults - Cipreses, Belo Horizonte, and Rio
Azul - as identified by the Kuk-Ahpan project (Ornelas Agrela et al. 2022). This area,
primarily flat and heavily urbanized, includes the entire canton and extends to
regions adjacent to these faults. The spatial parameters were set based on the

influence of these significant geological structures on San José.

Data & Analysis

In the deformation analysis of San José's Central Canton, data from Sentinel-1 A/B,
provided by COMET (2021), were utilized. The analysis included two frames,
092A 08036_141719 and 084D 08033 _121612; these two references stand for the
codes used by Comet on its LiCSAR service where interferograms are accessible
(Morishita et al., 2020), comprising 947 interferograms collected between March
2017 and January 2022. These interferograms were derived from a total of 253
Sentinel-1 images, with 116 from the ascending track and 137 from the descending
track, as detailed by (Morishita et al., 2020).

SBAS was used for image processing in this study.The SBAS approach processed
COMET-provided interferograms using LiCSBAS software, a technique detailed by
COMET (Morishita et al. 2020) to generate deformation time series and velocity
data. This dual-method approach provided comprehensive insights into the studied
geological phenomena. LICSBAS (Morishita et al. 2020) is an open-source MT-
InSAR time series analysis package that integrates with LiCSAR (Gonzalez et al.
2016; Lazecky et al. 2020), developed by the Centre for Observation and Modelling
of Earthquakes, Volcanoes and Tectonics (COMET) at the University of Leeds.

In the MT-InSAR analysis for this study, LiCSBAS software was used to select a
reference point based on high coherence (greater than 0.95) and stability throughout
the time series. This point is located at the coordinates 9.965° latitude and -84.108°
longitude (WGSS84). The deformation velocity data were then refined using a
coherence mask created by LiCSBAS, resulting in a vector point layer. This layer
includes the time series of deformation and velocity for each point, providing

detailed insights into the geophysical changes of the area.



The MT-InSAR analysis in the study used the SBAS approach, considering the
mixed urban and vegetated terrain. The precision of SBAS is about ~2 mm/year in
velocity (Morishita et al. 2020). This methodological choice was based on its
suitability for the characteristics of the terrain, balancing accuracy and applicability
for the diverse land cover. This approach facilitates efficient analysis within
JASMIN, the UK's data analysis environment, optimizing both time and disk-space
usage. LICSBAS's processing method includes the automatic identification and
removal of interferograms with significant unwrapping errors, enhancing the
reliability of the results. This step is crucial for ensuring the accuracy of the MT-
InSAR time-series analysis. To further enhance data quality, atmospheric

corrections are implemented using GACOS (Generic Atmospheric Correction Online
Service for MT-InSAR). Results and discussion

3.1.3. Results and discussion

In this research, reliable time series and velocity data are obtained by using various
noise indices for masking. The results indicated deformations in the Central Canton
of San José in the range of -2 to 2 mm/year in the Line of Sight (LOS) direction,
confirmed through both ascending and descending geometries (Figure 3.2).
Validation of these results was conducted with data from the GNSS station located
within the study area (AACR GPS; Lat: 9.939, Long: -84.118), as illustrated in the
same figure as the LOS velocity maps. This station recorded a vertical displacement
rate of -0.97 +/- 1.70 mm/year for the period 2012-2020, consistent with findings
reported by Blewitt et al. (2018). Deformation at the GNSS station area is within
the sensivity range of the technique of 0 to 2 mm/yr for both geometries, which

indicate no detectable motion.
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Figure 3.2 illustrates deformation the velocities using Sentinel-1 data in both ascending (a)
and descending (b) geometries, measured in mm/year in the Line of Sight (LOS). The areas
around the fault scenarios are depicted with shaded colors. Additionally, each subfigure

includes a subset focused on the AACR time series, providing a detailed view of the
deformation in these specific areas.

The deformation velocities around the three selected faults were analyzed, revealing
estimated deformation rates for the past five years fluctuating between -3 mm/year

(LOS) and 3 mm/year (LOS). These values align with the limits of the MT-InSAR's



accuracy, which is approximately 2 mm/year for LiCSBAS, as mentioned by
Morishita, Y. et al. (2020). Figure 3.3 presents the frequency of velocity deformation

rates (in mm/year) for the Central Canton of San José, considering both geometries.
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Figure 3.3: Data dispersion graph for Cantén Central, Ascending (left) descending (right)

Deformation pattern over faults area

In the analysis, measurements over the fault traces were primarily conducted
focusing on the ascending geometry, as it covers a larger area across these
structures. Some parts lacked data points due to coherence issues. Upon closer
examination of the surfaces of the faults, it was observed that deformation was
within similar ranges as those found in the Central Canton of San José area. The

specifics of these observations and measurements are detailed in table 3.1.

Fault Min Max P05 P95 Mean
Belo Horizonte -3.4 2.4 -1.2 1.7 0.3
Cipreses -3.5 2.5 -1.1 1.3 0.2
Rio Azul -3.1 2.8 -2 1.3 -0.1

Table 3.1: Metrics for the deformation information across the area of the faults (mm/yr) for
ascending geometry

The analysis indicates a stable deformation range within -3 to 3 mm/year in the
Central Canton of San José. These measurements align with the GNSS station data
in the area, which records a subtle vertical movement. When examining the three
faults identified as critical, the detected deformation is less than the prominent left-

lateral faults in the Central Valley: the Aguacaliente-Navarro Fault System shows
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a gradual deformation of about 1 cm/year (GNSS measurements). Low deformation
levels at Bello Horizonte, Cipreses, and Rio Azul faults suggest aseismic energy
release or slow strain accumulation, raising the possibility of potential seismic

events (Portela Fernandez et al., 2020).

Relationship of deformation and local events

The Central Canton of San José exhibits a general deformation pattern within +/-2
mm/yr, although it is noted that some movements might not be detectable within
the accuracy range of the LiCSBAS technique (~2 mm/yr). Notably, active
deformation patterns are identified around the periphery of the Central Canton,
particularly near the steep margins of river courses. These areas of maximum
deformation are highlighted in Figure 3.1. Additionally, Figure 3.4 presents the
cumulative deformation observed at seven specific points along the margins of the

main valley, providing a focused view of deformation in these key areas.
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Figure 3.4: Shows the metrics for the deformation time series in an area within the

Canton the San Jose, framed in figure 3.1 above

Comparison of identified deformation compared to other areas

The multi-temporal MT-InSAR analysis from March 2017 to January 2022 in the
Central Canton of San José reveals low deformation rates, ranging from -3 mm/year
to 3 mm/year (LOS). Previous MT-InSAR studies in Costa Rica, such as that
undertaken in the Nicoya Peninsula, have shown larger deformations (around 10—
15 mm/yr LOS in the Southern coast, as per Xue (2015). Additionally, Araya
Rodriguez (2019)conducted MT-InSAR analysis for the period from April 2015 to
July 2016, identifying significant deformations between the Cafio Negro fault (CNF)
and the Upala Fault (UF), with a notable uplift of 6 cm in 2016 and considerable SE

horizontal displacement.



3.1.4. Conclusions

The MT-InSAR technique is instrumental in evaluating and understanding seismic
risks in urban areas such as San José. The study has demonstrated the ability of
MT-InSAR, through the SBAS approach and LiCSBAS software, to provide detailed
and reliable data on ground deformation. This capability is crucial for the
monitoring of seismic activities, especially in regions with complex fault systems
like the Central Valley of Costa Rica.

The research reveals that San José experiences stable deformation rates, with
findings from the GNSS station in alignment with MT-InSAR data, suggesting low
seismic activity but a potential for future seismic events due to the identified
aseismic energy release or slow strain accumulation. These results are particularly
significant when compared to other areas of Costa Rica, which have shown larger

deformations, underscoring the localized nature of seismic hazards.

Additionally, the analysis of deformation around key faults in the Central Canton
of San José provides insights into the dynamics of these faults and their potential
impact on the city's seismic resilience. The low deformation levels observed suggest
that current seismic risk exists; however, the data is vital for city planners and

emergency services to develop effective emergency plans and mitigation measures.

Overall, the application of MT-InSAR in this context underscores the value of this
technique in supporting traditional seismic risk assessment methods and enhancing
the understanding of urban resilience in the face of natural hazards. The findings
from this study contribute to the broader field of geological hazard prevention and

offer a template for similar analyses in other seismically active urban areas.

3.2.Volcanic risk in La Palma

3.2.1. Introduction

The 2021 eruption on La Palma is the most damaging and long-lasting eruption
since historical records began in the Island of La Palma. According to the Copernicus
(European satellite system) disaster monitoring programme (Copernicus
Emergency Management Service, EMS), lava flows extended over an area of
1219 ha, affecting, or damaging 3216 buildings, destroying at least 1676 buildings

registered in the Spanish basatada, forcing the evacuation of about 7500 residents
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(2329 directly affected), while also severely affecting or destroying irrigation
systems on several farms, 73.8 km of roads and a 370 ha. of cropland (mostly
bananas but also some vineyards and avocado plantations). Initial estimates put
losses at more than 1025 million US dollars. The government has assigned 70
million US dollars in direct aid for the local farming and fishing industries in the
impacted area. The eruption of the Tajogaite volcano at La Palma attracted the
attention of the world due to its wide media coverage and its effects on the
population. At least 528 accredited scientists visited the volcano during the eruption
to contribute their experience, learn lessons for future events and observe the
successful functioning of the emergency management in order to report these
observations to their countries. The eruptive event at Cumbre Vieja has been the
subject of various research investigations using MT-InSAR techniques. The
approaches have been highly diverse, ranging from characterizing the seismicity
that preceded and accompanied the eruption (De Luca et al., 2022) , characterizing
the underground dynamics (Fernandez et al., 2022) or determining the volume and

rate of efusion during the eruption to control lava flows (Plank et al., 2023).

The main novelty of this work lies in the analysis of deformation and identification
of main patterns seen through MT-InSAR. Subsequently, these results are
compared to geodetic and geophysical parameter data from a multidisciplinary
perspective, leading to results with important implications for future disaster
management planning. More specifically, seismological data and geothermal
anomaly results were used to attain a greater understanding of the volcanic
processes at the 2021 Tajogaite eruption (Benito et al., 2023).

3.2.2. Data and methods

Study area

La Palma is a salient example of a steep-sided composite volcano. Its volcanic edifice
rests on the oceanic crust at a sea-floor depth of 3000 m, and the subaerial
topographic elevations reach around 2426 m a.s.l. (meters above sea level). It is a
triangular-shaped island measuring 45.5 km from north to south and 27.5 km from
east to west at its widest part (figure 2.1). It has an area of 708.4 km?2 The geology
of La Palma has been reviewed by (Carracedo et al., 2021).

The surface deformation was monitored during the pre-eruptive and eruptive
phases identified in the seismic analysis, through MT-InSAR. Taking into account
the nature of the terrain and the slope of the western side of La Palma, the SBAS



approach was selected. The degree of uncertainty using SBAS methods is similar to
that of Persistent Scatterers Interferometry (PSI techniques), in the order of~1

mm/year (Lanari et al., 2004).

Data and analysis

LiCSBAS pre-processing allows users to save time and disk space while obtaining
the results of MT-InSAR time-series analysis in the frame of JASMIN, the UK’s
collaborative data analysis environment (Lawrence et al., 2013). During the
LiCSBAS processing, interferograms with many unwrapping errors are
automatically identified by loop closure and removed. Reliable time series and
velocities are derived with the aid of masking using several noise indices. The
straightforward implementation of atmospheric corrections to reduce noise is
achieved with the Generic Atmospheric Correction Online Service for MT-InSAR
(GACOS). The reference points for the analysis were the GNSS stations located in
the area, namely LP02, LP03 and LP04 and their displacements were published
online (IGN 2021) (Table 3.2).

Displacements
GNSS station Latitude N Longitude W
(Sep 1- Oct 1, 2021)

Degree (WGS84) Degreee (WGS84) East (mm) North (mm) Opht

(mm)

LP02 28°40' 03.07" 17° 56' 28.90" ND ND NDX
LP03 28° 34' 45.35" 17°52' 13.21" ND -131 211
LP04 28° 32' 23.27" 17°51' 59.35" 39 -125 76

Table 3.2: References GNSS stations for the MT-InSAR analysis (2021). ND stands for “not
detected at +/- 5 mm resolution”. Displacements were estimated from official plots published
at IGN

For the analysis of deformation of La Palma Island, we worked with the frames
provided by COMET (2021) using the available data from Sentinel-1 A/B. The
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frames 060A_00001_030604 and 169D_00001_020800 include 1222 interferograms
obtained between January 2019 and December 2021, 522 from Sentinel-1 images on
the ascending track 60 and 700 from the descending track 169, respectively
(COMET, 2021). A first processing (P1) was carried out “in the middle of the
eruption,” to check the feasibility of quick MT-InSAR processing during
emergencies. This processing included available COMET interferograms from
September 1, 2020 to October 14, 2021. They were processed using LICSBAS on a
100%100 m grid, taking the GNSS station LP02 (IGN, 2021) located in the northern
block of the island as a reference point. The stability of LP02 allowed the velocities
and deformations to be compared with the GNSS stations. Ascending and
descending geometries were considered and processed, performing vectorial
decomposition to determine net vertical movements as proposed by Garcia et al.
(2018) based on the developments by Fialko et al. (2001) and Diao et al. (2016). A
second processing (P2) was carried out with the updated interferograms released by
COMET in December 2021, providing a longer record on the ascending Sentinel-1
track 60 and descending Sentinel-1 track 169, up to the 1222 interferograms
calculated from January 2019 to December 2021 (COMET ;2021). The area of
maximum deformation was delineated by selecting the points with velocities over
20 mm/year for the monitored periods, resulting in 2838 points from the 100¥100 m
grid in P1 processing (September 1, 2020 to October 14, 2021). We calculated the
main statistics of deformation (mm) for each date: average, maximum, minimum,

standard deviation, 95% percentile and 5% percentile.

The deformation estimated with MT-InSAR was validated with the time series of
displacements of available GNSS stations LP03 and LP04, taken from official plots
published at the IGN website (2021) using WebPlotDigitizer 4.5. The average
vertical deformation time series were calculated for all the deformation points
included in the surrounding 500 m buffer of the GNSS stations and were compared

with the recorded displacements at these stations.

This section relies on the multidisciplinary work developed by Kuk-Ahpan research
group; different analyses were done under the common purpose of understanding
the volcanic eruption at Tajogaite in 2021 (Benito et al., 2023), as a result from this
work, nine phases were identified in the whole process of the eruption; this was
helpful to understand the MT-InSAR results.



3.2.3. Results and discussion

Ground deformation was analyzed in an initial fast response processing (P1) for the
period from September 1, 2020, to October 14, 2021. This processing highlighted an
area of maximum deformation (ca. 31 km2) on the SW slope of the Cumbre Vieja
complex delimited by coordinates 17.9196 W, 28.5213 N and 17.8576 W, 28.6123 N
(WGS 84), with uplift velocities of over 20 mm/year. The area is framed by the
former Todoque village (North) and the GNSS stations LP03 (East) and LP04
(South) (figure 3.4). The deformation pattern was analyzed during the pre-eruptive
and eruptive phases, emphasizing the behavior of the area of maximum deformation
with higher uplift velocities than the rest of the island during the monitored period
(September 2020—October 2021) (figure 3.5a).
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Figure 3.5:A Vertical deformation velocity (mm/year) decomposed from the line-of-

sight displacements measured from the ascending and descending Sentinel-1
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images (September 2020—October 2021). Yellow arrows show the scaled planimetric
displacements of GNSS station (IGN 2021) B Vertical deformation time series of a
point (zoomed) at —17.8896 (W) and 28.5943 (N) from the maximum deformation

area.

The deformation trend in this area was an uplift that began to increase shortly
before the eruption (mid-August) with a breaking point around September 11, after
which, deformation accelerated sharply reaching a global maximum by the
beginning of October (figure 3.4b). A vectorial decomposition of displacements was
performed, integrating the results of Sentinel-1 ascending and descending tracks.
The decomposition shows a net uplift movement of the points located at the
identified deformation area (figure 3.4b). The vectors of planimetic displacement of
GNSS stations were drawn in figure 3.4a based on data presented in Table 2 (IGN,
2021). LICSBAS processing provided few points with deformation time series
around LP03 station due to decorrelations, with the nearest point at 427 m
(ellipsoidal length). Figure 3.5 shows the comparison of the deformation series of
LP03 and LP04 stations with the average vertical deformation of points located
within the 500 m buffer (7 points for LP03 and 70 for LP04).
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Figure 3.6:Vertical deformation (mm) in the period August 11 to October 18, 2021 measured
at GNSS stations versus average vertical deformation of MT-InSAR points in the 500 m
buffer of LP03 (A) and LP04 (B)



Benito et al. (2023) defined 9 phases (Figure 3.6) of the eruption which helped the
evolution of the event to be analyzed. The differentiation of phases within this study
allowed us to identify the way in which deformation data aligns with various
volcanological indicators such as eruptive columns, sulfur dioxide emissions, and
the emergence of new volcanic vents. This alignment also included geodetic and
thermal data, with noticeable pre-eruptive anomalies being observed two months
prior to the onset of the eruption. Building on the analysis of recent volcanic activity,
the study proposes two potential scenarios for future volcanic hazards. The insights
gained from this research could be instrumental in enhancing the current practices

In emergency response, monitoring, and prediction of future volcanic events.

The second LICSBAS processing (P2) allowed the pattern of deformations during
the identified seismic phases up until December 19, 2021 to be analyzed (Figure
3.6a).
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Figure 3.7: Temporal evolution of the pattern of deformation in LOS direction (mm):
average, 95% and 5% percentiles for the deformation area processed using LICSBAS with
automatic reference point

Note the sharp increase in deformation parallel to the peak of seismicity around
September 11, 2021, (Phase 2), eight days before the eruption (September 19). The
latter phases showed fluctuations up until the extinction of the volcanic activity. In
order to better characterize the pattern of deformation, the velocities of deformation
in LOS direction were calculated for each of the identified phases. This analysis
allows the characterization of deformation during the pre-eruptive and eruptive

periods (Figure 3.7). The results show a net increase in velocities in phase 2, with
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relatively stable phases 3 and 4, followed by a reactivation in phase 5. Phases 7 and

8 showed fluctuations up until the end of the eruption.

When integrated with MT-InSAR data, the graph highlights the spatial extent of
ground deformation, enriching the seismic activity profile (Figure 3.8). MT-InSAR's
precise deformation measurements provide a spatial context to the seismicity, such
as correlating ground deformation with the depth and magnitude of earthquakes.
Moreover, it aids in cross verifying the rise in volcanic activity, indicated by
parameters like the height of the eruptive column and SO2 emissions, with actual
surface changes. This integrated approach, leveraging MT-InSAR data, offers a
multi-dimensional view of the geophysical processes at play, underscoring the

dynamics between subsurface movements and their surface manifestations.
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3.2.4. Conclusions

This research underscores the significance of pre-eruptive anomalies identified two
months prior to the eruption, highlighting MT-InSAR's critical role in predicting
volcanic events. Such early warnings are indispensable for implementing effective
emergency preparedness and response mechanisms, potentially saving lives and

reducing economic impacts.

Integrating MT-InSAR deformation data with additional volcanological, geodetic,
and thermal information has revealed a comprehensive view of the underlying
processes of the eruption. This multidisciplinary approach not only enhances the
accuracy of monitoring volcanic activities but also contributes significantly to
hazard assessment. By developing two potential hazard scenarios based on the
recent eruptive history of La Palma, this study provides a valuable framework for
disaster management and planning, emphasizing the importance of preparedness

for future volcanic events.

The findings from this section highlight the potential for improving emergency
measurement monitoring and forecasting of future eruptions. Such improvements
are essential for enhancing the resilience of communities prone to volcanic hazards.
The insights gained from analyzing the Tajogaite eruption through MT-InSAR offer
a methodological template for future research in other volcanically active regions.
This approach demonstrates the importance of continuous and integrated

monitoring efforts in managing volcanic risks effectively.

In essence, this section of the thesis reinforces the value of MT-InSAR in supporting
traditional seismic risk assessment methods and advancing the understanding of
urban resilience against natural hazards. The comprehensive analysis presented
here contributes to the broader field of geological hazard prevention, offering critical
insights for the development of more robust emergency plans and mitigation

measures 1n the face of volcanic threats.

3.3.Outcomes

It is evident that MT-InSAR is a robust tool for monitoring deformation related to
seismic and volcanic activities. The case studies of San José in Costa Rica and La
Palma in Spain offer valuable insights into the capabilities of MT-InSAR
techniques. The deformation patterns of the Central Canton of San José suggest a

relatively stable ground motion, with the peripheries indicating more activity,
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particularly near river margins. In contrast, the 2021 eruption on La Palma
provides a scenario where MT-InSAR played a critical role in mapping the

deformation related to volcanic activity.

In conclusion, the successful application of MT-InSAR in these geographically and
geologically distinct areas underscores its versatility and reliability. It proves that
MT-InSAR can make significant contributions to hazard assessment and mitigation
strategies. Future work should continue to refine these methods, considering the
limitations and opportunities presented by different geological settings. The
integration of MT-InSAR with other geodetic and geophysical data remains

essential for comprehensive hazard monitoring and risk management



4. Analysis of ground deformation dynamics in
Guatemala City with MT-InSAR

Chapter based on the following publication...

Garcia-Lanchares, C., Marchamalo-Sacristan, M., Fernandez-Landa, A.,
Sancho, C., Krishnakumar, V., & Benito, B. (2023). Analysis of
Deformation Dynamics in Guatemala City Metropolitan Area Using

Persistent Scatterer Interferometry. Remote Sensing, 15(17), 4207.
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4.1.Introduction

Research has evidenced that water pumping for urban and agricultural use is
one of the primary factors triggering land subsidence (Chaussard et al., 2014, 2017;
Engi, 1985; Ezquerro et al., 2020; Koudogbo et al., 2012; Normand & Heggy, 2015;
Zhu et al., 2015). MT-InSAR is an accurate tool that can be applied to groundwater
management and used to monitor changes in urban areas and predict disasters to
avold economic, environmental, and human losses. The conservation and efficient
use of water resources is of great concern to the RMG government. Factors such as
climate change, environmental degradation and pollution have contributed to water
scarcity in Guatemala (I. R. Herrera Ibafiez & Brown Manrique, 2011; I. Rodolfo
Herrera Ibafiez, 2018). Due to population growth, there has been an increase in
groundwater exploitation, resulting in lower water levels in some wellfields (I. R.
Herrera Ibanez & Brown Manrique, 2011; I. rodolfo Herrera Ibanez, 2018; Morales,
2012). In addition, deforestation of hydrographic basins has led to an increase in
surface runoff, hence decreasing infiltration into the soil. The sealing of land
through construction and urbanization of areas, excessive use of aquifers by public
and private entities, lack of regulations and control on the use of water resources
along with other factors, threaten the availability of this vital resource (Recinos
et al. 2019).

Guatemala City is located in an area that has been affected by highly destructive
earthquakes throughout history. Specifically it has suffered 21 major earthquakes,
with an intensity on the Mercalli scale greater than VIII (Lang et al., 2009). The
study area contains important faults and volcanic elements, with the Mixco and
Pinula fault structures being the main faults located within the study area, and

Santiaguito, Fuego, and Pacaya being the main volcanoes (Pérez, 2009).

Several sinkholes and some other local events have been identified in the study area.
A major sinkhole cited in the literature (Hermosilla, 2012) appeared in the year
2007, measuring 30 m in diameter and 60 m in depth. In the short period between
June and October 2022, nine sinkhole events (Dominguez & Vega, 2022), with
associated collapsed buildings, were recorded in the study. As mentioned above, this
study focuses on diagnosing the patterns of deformation in the main urbanized
zones of RMG and aims to locate and quantify the severity of the deformation

phenomenon in the area.

The use of MT-InSAR technology is being contemplated as a potentially

economically sustainable approach to detect areas of instability. Given the reported


https://www.zotero.org/google-docs/?GV3Gxg
https://www.zotero.org/google-docs/?GV3Gxg

cases in the literature of environmental characteristics and population growth in
the area, addressing this case study is deemed important. Understanding the
conditions of change 1s crucial in meeting the most affected areas and can aid in

finding the causes and developing solutions to avoid future problems.

4.2.Data and Methods

4.2.1. Study area

The study area encompasses the municipalities of Guatemala City, Mixco, Villa
Nueva, San Miguel de Petapa, and Santa Catarina de Pinula. They integrate the
RMG (Regién Metropolitana de Guatemala), spanning a total area of 47,218

hectares.

The Guatemala City valley lies at the intersection of three tectonic plates: North
America, Caribbean, and Cocos. The Cocos plate subducts under the Caribbean
plate in the Mesoamerican trench, giving rise to the Central American mountain
range of volcanoes. This range has attained its maximum growth in Guatemala, and
1s characterized by calderic cones and depression outcrops, with acid volcanism
represented by rhyolites, ignimbrites, and pyroclasts. The Guatemala City valley
can be defined as a graben or trench bounded on the east by the Pinula and on the
west by the Mixco faults (Pérez 2009; Guzmén Ramirez 2002). The geological
formations in the area consist of granitic intrusive rocks, rhyolitic lava flows,
sediments, and tuffs, which constitute the Tertiary volcanic group. Additionally,
there are Quaternary volcanic deposits in the form of tephras (pyroclasts) that
culminate in alluvial deposits. The geology was reclassified into four classes:
alluvium, sedimentary rock, tephra, and other volcanic rocks (Figure 4.1) (Brown
et al., 1980; Koch & McLean, 1981; Pérez, 2009; Vaides del Valle, 1973).
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Figure 4.1:Geomorphology, hydrology, and geology of the Metropolitan Region of
Guatemala. Projected coordinate system WGS84 UTM zone 15N

The formation process of the Guatemala City valley is intricately linked with the
Motagua and Jalpatagua faults, and the zone of distension that arose at their
intersection. During the Middle Miocene, the Motagua and Pinula faults became
increasingly active (Weyl, 1980) , resulting in the creation of a weaker zone that
facilitated the rise of magma to the volcanic structures of the Pinula and El Naranjo
volcanoes. While this zone initially served as a channel for magma to rise,
continuous movements of the faults in the distension zone eventually led to the
formation of the Mixco fault. The shape of the Mixco fault closely follows the contour
of the relict structure of the Pinula volcano, and its movements induced the
subsidence of the valley and its volcanic structures. The boundary between the
depression and the volcanic structure is delineated by the El Trébol fault within the
Guatemala City valley (Pérez, 2009). Guatemala City was established as the capital
of the country in 1773, after the former capital of Santiago de los Caballeros was
devastated by the Santa Marta earthquake (Benito Oterino & Torres Fernandez,
2009).



Analyzing isophreatic lines from 1978, 1995, and 2012 (I. Rodolfo Herrera Ibafiez,
2018) , a decline in the water table over the past three decades of exploitation was
observed. In sedimentary rock deposits, the water table has decreased by —3 to —5.5
m/year, while volcanic aquifers have decreased by around —3.4 m/yr. Due to
uncontrolled exploitation of aquifers without legal regulation, excessive
groundwater extraction is taking place in the area, risking premature depletion of
the reserves (I. Rodolfo Herrera Ibafez 2018).

4.2.2. Data

A total of 226 SAR images were processed, including both ascending and descending
geometries from Sentinel-1 constellation satellites A and B (Figure 4.2). All images
are Single Look Complex (SLC) TOPSAR data acquired in Interferometric Wide
(IW) swath mode with VV polarization, for the time frame of January 2017 to
September 2021 (Table 3.3).

. Last Mean .
. First as . L Heading
Satellite Geometry Orbit Images Polarization Inc. Angle ©)
mage e
& Image angle (® g
S1A 08/01/2017  08/09/2021 Asc 136 112 \'AY 39.2 349.3
S1B 12/01/2017  12/09/2021 Desc 26 114 \'AY 36.5 190.6

Table 4.1: Sentinel-1 image characteristics

The SeNtinel Application Platform (SNAP) version 9.0.0 developed by the European
Space Agency (ESA), snap2stamps, and the Stanford Method for Persistent
Scatterers (StaMPS) software were used following SNAP-StaMPs integrated
processing for Sentinel-1 PSI (Foumelis et al., 2018).
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Figure 4.2: Study area and footprints of ascending and descending images. Projected
coordinate system WGS84 UTM zone 15N

To achieve satisfactory outcomes, it is crucial to appropriately configure the input
parameters for StaMPS processing to prevent the occurrence of non-natural
artifacts. StaMPS parameters significantly influence the final results. The
characteristics of the analyzed movements impact the processing results,
emphasizing the importance of appropriate settings. In our case, default parameter
values led to an irregular stepped trend in several PS time series. To address this,
parameters related to atmospheric filtering, phase unwrapping, and estimation of
the Spatially Correlated Look Angle (SCLA) error have been set to values explained
by Balbi et al. (2021). Specifically, these modified parameters introduced in the final
steps of StaMPS that allowed us to obtain a more natural trend are as follows:
“unwrap_time_win” set to 24 days (default 730 days) to smooth the phase in time by
estimating noise for each pair of neighbouring pixels; “unwrap_grid_size” set to 10
m (default 200 m) for spacing of the resampling grid; “unwrap_gold_n_win” set to 8
(default 32) for the size of the window used in the Goldstein filter; “scla_deramp” set
to “yes” (default “no”) to estimate the phase ramp for each interferogram; and
“sen_time_win” set to 50 days (default 365) for the window size of the low-pass

temporal filter.



MT-InSAR Processing and Vectorial Decomposition

Both geometries were referenced to a compact area with highly temporal coherence
(>0.8) near the GNSS station GUAT (14.590, —90.520) (Blewitt et al., 2018). The
reference point is in a flat area (slopes close to zero degrees) over the tephra geology
class. Line-of-Sight (LOS) ascending and descending series were combined in a
vectorial decomposition to obtain the vertical and east—west displacements. Each
point in the ascending geometry is paired with the nearest neighbour point in the
descending geometry, not further than a given predefined threshold. This distance
threshold has been defined according to the accuracy of the position of the PS. Under
the assumption that there is no movement in the north—south planimetry direction,
it is possible to decompose LOS movements on the vertical and east—west
planimetry directions. For each ascending/descending pair of points, we compute
decomposed movements following Equations 4.1 and 4.2. This decomposition
approach has been successfully applied in previous studies (Delgado Blasco et al.,
2019; Ruiz-Armenteros et al., 2023):

cosOdE . — cosfC e
LOS LOS
Aegst = 2 (4.1)

€oSB cospACsin U — cos B cos P sin P

SinB = cos A=t ATE . — sinf% cos P Ao

oS0 cospeCsin 095 — cosBU cos ™ sinHSC

dup =

(4.2)

Equation 4.1 and equation 4.2

where dascLOS and ddescLOS are the measured displacements in the Line-Of-Sight
(LOS) direction for the ascending and descending datasets, fasc and Odesc are the
looking angles for the ascending and descending LLOS directions, ¢asc and ¢desc are
the horizontal angles of the LOS directions measured from the north in a clockwise
direction, and duw and desst are the decomposed mean deformations in the vertical

and east directions (Figure 4.3).
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Figure 4.3: Decomposition of the vertical and horizontal (east—west) components of
deformation

The combination of ascending and descending PS was performed in the vector
domain (Delgado Blasco et al., 2019; Samieie-Esfahany et al., 2009), combining PSs
based on spatial proximity. Any PS located in one geometry that lacked
neighbouring PSs in the opposite geometry within a designated search radius of 10

m were omitted.

4.2.3. Deformation Analysis and Identification of Critical areas of

Subsidence

With the aim of highlighting the existing patterns over the vertical velocity
deformation maps, a Jenks classification with six classes was performed with QGIS
software (Jenks, 1989; Jenks & Caspall, 1971). Class ranges were rounded to closer
multiples of 10, considering the range and variability of vertical deformations in the
area of study. Velocity profiles were drawn over the areas with the largest
subsidences to perform a qualitative analysis of the trends and patterns of the
vertical and east—west deformation average velocities. Kriging techniques (Oliver
& Webster, 1990) were applied to delineate the critical areas of subsidence. In the
generated rasters, regions displaying subsidence rates exceeding 10 mm/yr were
carefully identified and outlined as areas with the most significant subsidence
patterns. The administrative zones and the Global Human Settlement Built-up area
product (Pesaresi & Politis, 2022) were employed to accurately quantify the extent

and severity of the impact on each of these administrative zones.



In order to delve deeper into the analysis and identify consistent patterns of
deformation, a comprehensive examination was conducted within the study area.
Specifically, relevant Areas of Interest (AOIs) were delineated and characterized,
aiming to pinpoint distinct zones exhibiting significant subsidence. These AOIs were
defined as areas where vertical deformations exceeded 10 mm/yr and encompassed

an area larger than 50 hectares.

The deformation patterns of each AOI were examined independently and in
conjunction with other variables. Deformation maps were analyzed jointly with
slope (%), elevation (m.a.s.l.), aspect, and geology class. For this purpose, we used a
DTM from Alos Palsar-1 (Japanese Aerospace Exploration Agency, 2023) and the
geology map classification developed by Intituto Geografico Nacional in Guatemala
(Brown et al., 1980; Koch & McLean, 1981; Ritchie, 1977; Vaides del Valle, 1973) .
This map was reclassified according to the four main geology classes that can be

found in the area: sedimentary rocks, alluvium, tephra, and other volcanic rocks.

In each of the AOIs, areas representing a subsidence trend were selected.
Subsequently, the time series of deformation for these areas were analyzed to assess

variations in subsidence trends and accelerations during the specified period.

4.3.Results and discussion

A total of 269,205 PSs were obtained after the decomposition into vertical and east—
west directions. A point density of 189 PS/km2 was obtained for the urban surface
inside the study area (Figure 4.4). According to the Global Human Settlement Built-
up area product(Pesaresi & Politis, 2022), 48% of the analysis area is urbanized,

while 51% 1s vegetated.

The obtained PS density coincides with other studies carried out in urban areas
using PSI MT-InSAR (Sadeghi et al., 2021). As expected, information gaps or low-
PS density areas correspond to regions with vegetation or complex topography. In
situations where subsidence is the predominant process, it can be postulated that
the horizontal displacement is directly proportional to the first spatial derivative of
the vertical deformation (Kratzsch, 1983; Samieie-Esfahany et al., 2009). By
applying this hypothesis, the horizontal displacement reaches zero in the maximum
subsidence point and at the edges of the subsidence bowl-like patterns. Conversely,
1t attains maximum values where the first spatial derivative of vertical deformation

is at its maximum, which aligns with observations made in other cases
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worldwide (Cigna et al., 2021; Cigna & Tapete, 2022; Kim et al., 2019; Samieie-
Esfahany et al., 2009; Zhu et al., 2015).
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Figure 4.4: General map of the vertical deformation velocities for the study area. AOIs are
located across five municipalities (Ciudad de Guatemala, Santa Catarina de Pinula,
Villanueva, Mixco, and Petapa), demarcated by black lines, and Ciudad de Guatemala is
further divided into 22 administrative zones, represented by blue lines. The projected
coordinate system used for the map is WGS84 UTM zone 15N



Administrative Area Vertical Deformation Velocity = 10 Total Urban Ratio

mm/yr (ha) Area (ha) (%)
Zone 1 6 609 1
Zone 3 31 246 13
Zone 4 13 a7 14
Zone 5 100 485 21
Zone 7 18 955 2
Zone 8 12 150 8
Zone 16 13 416 3
Zone 19 17 97 17
Mixco 185 4560 4
Petapa 355 1242 29
Santa;iisirjina de 57 1458 4
Villa Nueva g4 4019 2

Table 4.2: Total urban surface per administrative area affected by vertical deformations
over 10 mm/yr

4.3.1. Description of the deformation areas

The areas most affected by deformation in terms of surface are Petapa and Mixco,
located in the south and northwest of the study area, respectively, with urban
surface areas accounting for 355ha in the case of the former and 185 ha the latter.
Santa Catarina de Pinula, Villanueva, and Zone 5 (Guatemala City) also reach

subsidences of over 10 mm/yr in areas larger than 50 ha (Table 4.1).

Figure 4.5 presents the distribution of the PS vertical velocities for the main geology
classes. This distribution shows that the largest subsidence is located in the
alluvium class. The presence of numerous and widely scattered outliers for
sedimentary, tephra, and volcanic rock indicates a higher degree of variability and

potentially complex deformation patterns in these geology classes.
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Figure 4.5:Boxplots for PS subsidence velocity and the geology class

Most of the alluvium class is situated in the municipality of Petapa, which coincides
with the area where the highest deformation magnitudes have been observed. Non-
meaningful results were obtained in the comparison of deformation patterns with

the rest of the analyzed variables, such as slope, elevation, and aspect.

4.3.2. Areas of Interest: Critical Areas of Subsidence

Four different AOIs were identified and characterized, all of them presenting
subsidence velocities greater than 10 mm/yr in areas exceeding 50 ha (Figure 4.6).
These areas are located within the following zones: (i) Mixco and Zone 19 (AOI 1),
(i) historical area (AOI 2), (iii) Petapa and Villanueva (AOI 3), and (iv) Santa
Catarina de Pinula (AOI 4). In all these areas subsidence velocities exceed 20

mm/yr, reaching up to 6 cm/yr in Petapa/Villanueva.
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Figure 4.6: Administrative areas, geological structures, and critical areas of subsidence
(AOIs) in the Metropolitan Region of Guatemala. Projected coordinate system WGS84 UTM
zone 15N

The largest areas affected by subsidences of over 10 mm/yr are in AOIs 1
(Mixco/Zone 19) and 3 (Petapa/Villanueva), which reach 216 and 440 ha,
respectively, representing 1% and 2%, respectively, of the total urbanized surface
area in the RMG.

Figure 4.7 (AOI 1, 2, and 4) and Figure 4.8 (AOI 3) present the vertical and east—
west planimetry deformation patterns in the AOIs. Figure 4.9 presents the
corresponding profiles of vertical and horizontal deformation for the selected cross
sections. Subsidence bowl-like patterns, or depression cones, with a radial
displacement in planimetry towards the center of maximum subsidence, were
detected in AOI 1 (Mixco and Zone 19), AOI 2 (historical area), and AOI 4 (Santa
Catarina de Pinula). In AOI 1, three subsidence zones were identified. The
subsidence in Zone 19 exhibits a subsidence bowl pattern, while in the Mixco

subsidence area, western PSs were not obtained due to dense vegetation, hindering
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the confirmation of a subsidence bowl pattern. However, we observed westward
movements in the eastern part of that region. The third one, located south from Zone

19, shows net subsidence.
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Figure 4.7: Deformation patterns for AOIs 1, 2, and 4 showing vertical (left, red—yellow) and
horizontal (right, blue—green) deformations over 10 mm/yr and 7mm/yr, respectively.
Yellow rectangles indicate the location of the velocity profiles and pink circles show the
location of the selected PS time series for each Area of Interest. Black lines indicate
geological features. Projected coordinate system WGS84 UTM zone 15N



In AOIs 1, 2, and 4, we identified a pattern coherent with these subsidence bowl
deformation processes, or depression cones, associated with groundwater extraction.
This pattern is characterized by convergent horizontal deformations (eastward
movements in the western margin and westward movements in the eastern margin)
towards the areas of maximum subsidence. North—south displacements cannot be
estimated due to the geometry of the image acquisition and further decomposition;
therefore, the movements along the north—south axis could present the same order
of magnitude as the east—west movements, thus fitting the theoretical 3D cone
shape. These conical strains have maximum deformation velocities in the centre of
the areas that taper to the edges. This phenomenon was documented by (Hu et al.,
2009) in the Yang-tze delta, revealing a discernible correlation between
groundwater extraction and a temporal and spatial pattern of land subsidence. A
previous study in Guatemala (Kim et al., 2019) confirms the patterns appreciated

in the present study, compatible with depression cones caused by aquifer extraction.

Zhu et al. (2015) identified an area in northern Beijing with deformations of 55
mm/yr in the vertical component, partially matching the theoretical distribution of
a groundwater subsidence cone. This study attributes the irregularities to the
unequal thickness of the deposits. However, groundwater volume analysis using the
MT-InSAR technique is not fully feasible without accurate knowledge of the
lithology and stratigraphy of the study area (Ezquerro et al., 2020). Calibration data
are also required for the validation of groundwater management models. The need
for consistent information is one of the major challenges in hydrogeology
(Castellazzi et al., 2016).
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4.3.3. Deformation time series

Figure 4.10 shows representative deformation time series for each of the subsidence
areas in the AOIs (footprints of selected areas located in Figure 4.7 and Figure 4.8.
For AOI 1 (Zone 19), the time series integrates the deformation of 47 points situated
at the center of the subsidence area, covering an area of 6.1 ha. The average
subsidence velocity for this time series i1s 21.28 mm/yr. Notably, there is a sudden
Increase in subsidence velocity, commencing after October 2018. As for AOIs 2, 3,
and 4, their respective time series exhibit average subsidence velocities of 13.4
mm/yr, 59 mm/yr, and 16.2 mm/yr. These values were calculated based on 48, 58,
and 74 points located within the subsidence areas, spanning 1.4 hectares, 3.4

hectares, and 2.9 hectares, respectively.

3 AOI1 \ AOI2

Displ. [mm]

AOI3 TN AOl4

Dates

Figure 4.10: Representative deformation time series for the subsidence areas in the four
identified AOls, displayed as pink circles in Figure 4.7 and Figure 4.8. Time series show the
pattern of several PSs (ranging from 47 to 74), where the bold continuous blue line shows
the average time series of all selected PSs, and the light blue shadow represents the
standard deviation of all these selected PSs
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All these time series show different trends. The time series of AOI 1 shows a sudden
increase in subsidence velocity starting from October 2018 to May 2019. The times
series of AOI 3 show an increase in velocity from October 2018, while the time series
of AOI 2 show a slight deceleration from October 2018 and a stronger deceleration
from October 2019. Subsidence velocity remains constant for the time series of AOI

4 over the entire study period.

Kim et al. (2019) conducted a previous MT-InSAR study in a subset of the area of
study in Guatemala City, for the period between late 2014 and March 2018 (Kim
et al., 2019). Comparison of the observed patterns from this previous study with
those of the present study reveals a general agreement, considering the limited
overlap of only 15 months and the different areas of analysis. The behavior of the
central historical area (AOI 2) shows similar results in both studies, with a
maximum subsidence deformation of 27 mm/year, consistent with our findings for
the overlapping period. Similarly, east—west deformation shows similar patterns.
There are other areas in (Kim et al., 2019) that present no significant deformations
in our study period (January 2017—September 2021). The first of these is located in
the southeastern area of administrative Zone 6 (north of AOI 2), with a measured
subsidence of up to 17.5 mm/year between 2014 and 2018. However, in our longer
time series (2017—2021), this area showed mean subsidences of under 5 mm/year,
explained by the double deceleration that the time series shows for October 2018
and October 2019 (Figure 4.10). There are also two subsidence areas located in
administrative Zones 10 and 14 (south of AOI 2), consistent with Kim et al. (2019).
However, our results show no meaningful subsidence in central administrative Zone
16 (eastern AOI 2) due to a lack of PSs.

Deformation time series for AOI 1 (Figure 4.10) shows a sudden increase in
subsidence velocity starting from October 2018 to May 2019. This area is affected
by the Mixco fault system (Guzman Ramirez, 2002; Pérez, 2009). The change in the
time series coincides in time with two registered earthquakes of over 5.4 Mw
reported on October 12th and 18th 2018 (United Stated Geological Survey, 2018).

In AOI 2, the subsidence and east—west deformations expand over the entire AOI,
indicating either a wide subsidence bowl or a combination of diverse subsidence
processes, as shown in the profiles in Figure 4.9. AOI 4 also shows a pattern
compatible with a subsidence bowl or depression cone pattern. In these AOIs (1, 2,
and 4), the subsidence velocities reached 20 mm/yr, while the planimetry

magnitudes remained below 13 mm/yr.
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The results for AOI 3 show that the deformation points are mainly located within
the boundaries of the Amatitlan caldera, with a significant concentration of PSs
displaying an eastward movement within the Amatitlan caldera and along the
southern part of the Mixco fault system (Bohnenberger, 1996). In this AOI, the
planimetry magnitudes remained below 13 mm/yr, as in the other AOIs, but

subsidence velocities reached up to 60 mm/yr.

The deformation time series of AOIs 2 and 3 show trend changes after October 2018:
the time series of AOI 2 decelerate, while the time series in AOI 3 accelerate.
Analyzing the possible effects of seismic events in triggering deformation dynamics
would appear to be of considerable importance. The velocity profile of AOI 2 (Figure
9) shows a subsidence bowl pattern in the first part of the profile. The distribution
of the vertical deformations in the profile shows different overlapping areas of
subsidence, which suggests a combination of different driving processes (water
extraction, geological activity, anthropogenic works, etc.).

In AOI 3, the alluvial sector in the south of the study area presents higher values of
subsidence, coinciding with an area of water extraction. The deformation pattern is
intense and more uniform than in the other classes of geology. This behavior can be
related to three phenomena: first, water withdrawal in Ojo de Agua, which is the
group of water wells from which around 72% of the groundwater from the aquifers
of the central valley is extracted (Herrera & Orozco, 2010; I. Rodolfo Herrera Ibafiez,
2018); second, alluvium areas happen to be prone to seismic hazards (Blissenbach,
1952; Davis, 1925; Eckis, 1928; Sharp & Nobles, 1953); third, its location at the
boundaries of the Amatitlan caldera and the presence of associated faults
(Bohnenberger, 1996).

The characterization of the deformation patterns in the RMG opens up new avenues
for investigating their origins and can lead to improved urban and infrastructure
management practices. Further research in this area would enable the
identification and anticipation of local events, such as landslides and sinkholes, as
well as the monitoring of infrastructure during construction and operation.
Developing a historical database of such incidents would facilitate the application
of machine learning algorithms to predict future events and plan appropriate
measures to mitigate potential harm and losses.

Moreover, the integration of data from other SAR sensors (such as L-band and X-
band) and combination with other MT-InSAR algorithms (Berardino et al., 2002)
based on distributed scatterers would prove advantageous, particularly in regions

with challenging topography or dense vegetation. Li-band SAR data could improve
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the monitoring in vegetated areas, whereas distributed scatterer processing would
provide results in the less coherent areas. Conducting small-scale investigations
that incorporate physical and environmental data, along with detailed GNSS
information, would further support future research efforts and enhance the validity

of our findings.

As an illustrative example, we refer to a recent news report by Garcia and Kestller
in September 2022 (Garcia & Kestller, 2022) , highlighting how several buildings in
the municipality of Petapa have been affected. Petapa municipality reached
maximum subsidence velocities exceeding 6 cm/yr in our study. This demonstrates
the real-world implications and significance of studying deformation patterns for

the betterment of local communities and infrastructure management.

4.4.Conclusions

The results of this study indicate that the application of MT-InSAR in the Central
American region can provide valuable insights into surface deformation dynamics
and associated risks. MT-InSAR also provides valuable information for urban
planning and management, allowing authorities to identify areas of potential
disaster and take appropriate action and/or planning measures.

This research confirms that MT-InSAR PSI processing is a competent method for
characterizing deformation patterns in the Metropolitan Region of Guatemala
(RMG). However, the intricate topography and dense vegetation in the area posed
challenges with regard to accurately characterizing the deformation patterns.
Further research is necessary to combine data from different SAR bands, such as
using the vegetation penetration capabilities of L-band and combining PSI and
distributed scatterer algorithms to complete the characterization of the identified
deformation patterns. Critical areas in the RMG were identified for the monitored
period. The delineation was based on qualitative analysis and Jenks classifications.
Future studies will focus on clustering and machine learning methods considering
time series of relevant variables and time-precise variations based on registered
events (such as earthquake records).

Additional research is needed to characterize some of the observed deformations,
such as the subsidence bowl patterns, which are currently depicted in the literature
as depression cones induced by water withdrawal processes. Furthermore, these
patterns should be verified alongside the water extraction and precipitation data

records.



It is also recommended that we analyze the influence of tectonics and geological
factors in the observed deformation patterns, excluding other driving forces, such as
anthropogenic activities. The study area is traversed by dense geological structures
(faults, calderas, etc.) and complex river networks, making it difficult to characterize
the relationships between deformation dynamics and causative factors. In the case
of tectonics, a reliable database of events and affected areas and structures 1s
required to conduct a thorough analysis. The collection and consolidation of these
data pose a challenge due to the lack of resources or governance structure in some

countries.
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subsidence in the Metropolitan area of Guatamala City (Publication ready to send)



5.1.Introduction

This section addresses the relations between observed deformations and
groundwater management in Guatemala Metropolitan Region, an area
characterized by multiple deformation processes. This study focuses on
understanding and characterizing these phenomena through various methodologies
and data collected from multiple sources. Garcia-Lanchares et al.(2023) identify and
characterize the main deformation processes in Guatemala City, reporting multiple
causes and proposing a more in-depth analysis of this issue. The Metropolitan
Region of Guatemala, characterized by a diverse and active geological framework
(Andretti, 1978; Denyer, n.d.), has historically recorded recurrent earthquakes,
landslides, and local subsidence phenomena (Dominguez & Vega, 2022; Garcia-
Lanchares et al., 2023; Kim et al., 2019). The localized vertical deformations
typically reach -20 mm/year, reaching values below -60 mm/year in the area between
Villanueva and Petapa municipalities. Garcia-Lanchares et al. (2023) applied the
MT-InSAR SNAP StaMPS algorithm to detect and characterize these processes in

22 zones of the main city and 4 municipalities. (see figure 4.5)

Several precedents suggest that one of the causes of these phenomena in Guatemala
City may be the intense extraction of water to supply the increasing population. The
identification of subsidence bowl patterns in basins identified through the MT-
InSAR technique suggests a direct relationship with the extraction of groundwater,
a phenomenon globally recognized and evidenced in metropolises like Jakarta
(Abidin et al., 2011) and Semarang; Mexico (Cigna & Tapete, 2022; Figueroa-
Miranda et al.,, 2018; Zhu et al., 2015). In Guatemala City, the monitoring of
management and hydrological characterization has been relevant as evidenced in
hydrogeological and geological studies (Herrera & Orozco, 2010; I. Rodolfo Herrera
Ibafiez, 2018; JICA, 1986; Morales, 2012). These studies emphasize the need for
continuous monitoring in response to the strong demand and the need for

sustainable urban development

Context of Guatemala City: Population and water resources

The demographic growth in Guatemala, particularly in its metropolitan areas, has
led to a considerable increase in the demand for natural resources. According to
Tzampoglou et al. (2023) technological advancements have contributed to an
exponential increase in industrial and agricultural production, as well as extensive
urbanization, predominantly in large cities. This phenomenon is directly linked to

increased use of water resources, as described by Bahri (2012). Bahri notes that
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migration to urban areas and their expansion generates a growing demand for water
for various uses, leading not only to its intensive extraction but also to its

contamination.

The XII Population Census and VII Housing Census indicate that Guatemala's
population stands at 14,901,286 individuals (Instituto Nacional de Estadistica
Guatemala, 2019), with an annual growth rate of 1.8% between 2002 and 2018. The
Department of Guatemala, encompassing Guatemala City and 16 additional
municipalities, hosts the most significant percentage of the country's population,
accounting for 20.2% of the total. This growth has led to increased infrastructure
development and the exploitation of resources such as groundwater. Between 2017
and 2019, the construction of 2 to 3 million square meters was authorized, with 45%
of these new construction areas corresponding to the municipality of Guatemala.
Construction and urban growth must be carried out within a framework that
considers risk assessments and disaster risk reduction (UNISDR, 2010). The use of
land sensitive techniques to disaster risks, urban planning, safe construction, and
robust infrastructure will not only contribute to improve water management but

will also protect lives and properties, thereby benefiting cities.

In terms of water resources, the sources for domestic use in and around Guatemala
City are diverse, encompassing rivers, groundwater, lakes, and springs. These are
vital for supplying potable water and fulfilling other domestic and industrial
requirements of the population. The dependence on these resources emphasizes the
crucial need for integrated and sustainable management of urban water to tackle
the challenges arising from urban sprawl and population increase. Persistent
groundwater depletion or overexploitation can result when groundwater extraction

surpasses its recharge across large areas and over extended durations, as indicated
by Gleeson et al. (2010) and Wada et al. (2010).

Hvdrologic background

Documented investigations into the hydrogeological framework and utilization of
wells in Guatemala City started with the INSIVUMEH, IGN, UN in the study
Andretti (1978), also by the Japan International Cooperation Agency JICA (1986).
This research, centered on tracking aquifer levels, prompted the drilling of many
wells that would eventually see widespread use. Additional studies in this field have
been carried out by Jacqueline Imelda Morales (2012), and Herrera and his team (
2010, 2011, 2018).



In the context of the metropolitan aquifer, the research by Morales (2012) provides
crucial data to enhance water extraction systems and to develop management and
prevention strategies. This study focused on determining the water table level of 32
wells, evaluating their spatial and temporal variation, and the annual extraction
rate, identifying critical wells in various sectors. The temporal piezometry series of
this work, covering the period from 2000 to 2011, has been instrumental in

understanding the evolution of water resources in relation to the current situation.

Herrera underscores the significance of managing aquifers sustainably, alerting to
the ramifications of overexploiting them. Despite efforts to monitor the situation,
Guatemala lacks comprehensive hydrogeological maps essential for the effective
utilization of groundwater. Moreover, Herrera (2018) study underlines the diverse
geological and climatic conditions in Guatemala, noting a lack of in-depth
hydrogeological research. The upcoming decade is expected to see a heightened
demand for groundwater in the nation, driven by over-extraction and the
contamination of surface water, highlighting the need for more efficient water
resource use and identifying aquifers nationwide for the exploitation and
conservation of groundwater (Herrera Ibafiez, 2018). Therefore, it was necessary to
define and characterize the volcanic aquifers that not only supply potable water but
also meet the industrial and irrigation needs of the communities above them, hence
aiding the sustainable development of the nation (Herrera Ibafiez, 2018). The key
reference is a manual by Alvarado et al. (2013) which addresses the management of

water resources in Guatemala City, providing a basis for their utilization.

Additionally, within the context of piezometric analysis, there are two more recent
references. Recinos et al. (2019) conducted a general analysis of flow networks in
the municipalities that formed the 2012 Mancomunidad Gran Ciudad Sur,
comprising Mixco, Villanueva, Amatitlan, Petapa, and Villa Canales. This group
aims to coordinate legislative actions within the context of the water situation. One
of the most significant outcomes of this study is the provision of spatial information
on the variation in equipotential piezometric surfaces of the groundwater level and
the directions of the main groundwater flows. In figure 5.1, a simplification of the

main emission and reception zones of water flows for the year 2018 can be observed.
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Figure 5.1: Study area showing the three main basins, underground flow directions and
equipotencial surfaces for each season (wet and dry). Geographical Reference system
WGSS84 (Elaborated from Funcagua, 2019)

The evolution of the groundwater level can be observed for a representative well
within each basin in Figure 5.2. All three of them show constant depletion on the
water level. Historical series records for the east basin are only available from the
year 2000, since this was the last area to be settled and therefore the area where

natural resource consumption is most recent.
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Finally, the most recent historical piezometric information is of vital importance
since 1t also provides a more detailed geological and hydrogeological
characterization of Guatemala City. Empagua et al. (2023). This research was
carried out by Empagua, the AECID, and the IGME (2023). The data obtained from
this study, through various techniques over the period 2020-2023, have been crucial
for this research.

MT-InSAR as a tool for water management

Various spatial remote sensing techniques can be wutilized to study the
overexploitation of groundwater and its consequences for human settlements
without the need to rely on extensive field data campaigns. These techniques include
multispectral imaging, radar, and gravimetry. Among these, MT-InSAR (Massonnet
& Feigl, 1998) has proven effective in studying the response of aquifers to over-
pumping (Galloway & Hoffmann, 2007) and its impact on urban infrastructures

(Bru et al., 2013), as well as in several other cases presented in table 5.1.



Reference Study area Max vertical sub Time range Method Geology SAR Sensor
(mm/xrv' \
Castafieda et al., 2009 Zaragoza (Spain) 17 1995-2000 SBAS Alluvial ERS-1/2
140 1996-2002 ERS-1/2
Ci ¢ al. 2091 Aguascalientes valley SBAS Alluvial/Fluvial
igna et al,, (Mexico ) 100 2003-2010 uviaitiuvia Envisat
120 2014-2020 Sentinel-1
Navarro-Hernandez Geediz Rivere Basin 90 2016-2021 SBAS Alluvial and lacustrine Sentinel-1
et al., 2023 (Turkive) sedimentarv rocks
Foroughnia et al., Tehran 130 2004-2010 . Envisat
2019 (Iran) PSI Colluvial
150 2014-2017 Sentinel-1
Tamayo Duque et al., Bogota (Colombia) 60 2014-2021 PSI lacustrine, fluvial, and Sentinel-1
2023 fluvioglacial clay
1 15 1992-2000 ic- ial- ERS-1/2
Coda et al., 2019 Campania PSI Pyroclagtlc alluvial
lacustrine complex
(Italy) 16 2002-2010 ENVISAT
Putri et al., 2013 Jakarta (Indonesia) 1750 2010-2013 DINSAR Alluvial TerraSAR-X
Osmanoglu et al., Ciudad de Mexico 300 2004-2006 PSI Alluvial Envisat

2011

Table 5.1:References on MT-InSAR study cases of subsidence due to water withdrawal
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In this complex scenario, the use of Synthetic Aperture Radar Interferometry (MT-
InSAR) has proved to be as a valuable tool. According to research by Castellazzi et
al. (2016), Galloway et al. (2007), and Bru et al. (2013), MT-InSAR has proven
effective in studying the response of aquifers to overexploitation and its
consequences on urban infrastructures. For example, in Ezquerro et al. (2014) the
correlation analysis conducted between displacement and piezometric time series
provides a correlation coefficient of over 85% for all wells, demonstrating its
efficacy in such applications. Despite its usefulness, it has been observed that MT-
InSAR does not detect deformation dynamics equally in all soil structures or for
every depth (Radutu et al., 2017). For example, F. Chen et al. (2012) shows that
Quaternary sediments are highly related to significant displacements (primarily
at a rate of —15 to 15 mm/yr), although other significant structures such as faults
should be considered to establish a characterization of an area. The same authors
suggest that different sediments with different porosities can induce uneven
displacement trends, which should be considered in city planning. Furthermore,
Ezquerro et al. (2014) showed that in the case of the detritic aquifer of the city of
Madrid, the correlation between displacement and piezometric measurements is
four times higher for linear behavior than for non-linear. However, the specific

impact of soil types on the capabilities of MT-InSAR requires further investigation.

In the case of Guatemala city, periodic general measurements have been conducted
at same wells along with other hydrological factors, as corroborated by various
studies (Alvarado et al., 2013; Andretti, 1978; Ezquerro et al., 2014; Herrera &
Orozco, 2010; I. R. Herrera Ibanez & Brown Manrique, 2011; I. rodolfo Herrera
Ibafiez, 2018; JICA (Agencia de Cooperacién Internacional del Japén), 1986;
Morales, 2012; Velasquez, 2018).

This study focuses on assessing the extent to which water extraction can be
monitored via remote sensing tools, a method that is increasingly necessary given
the urgent need for cost-effective and globally applicable techniques to study
groundwater depletion and its impacts, as highlighted by Famiglietti (2014) and
Castellazzi et al. (2016). This endeavor is supported by literature highlighting the
role of hydrogeology in explaining the correlation between hydrogeology and MT-
InSAR analyses, as seen in studies by Castellazzi et al. (2016), Chaussard et al.
(2017), Cigna et al. (2021), Ezquerro Martin (2021) and Galloway & Hoffmann
(2007).
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Research Questions and Objectives

The growing interaction between urban development and hydrogeological
dynamics in Guatemala City raises significant challenges and critical research
questions. Given the intensification of water resource usage and the subsidence of
certain areas due to water extraction, it is crucial to explore how subterranean
characteristics impact and are impacted by such extraction. In this context, the
question arises of whether there is a correlation between the velocities detected by
MT-InSAR and specific soil characteristics. Moreover, the study aims to
understand whether there are any particular qualities that make the soil more
prone to collapse and whether it is possible to identify areas which are less

vulnerable to subsidence due to water extraction.

The primary goal of this study is to analyze and explain the piezometric evolution
in the metropolitan area of Guatemala City and its adjacent municipalities, using
data provided by the MT-InSAR SNAP-StaMPS technique. This research will focus
on hydrogeological characterization and soil variational behavior. Despite
limitations due to the sample size and the scale of cartographic and hydrogeological
data, the aim is to shed light on underground dynamics. The relationship between
piezometric differences and deformation rates observed by MT-InSAR will be
examined, with a particular focus on characterizing water wells based on their
location, depth, and lithological features. Additionally, potential areas for
intensive monitoring will be identified, where further piezometric measurements
could more accurately reflect the actual state of the aquifer. This comprehensive
approach seeks to provide a deeper understanding of how water resource
management and urban design can adapt to the complex geological and
hydrological conditions of the region, thereby contributing to the long-term
sustainability of Guatemala City and its surroundings. Hence, the main questions

addressed in this study are as follows:

- Is there a relationship between deformation rate detected by MT-InSAR and
the piezometric measurements?

- What is the relevance of the specific soil characteristics in Guatemala City
and its adjacent municipalities?

- Which are the geological types where deformations are more related to

aquifer variation?
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5.2.Material and methods

To address the above stated questions and goals, an overview of the analyses
conducted is provided. This includes a statistical analysis aimed at examining the
direct correlations between MT-InSAR data and piezometric information. As
highlighted in the introduction, the hydrogeological characterization was given
significant attention. Therefore, data were categorized based on this
characterization. Owing to the constraints of the available data, this
environmental characterization was estimated by drawing on prior studies

undertaken in the same study area.

5.2.1. Study area

The primary area covered by the data encompasses three basins that comprise the
urban area, consisting of Guatemala City and adjacent municipalities. These

basins are typically referred to as east, north, and south basins (Figure 5.1).

The hydrogeological framework of the area under study is determined by both
regional and local tectonic events, as described by (F. Hu y Wu 2018). This is
marked by a system of blocks that undergo subsidence and uplift, interconnected
throw hydrogeological process primarily through open fractures perpendicular to
fault planes and horizontal joints. Active zones for water storage and circulation
are present in the subsided blocks, which exhibit regional continuity. These
subsided blocks are recharged by water coming from the uplifted blocks, with this
recharge being transmitted via a network of lateral cracks and fractures. This
network facilitates the direct connection of porous materials with the fracture
system, thus aiding the movement and distribution of groundwater in the studied

area.

The composition of blocks includes various types of strata or aquifers, which may
be interconnected. These aquifers can be categorized based on origin, behavior, or,
most commonly, location. There are two main types of aquifers distinguished by
their vertical location and differentiation: the lower and upper aquifers. The
thickness and composition of these aquifers vary depending on their specific

location.

- Upper alluvial aquifer: The study area is extensively overlain with volcanic ash,

pyroclastic materials, and alluvial deposits, with the latter being nearer to the


https://www.zotero.org/google-docs/?qw1JFi
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surface. According to JICA (1986), these volcanic sediments have been shaped by
river erosion, creating deep, branched gullies with depths varying from 150 to 250
meters. Superficial aquifers are located within these sediment layers. The
alluvium constitutes a notably shallow aquifer, generally under 50 meters deep,
with the extracted water primarily designated for non-potable uses. These aquifers
are situated in valley beds and colluvial deposits formed from Quaternary erosion
on the slopes. Given the significant reduction in flow during droughts and
hydraulic connection to rivers, these aquifers are not regarded as viable for
hydrogeological exploitation, owing to their depletion risk. Additionally, they lack
both vertical and horizontal continuity. The alluvial sediments consist of rounded
pebbles, gravels, sands, silts, and clays, presenting average permeabilities between
3.8 and 14 m/d.

- Upper Pyroclastic Aquifer: The aquifer composed of pyroclasts or volcanic fillings
can extend to depths ranging from 200 to 400 meters. Its transmissivity depends
on the material's porosity. Rainfall infiltration recharges this aquifer type, but at
some levels, such compactness occurs that it restricts permeability. In terms of
watershed divides, it is conceivable that two pyroclastic bodies, each in a separate
basin, might form distinct aquifers. Pumice pyroclasts exhibit primary
permeability, typically in the medium range of 1.3 to 20 m/d, attributed to the

abundance of fine materials and the compaction of these materials.

The zone of hydrogeological significance is defined in a vertical extent, beginning
at an elevation of 1,100 meters above sea level, encompassing a layer about 400
meters in thickness. The stratigraphy of this zone varies depending on geographic
location and is primarily made up of volcanic tuffs, tertiary-era lava flows, and
ignimbrites from the base upwards. The presence of these materials plays a crucial
role in shaping the hydrogeological properties of the region, affecting both the
availability and the dynamics of the groundwater movement in the area (Recinos
et al., 2019).

- Andesitic and basaltic lava formations, due to their nature, exhibit depositional
structures, consolidation processes, and a notable tendency to develop open
fractures. These features, along with their hardness, render them effective aquifer
materials. On the other hand, the local sedimentary rocks, comprising limestone
and dolomitic limestone, are equally recognized as suitable aquifer materials
because of their high degree of tectonization. This aspect is conducive to aquifer

system development, with their efficiency reliant on connections to broad recharge
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zones that support the renewal and preservation of subterranean water resources
(JICA, 1986).

- Lower Andesitic Lava Aquifer: Found at deeper levels, this aquifer is composed
of hard and impermeable material derived from old volcanic flows. Its water
storage is confined to areas that are fractured or have significant structural
discontinuities, such as faults. Water recharge occurs not only from infiltration
from the overlying strata but also from surface outcrops. The aquifer, formed by a
combination of dacitic and andesitic lavas and some layers of welded vitric tuffs,
has average permeabilities between 1.7 and 32 m/d. (JICA, 1986)

- Lower Limestone Aquifer: Comprising ancient, isolated limestone, this aquifer
system operates distinctly due to its reliance on conduits rather than pore spaces.
(JICA, 1986) The intrinsic porosity of the limestone varies, and its secondary
permeability in carbonate aquifers results from the dissolution of bedding planes,
fractures, and faults, rendering them highly anisotropic and heterogeneous. The
permeability values range from 0.1 to 18 m/d. Consequently, there are highly
variable transmissivity rates: from 10 to 80 m2/day in less fractured rocks, 250 to
500 m2/day in moderately fractured limestone, and 1,000 to 5,000 m2/day in

extensively fractured limestone (I. Rodolfo Herrera Ibafiez, 2018).

Characterization of Each Hydrological Basin

Finally, a detailed examination of the various types of aquifers present in each
basin will be conducted. Along with the explanation of each of the basins, figures

5.3 and 5.4 provide insights into hydrogeologic structure.

Northern basin: corresponding to the Las Vacas River basin, which is fed by
the Chinautla and El Zapote rivers. Geologically, this area is marked by the
uplift of the Cretaceous carbonate basement. Here, Tertiary volcanic rocks
to the south with thicknesses of 500 m and Quaternary pumice pyroclasts
with thicknesses of 40 to 120 meters can be observed. The limestones
outcrop in the middle part of the basin and reach thicknesses of 600 m.
Water circulation is limited, with values of 3 liters/second, and the
environment is highly fractured. In the northern basin of Guatemala City,
two aquifers are identified: one of limestones in the central and northern
parts, and another volcanic aquifer formed by tuffs and volcanic lavas, both

exhibiting secondary permeability due to fracturing (Herrera Ibafiez, 2018).
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Moreover, while there used to be approximately 150 drilled wells (Andretti,
1978); it is now estimated that there are around 1,000 drilled wells, both

municipal and private.

Southern basin: As detailed by (Hererra Ibafiez & Barrientos, 2016), the
hydrogeological units in this area are illustrated in Figure 5.4. This area
encompasses fractured volcanic formations, pumice pyroclastic deposits,
and the alluvial materials of the Villalobos River. The volcanic components,
made up of dacites, andesites, and Tertiary welded tuffs with thicknesses
exceeding 500 meters, form the saturated zone and a fissured environment
or a rock formation with fractures. In contrast, the unsaturated zone
primarily consists of Quaternary pumice pyroclasts. In the southern section
near the Villalobos River, the river's fluvio-lacustrine sediments and
alluvium are saturated and make up a phreatic upper aquifer. It is
estimated that there are currently more than 500 wells in the basin,
according to data from the Institute of Agriculture, Natural Resources and

Environment of Rafael Landivar University and The Nature Conservancy
(IARNA-URL and TNC) in 2012.

Eastern basin: The hydrogeological structure of this basin is characterized
by fractured volcanic rocks from the Tertiary period. These include vitric
welded tuffs and basaltic andesitic lavas, which are over 500 meters thick,
creating a saturated zone that extends beyond 200 meters deep.
Additionally, the unsaturated zone is primarily made up of Quaternary
pyroclastic deposits, with thicknesses between 80 and 120 meters observed
in the northern and southern regions of the basin. While 60 wells have been
documented in this area, the estimated total number of wells 1s believed to
be around 100 (Hererra Ibafiez & Barrientos, 2016).
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5.2.2. Data

The primary variables studied were deformation rate (mm/year) and piezometric
difference across two distinct dates: January 2021 and November 2021,
measurements were planned considering the end of wet and dry seasons (April for
wet and November for dry) but these had to be delayed due to covid pandemic.. All

analyses were executed using R statistical software.

MT-InSAR Processing: A total of 218 SAR images, encompassing both ascending
and descending geometries from the Sentinel-1 A and B satellites, were processed.
These images, TOPSAR data in Single Look Complex (SLC) format, were acquired
in Interferometric Wide (IW) mode with VV polarization, spanning from January
2020 to November 2021 (refer to Table 5.2). The integrated SNAP-StaMPs
processing for Sentinel-1 PSI employed version 9.0.0 of the Sentinel Application
Platform (SNAP), developed by the European Space Agency (ESA), in conjunction
with snap2stamps and the Stanford Method for Persistent Scatterers (StaMPS)
software (Foumelis, 2018). The MT-InSAR processing to obtain the vertical
deformation information, was performed following the same process as in chapter
4.

Satellite First Image Lastimage Geometry Orbit Images Polarization Mean inc angle Heading angle

S1A 02/01/2020  09/01/2020 Asc 136 107 39.2 39.2 349.3

S1A 19/12/2021  11/12/2021 Desc 26 111 36.5 36.5 190.6

Table 5.2: Sentinel 1 images detail

Hvdrogeological characterization

Piezometric data were measured for 89 wells within the study region (refer to
figure 5.3), utilizing a piezometric probe (Empagua et al.,, 2023). Data were
gathered for two moments in time: the initial campaign in January 2021 and a
later period in November 2021. For computational purposes, January 30th and
November 15th were chosen as median dates within each data collection range.
The location and altitude relative to sea level the piezometry of each well were
documented. This information was translated into well depth relative to the
surface by considering the discrepancy with the Alos Palsar-1 digital terrain model
(JAXA, 2023), which has a resolution of 12.5 meters.

The final data utilized for the analysis represents the variation in the depth of each
well, calculated by subtracting the first measurement (Af1) from the second (Af2),
thus determining the change over the two periods (Af2-f1)
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Definition of deformation area of influence per well

Previous studies highlight a strong link between hydrogeology and ground
deformation, and potentially with MT-InSAR data, depending on the soil's
conditions and properties. For this reason, we undertake a characterization of the
wells using the available geological and hydrogeological data. This data 1is
leveraged to group wells to elucidate similar patterns between the two variables

constituting the statistical analysis.

There is a lack of reference information regarding the size of the area that mirrors
the extraction behavior of a given well', or whether this area is even consistent or
circular. To examine this, we plan to repeat the statistical analyses with varying
radius. The minimum radius is determined as 50 m, with the goal of obtaining a
statistically representative sample of wells with Persistent Scatterers (PS) in the
defined buffer.

Assigning a Lithologic Information Column to Each Well

The geological information used to characterize the wells was obtained from the
publications in figure 5.4, which compiles information from various drilling
companies, and from Herrera Ibafiez y Barrientos (2016) . These surveys indicate
that in the study area, where the wells are located, there are four types of geologies
both horizontally and in depth, which can independently form aquifers: Alluvial,

Pyroclastic, Andesitic Lavas, and Limestone Rocks.

We applied a method for assigning a lithologic column to each well, based on two
criteria: a) selection of the lithologic column of the nearest prospected well that, b)
is in the same physiographic unit (Soil Survey Staff, 1993, p. 8, Miller et al. 2016).
To characterize the physiography of each well and lithologic column, a GIS analysis
1s conducted using a spatial join tool between the wells layer and the geological
information provided by Herrera & Orozco (2010, 2018), as well as slopes derived
from JAXA's 12-meter resolution MDT layer, classified according to (FAO, 2009)
standards. Finally, the well allocations were reviewed to ensure that the

physiographic units had been appropriately classified: slope, summit, or valley.


https://www.zotero.org/google-docs/?duFkx3
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Slope (°)
Type Range Group
Flat-swiftly sloped [0-3) 1
Sloped [3-6) 2
Moderately sloped [7-8) 3
Steep [8-17) 4
Strongly steeped [17-30) 5

Table 5.3:slopes factor and qualitative ranges (FAO, 2009)
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Figure 5.5:General distribution of the distance between the wells and the applied
lithological column

5.2.3. Analysis

Statistical analysis

Pearson correlation (Pearson, 1896) was utilized to evaluate the linear correlation
between the deformation rate throughout the entire study period (mm/year) and

the piezometric difference within each categorized group, with the aim of
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understanding the relationship of these variables in distinct hydrogeological and

geographical settings.

A comprehensive statistical analysis was executed to explore the connections
among different geological and geophysical variables. Key variables of the study
encompassed the rate of deformation (mm/year) and the piezometric difference
between the two monitored dates. The R statistical software was employed for all

analyses.

Two types of well groupings were made for the described statistical analyses.
Firstly, wells were grouped based on lithological characteristics identified in the

previous step:

Surface Geology according to Applied Lithologic Column: Geology associated

with each well at the surface layer.

Geology coinciding with the Mean Water Table Level of Measurements:
Geology associated with each well that matches the average of the two

piezometric measurements.

Lithologic Column Models: Considering the types of aquifers in each column

and their spatial arrangement, typical column models were established.

Additionally, three more classifications were considered based on spatial analyses

derived from other relevant products:

Surface Geology according to the map proposed by Gamboa et al. (2023).
This map categorizes the surface considering the soil surface hardness for
the calculation of seismic hazard (NEHRP , 2020). In the study area, four
types are identified: "BC", "C", "CD", and "D", based on hardness of classified

soil.

Hydrological Basin: Using hydrological basin cartography. The basins
described in the introduction were delimited based on the 12.5 m resolution
Digital Terrestrial Model (DTM) (JAXA, 2023).

Areas of Deformation in the RMG >5mm/year and >10mm/year (Garcia-
Lanchares et al., 2023) we compared our results with the areas of vertical
deformation identified in the previous chapter. These were considered if the

well sample was representative.

For each defined group, the relationship between deformation rate and piezometric

difference was explored by calculating the Pearson correlation coefficient (Pearson,
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1896). This approach replaced fitting a linear model, focusing instead on

measuring the linear association between variables.

Scatter plots were used to visualize the relationship between deformation rate and
piezometric difference in each group. These plots helped illustrate the data
distribution and provided a clear representation of variability in the

measurements.

5.3.Results and discussion

This section presents significant findings on the hydrogeological dynamics in
relation to the urban growth of Guatemala City, based on MT-InSAR SNAP-
StaMPS data. The results from our study are compared with those of previous
studies, followed by an analysis of the congruencies between aquifer descriptions
and geological composition. Finally, we explore the relationship between
piezometric difference, deformation rates, and the historical evolution of the water
table. These results are essential for understanding the interactions between

water usage and the geological stability of the region.

This summary highlights the multi-faceted approach taken in the study,
combining advanced satellite data analysis with geological and hydrogeological
insights. By correlating these diverse data sets, the research provides a
comprehensive view of how urban expansion impacts the underlying hydrological
and geological frameworks, which is crucial for informed urban planning and

resource management in Guatemala City.

5.3.1. Relation of ground deformation and hydrogeological data

In the analysis of groundwater dynamics and ground deformations in the
metropolitan region of Guatemala City, three studies stand out for their significant
contributions. Recinos et al. (2019)provides a detailed municipal analysis of
piezometric levels, including profiles and flow lines for each climatic season, and
presents equipotential curves crucial for understanding underground flow
networks. Kim et al. (2019) contribute to the analysis of land deformation between
2014 and 2017, utilizing the SNAP-StaMPS algorithm and Sentinel 1 data. Garcia-
Lanchares extends this research to 2021, maintaining the methodology to provide

an updated and comprehensive perspective of the phenomenon.
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The related maps seen in figures 5.1 for the dry and wet seasons reflect the
observations from these studies, showing a notable consistency in the location of
equipotential surfaces and areas of deformation. The zones of depression cones,
primarily identified in Mixco and the extensive areas of Villanueva and Petapa,
are consistent with the underground flow directions reported by FUNCAGUA.

A total of 495,791 Persistent Scatterers (PSs) were identified following their
decomposition into the vertical component. This resulted in a point density of 986.1
PSs per square kilometer for the urban surface within the study area (Figure 5.6).
Based on the Global Human Settlement Built-up area product (Pesaresi & Politis,
2022). Most of the PSs are found in constructed zones, as dense vegetation impedes

the acquisition of PSs derived from C band data.
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Figure 5.6: Subsidence and planimetric deformations in the study area for MT-InSAR
process within the years 2020-2021. Geographical Reference system WGS84
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Recinos et al. (2019) delivers an in-depth analysis of piezometric levels by
municipality, including seasonal profiles and flow lines, including equipotential
curves for interpreting subsurface flow patterns. Kim et al. (2019) reported the
main zones of ground deformation from 2014 to 2017 through SNAP-StaMPS
algorithm and Sentinel 1 data analysis. Garcia-Lanchares et al. (2023) updated
this work identifying main deformation areas up to 2021, using the same
methodology to present a current comprehensive perspective on the ongoing

changes.

The comparative maps shown in figures 5.7 - 5.9 for both the dry and wet seasons
corroborate the observations from these studies, revealing a notable consistency
in the positioning of equipotential surfaces and deformation zones. The identified
depression cones, especially those in Mixco and across the expansive areas of
Villanueva and Petapa, are in accordance with the subsurface flow directions
documented by FUNCAGUA (see figure 5.1). The fractures are open and have good
intercommunication, as was proven by the drilling of wells 312/ and 318/I. Within
the lower aquifer, there are different levels with varying degrees of fracturing. At
the place known as Ojo de Agua (Figure 5.9), there is a spring with a flow rate that
varies between 516 and 244 liters per second, which occurs in fractured andesitic

lavas, covered at the top by pyroclastic materials (Andretti, 1978).

An overarching pattern identified in our study is the water flow direction,
originating from the western edge of the northern basin (refer to figures 5.7 and
5.8), with altitudes ranging from 1300 to 1500 meters above sea level (m.a.s.l.)
during the dry season, and from 1900 to 1300 m.a.s.l. in the wet season. This flow
demonstrates a tendency to spread in all four cardinal directions. However, within
our specific area of study, the water predominantly tends to head southward (see
figures 5.8 and 5.9), moving towards or down to 1200 m.a.s.l.. This is of particular
significance in understanding the subsurface dynamics within pivotal regions like
Mixco, which overlaps with deformation zones detected by MT-InSAR as indicated
by Garcia-Lanchares 2,3, and 5; and Villanueva and Petapa, corresponding to

deformation zone 6 as reported by Garcia-Lanchares (2023).

Additionally, zones 4 and 10, as detailed by Garcia-Lanchares et al. (2023), and
deformation zone D, as identified by Kim et al. (2019), correspond to certain well
depths that have increased since the year 2000 Morales (2012) to the present

measurements. For example, the depth of well H-2 has increased by 142 meters.
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Figure 5.7: Main subsidence areas and wells located in North basin with equipotential
areas for both seasons (wet above and dry below). Geographical Reference system WGS84
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Figure 5.8: Main subsidence areas and wells located in East basin with equipotential areas
for both seasons (wet above and dry below). Geographical Reference system WGS84
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5.3.2. Analysis of the lithological columns of the wells

As we further explore the subterranean characteristics of the Guatemala City
metropolitan area, the methodology employed has facilitated the application of a
lithological column to the 89 wells provided by Empagua et al., (2023). These
longitudinal profiles, detailed in figure 5.3, are essential for understanding the
subsurface stratification and its impact on groundwater dynamics. Data from this
sample are crucial to illustrate the general distribution of typical lithological
columns. Results will subsequently be presented which give a clear view of these
data, providing a solid foundation for geological interpretation and water resource
management. As the lithological column applied to its corresponding well depends
firstly on them having similar physiography, the distances will vary as shown in

figure 5.4, with most of the wells being between 0 and 6,000 meters.

The study delineated seven different lithological column configurations (refer to
figure X-D and distribution in figure 5.10d), encompassing four types of aquifer
strata. Each well was characterized with one of these configurations based on
approximate data on the depths of the aquifers. The diagram schematically
displays these classifications, and although it does not show the exact dimensions
of the underground layers, it highlights a noticeable predominance of the column
type that features pyroclastics in the upper stratum and andesitic lavas in the
lower stratum, indicative of the upper and lower aquifers. There is also most wells
located between depths of 100 and 300 meters, which extract from a volcanic

aquifer.
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Figure 5.10: Distribution of wells by (a) piezometric geology, (b) depth ranges of
piezometric level, (c) surface geology, (d) lithologic column model. The distribution of well
depths, as shown in Figure 5.3, highlights a higher frequency of wells with depths rang

As regards the wells of the South basin, there are references matching the Ojo de
Agua area, which is the main destination point for groundwater flows according to
Recinos et al. (2019) in both dry and wet periods. This description aligns with that
of (JICA,1986), which mentions a water level at about 100 meters, and the
existence of wells in both the upper aquifer (alluvial or pyroclastic stratum) and
the lower aquifer. The groundwater level in the southern sector has a depth of less
than 100 meters and depths between 150 and 180 meters. Therefore, it can be
concluded that in this sector there are both upper and lower aquifers; there are
also shallow wells, less than 100 meters deep, that extract from the alluvial or
pyroclastic aquifer” (JICA 1986). Only one of the wells, Diamante IX (In the

southern basin, Figure 5.9), is shallow (65 m) and extracts from a volcanic aquifer.

There are also wells that extract from the upper aquifer in the alluvial or

pyroclastic stratum (Figure 5.9).

5.3.3. Statistical analysis of the relation between deformation and

piezometric change

Statistical analyses showed that each of the aquifer presents different behaviors;

1t also presented variations depending on the basin.
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- Alluvial aquifer: The Figure 5.10a shows a strong correlation with a Pearson
coefficient of 0.988, despite being based on a small sample of only three
measurement points, all within a 150-meter buffer. This strong relationship
indicates a significant connection between piezometric difference and
deformation rate in areas identified by Recinos etal. (2019) as
concentrations of groundwater flows. Furthermore, these points correspond
to areas with the highest rates of deformation, reaching up to -60 mm/year
according to Garcia-Lanchares et al. 2023, and are also the zones where the

highest water extraction is recorded, according to JICA (1986).

This phenomenon is observed in more alluvial basins; studies around the
world have suggested that there is a direct relationship between significant
subsidence and groundwater extraction. For example, Castellazzi et al.
(2016) observed high rates of subsidence in Aguascalientes and Toluca (up
to 10 cm/year), while Celaya and Morelia presented lower rates (from 2 to 5
cm/year). Furthermore, the thesis by Ezquerro Martin (2021) suggests that
a combination of common factors such as flat, densely populated areas, along
with strong accumulations of sedimentary materials in river basins and
coastal plains, seem to favor the emergence of this type of problems.
Moreover, Brunori et al. (2015) and Coda et al. (2019) explain that the
reduction in the pressure of pore water causes an increase in the overburden
stress, leading to an immediate compaction of the soil which, if it exceeds
the preconsolidation stress of the sediments, results in irreversible
deformation caused by the non-reversible reorganization of the sediment

grains.

Navarro-Herndndez et al. (2023) investigated land subsidence in the
Alas,ehir-Sarigol graben in Tiurkiye, an area known for its graben structure
and intensive water extraction for agriculture and industry. Utilizing
Sentinel-1 images for an MT-InSAR analysis, they found that areas with the
thickest, soft soil layers (ranging from 50 to 100 meters) experienced the
most significant subsidence, with rates reaching up to -4 cm/year. These
findings underscore the critical influence of graben fill sediment thickness
on land subsidence rates, a phenomenon that aligns closely with the
characteristics observed in the study case due to the presence of a graben,
substantial subsidence over thick alluvial deposits, and extensive water

extraction practices.
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Piroclasts aquifer: Figure 5.10b shows a significant positive correlation,
with a Pearson coefficient of 0.869, between the piezometric difference and
the deformation rate for wells with a water table in pyroclastic geology. This
reflects the fact that an increase in the piezometric difference, measured
within a 50-meter buffer from the center of the wells, is associated with an
increase in the rate of ground deformation. These wells are distributed

throughout the North and South basin areas.

Referring to figure 5.11, the data, represented by scattered points, align
around a blue trend line with a slope of 2.3, and the gray shadow indicates
the confidence interval for this linear estimation. This correlation implies
that variations in groundwater level, possibly due to hydrological factors,

are closely linked to changes in ground deformation rates.

Andesitic aquifer: It can be observed that the geology of the piezometric level
consists of andesitic lavas or limestone. As regards the correlation found for
the wells of the East basin, for an optimal buffer of 150 meters 1s 0.796
(Figure 5.11c an d).

The fact that tests suggest a direct relationship between the rate of
deformation and piezometry between the two dates suggests that there is
some type of variability among the wells with piezometric geology in the rest
of the basins: firstly, it may be due to a difference in fracturing and therefore
in transmissivity in the rest of the basins. At least in the southern area,
Andretti (1978) suggests that within the lower aquifer, different levels or
degrees of fracturing exists. It could also be because the layer of andesitic
lavas is more superficial or does not appear in combination with alluvial or
pyroclastic strata: The range of 50 meters or less corresponds to pyroclastic
materials or tuffs where there is the possibility that it is saturated with
groundwater. In the rest of the basins, however, it is deeper and therefore
more compact. The lower aquifer is also under free and semi-confined
conditions, mainly because compact pumice pyroclasts and, to a lesser
extent, alluvial sediments, which have a lower permeability than the
fractured lavas of the aquifer, lie above this aquifer (Andretti, 1978). As for
the range of 100 meters or more, this corresponds to welded tuff or andesite-
basaltic lava, where the range greater than 100 meters is associated with
limestone or basalt from the Cretaceous period (JICA, 1986).
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The correlation for the andesitic lava wells within the previous sample,
optimal for a 150-meter buffer, has a value of 0.723 (Figure 5.11).

Limestone Aquifer: The scarce data from the limestone aquifer reveal no
strong direct relationship, which could be attributed to a lack of
understanding of the internal structures resulting in a wide diversity of
transmissivity. Given the limited sample size of only n=5, the data from the
limestone aquifer show no correlation with the observed piezometric
dynamics. The highly anisotropic and heterogeneous nature of carbonate
aquifers, as reported by Herrera et al. (2018), results from secondary
permeability created by dissolution processes in stratification planes,
fractures, and faults. This leads to variable primary porosity in limestone
and significant differences in transmissivity measurements, ranging from
10 to 80 m?*day in poorly fractured rocks, from 250 to 500 m?/day in
moderately fractured limestones, to 1,000 to 5,000 m?/day in highly
fractured limestones. This great variability in transmissivity reflects the

difficulty in establishing solid statistics for these aquifers.
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Figure 5.11:Correlation analysis between deformation rates and piezometric levels
difference (January 2023- November 2023) for (a) alluvial piezometric level, (b) pyroclasts
piezometric level, (c) column 6 wells, and (d) Basin east wells
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5.4.Conclusions

The research on hydrogeological dynamics and land deformation in the
metropolitan region of Guatemala City, utilizing the MT-InSAR SNAP-StaMPS
technique, has provided significant insights into how groundwater management
influences the observed subsidence. Through comparative analysis with previous
studies and a detailed evaluation of the relationship between aquifer descriptions
and geological composition, this work has identified key patterns and correlations

impacting the region's geological stability.

The adopted methodology allowed for the characterization of 89 wells, provided by
AECID, with a classification based on lithological columns integrating different
aquifer strata. The identification of seven distinct lithological column
configurations was crucial to understanding subsurface stratification and its

impact on groundwater dynamics.

The correlation between piezometric difference and ground deformation rate,
especially in alluvial and pyroclastic aquifers, reveals a significant connection with
groundwater flow concentrations identified by (Recinos et al., 2019). Moreover, the
observed relationship in the East basin, showing a positive correlation between
these variables for wells with piezometric geology of andesitic lavas or limestone,

suggests variability in transmissivity and fracturing conditions of these aquifers.

The study also highlights the influence of groundwater extraction on land
subsidence, a globally recognized phenomenon observed in other metropolises. The
research underscores the need for sustainable water resource management and
continuous monitoring to mitigate negative impacts on urban infrastructure and

ground stability.

In conclusion, this work significantly contributes to understanding the complex
interactions between groundwater usage and geological stability in Guatemala
City. The findings emphasize the importance of integrating hydrogeological
characterization and land deformation monitoring into urban planning and water

resource management to promote sustainable development in metropolitan areas.
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6. Discussion
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6.1.General considerations

The discussion and conclusion sections of this thesis synthesize the comprehensive
findings from the application of MT-InSAR technology to monitor geological
hazards. Through detailed analysis across diverse landscapes such as Guatemala
City, San José, and La Palma, the effectiveness of MT-InSAR in predicting,
understanding, and mitigating risks associated with ground deformation is
highlighted. There are several reasons that endow this research with great
importance. Firstly, its innovative nature: in San José, Costa Rica, and Guatemala
City, there are no similar applications with the same spatial and temporal
resolutions. Not only that, but they have also been validated with classical
monitoring information in a multidisciplinary approach, and analyzed under the

influence of groundwater management in the latter case study.

Specifically for La Palma, the social interest in the consequences and origins of
this case has made it the study area for numerous investigations, which emerged
simultaneously with the present work. However, as in the previous cases, it is
important to highlight the innovative nature of the subsequent comparison of the

MT-InSAR data with multi-source measurements in a multidisciplinary exercise.

6.1.1. Inherent sources of error in InSAR

A range of studies have explored the use of InSAR for surface deformation
monitoring. In the context of InSAR technology, Hanssen (2012) delineates
various error sources that can lead to the misinterpretation of “observed”
deformation time-seires. The first type of error stems from atmospheric delays,
which can introduce phase changes unrelated to ground movement. The
troposphere and ionosphere, in particular, affect the radar signal as it travels from
the satellite to the ground and back, leading to delays that may mimic or obscure
true surface deformation. The second type pertains to orbital errors, which arise
due to inaccuracies in the known satellite orbit. These inaccuracies can cause
apparent shifts in the ground position, falsely suggesting movement where none

has occurred.

6.1.2.Defining the added value for the InSAR processing

The classification of the research outputs presented in chapters 4, 5, and 6,
according to the taxonomy of InSAR products proposed by Hansen (2023), provides

an insightful perspective on how these investigations align with specific
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application needs and data quality used. Below, the details of each chapter are

discussed, along with their corresponding classification.

- La Palma Island: This section utilizes InSAR, coupled to a wide range of
seismic variables, to analyze deformation during the 2021 Tajogaite
eruption event, contributing to the characterization of the phases of the
event (magnitudes, periods, and locations). Given the specific nature of this
study, aimed at understanding a particular volcanic phenomenon, it could
be classified as an AA-product. This is because the study is clearly directed
at solving a defined problem, with identifiable end-users (such as disaster

management authorities and the scientific community).

- San José, Costa Rica: Here, InSAR 1s used to locate deformations in three
faults within an urban area, selected by a group of local and international
experts. This approach, given its goal of mitigating risks in populated areas,
also fits within the AA-product category, as it pursues clear objectives of
urban risk prevention and management, with direct applications in urban

planning and emergency response.

The use of InSAR in Guatemala City to describe deformations focuses on an urban
context with significant implications for planning and risk management. This
study, as in that of San José, is oriented towards solving specific problems related
to safety and urban infrastructure, thus being classified as AAA-product. The
research is in response to concrete needs for geological monitoring in an area which

is highly vulnerable to adverse geological phenomena.

6.1.3. Knowledge transference

In the context of the research on ground deformation dynamics in Guatemala City
using MT-InSAR technology, a significant knowledge and findings transfer has
been conducted towards Empagua, the entity responsible for urban water
management in the region (Figure 6.1). This collaboration, materialized in an
agreements, has facilitated the sharing of crucial insights into areas susceptible to
significant deformations, potentially impacted by alterations in the water
distribution system. The information provided has been essential for Empagua to
evaluate and monitor these critical zones, aiming to identify and address any
issues that might compromise urban water infrastructure. Furthermore, a joint
follow-up process has been established to examine the correlation between ground

deformation data obtained through MT-InSAR and the piezometric data provided
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by Empagua. This synergy between geological research and urban water
management underscores the value of applying advanced technologies like MT-
InSAR in strategic decision-making and in the implementation of preventive

measures to safeguard water distribution systems in urban areas.

eyeRADAR

SARproz_asc_2020_2022

Velooity (mevyr) metrics

Figure 6.1:Screenshot of Guatemala City data viewed on the Detektia developed tool:
Eyeradar

6.2.New Challenges

This section delves into the main challenges found in these Thesis, which are, the
enhancement of locational accuracy of InSAR data and the development of
predictive models for geological hazards. Through comprehensive case studies and
integration of diverse data types—from piezometric and geological details to water
dynamics and climate variations—we aim to refine risk assessment and mitigation
strategies.

e General Challenges: Enhancing Locational Accuracy: A pivotal challenge is
the enhancement of X-Y position accuracy in MT-InSAR analyses. This
improvement is essential for the precise monitoring and assessment of
geological hazards, facilitating the targeted implementation of risk
reduction strategies. Enhancing locational accuracy will enable more
detailed and location-specific predictions of ground deformation and hazard
impact, thereby improving the efficacy of mitigation efforts.

o Prediction of Geological Hazard Events: The foundation of this research lies
in the ability to anticipate geological events, which, while inevitable, can be
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managed through well-designed actions to minimize loss and damage. The
synthesis of various case studies, each with its unique geological and
environmental parameters, is crucial for developing predictive models. By
integrating detailed characterizations of different regions, this approach
aims to tailor predictions and interventions to the specificities of each case,
thereby enhancing the preparedness and resilience of vulnerable areas.

e Comprehensive Characterization for the Case Study: By enhancing the
depth and breadth of data analysis, this research aims to uncover the
intricate interactions between hydrogeological processes and geological
hazards, informing more effective risk management strategies.

o Expansion of Piezometric Information: Enhancing the temporal series of
piezometric data is vital for a deeper understanding of groundwater
dynamics and its impact on land subsidence. Continuous monitoring and the
integration of long-term data series will provide insights into the trends and
triggers of groundwater level changes.

e Acquisition of Precise Geological Information: Detailed geological mapping
and characterization are imperative for correlating subsurface conditions
with observed surface deformations. This information will refine the
analysis of deformation patterns and contribute to more accurate risk
assessments.

o Mapping Water Withdrawal Stations and Flows: Identifying and monitoring
the locations of water extraction and the paths of water movement are
essential for understanding the human impact on hydrogeological dynamics.
This knowledge will aid in the development of sustainable water
management practices.

o Integration of Climate Data: Incorporating detailed climate information will
enhance the understanding of how climatic variations influence
groundwater levels and, consequently, land deformation.
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The doctoral research presented herein has significantly advanced the
understanding and monitoring of deformation processes within regions of high
geological risk, exemplified by areas in Central America and volcanic islands such
as La Palma. Through a series of innovative, collaborative case studies, this work
has demonstrated the efficacy of Multi-Temporal Synthetic Aperture Radar (MT-
InSAR) in deciphering and managing both natural and induced geological threats

at various scales.

The partnership between the technological startup Detektia and Universidad
Politécnica de Madrid has been instrumental in propelling forward the capabilities
of MT-InSAR technology. The integration into the KUK-APHAN project, targeting
seismic risk reduction, has proven successful, establishing the foundations for a
globally marketable technology tailored to public administrations, construction

companies, and risk management consultants. The following conclusions can be
established:

Conclusion 1: MT-InSAR technology has been successfully validated for the
evaluation of geological risks in urban areas of Central America and La Palma.
The creation of risk scenarios allows future damages caused by adverse events

to be minimized.

Conclusion 2: The deformation results obtained through MT-InSAR were
successfully contrasted in different case studies with information from other
disciplines such as geology, geotechnics, and hydrogeology. The integration and
comparison of these data significantly validated and enriched the results,

providing a more comprehensive and accurate view of geological risks.

Conclusion 3: The association between contemporary piezometric time-series
and MT-InSAR results in the case study of Guatemala City were successfully
determined for specific aquifer geologies. The analysis and correlation of the
available piezometric data with the deformation results detected by MT-InSAR
allowed for a better understanding of the causes and patterns of ground

deformation in this specific area.

Conclusion 4: It was effectively established how MT-InSAR provides a solid
basis for integration into an infrastructure monitoring system. The evaluation
and proposal for integrating MT-InSAR data and methodologies into urban and

interurban infrastructure monitoring systems have proven to be fundamental
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for the management and prevention of geological risks, providing a robust
platform for decision-making and the implementation of preventive measures.
Although this objective has been partially achieved, knowledge transfer to the
relevant administrations has been carried out, and further work will continue

to fully accomplish this objective.
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