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Abstract 

The focus of this thesis is to explore and quantify the response of large-scale solid mass transfer 

events on satellite-based gravity observations. The gravity signature of large-scale solid mass 

transfers has not been deeply explored yet; mainly due to the lack of significant events during 

dedicated satellite gravity missions‘ lifespans. In light of the next generation of gravity missions, 

the feasibility of employing satellite gravity observations to detect submarine and surface mass 

transfers is of importance for geoscience (improves the understanding of geodynamic processes) 

and for geodesy (improves the understanding of the dynamic gravity field). The aim of this thesis 

is twofold and focuses on assessing the feasibility of using satellite gravity observations for 

detecting large-scale solid mass transfers and on modeling the impact on the gravity field caused 

by these events. A methodology that employs 3D forward modeling simulations and 2D wavelet 

multiresolution analysis is suggested to estimate the impact of solid mass transfers on satellite 

gravity observations. The gravity signature of various submarine and subaerial events that 

occurred in the past was estimated. Case studies were conducted to assess the sensitivity and 

resolvability required in order to observe gravity differences caused by solid mass transfers. 

Simulation studies were also employed in order to assess the expected contribution of the Next 

Generation of Gravity Missions for this application.  
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Chapter 1 

Introduction 

1.1 Problem Statement and Motivation 

 

This thesis focuses on the detection of solid mass transfer events on the Earth‘s surface 

using dedicated satellite gravity observations. Mass transfer events of the solid Earth 

refer to mass movement from one location and the subsequent deposition to another 

location. Information about submarine solid mass transfers is usually limited (Masson et 

al., 2006), due to the water coverage and to the location of these events (i.e. open ocean). 

This research was partially motivated by the possibility of using satellite-based 

observations to assess the impact of submarine (often undetected) events on the gravity 

field. Landslides are solid mass transfer events triggered by geological and dynamic 

environmental factors, such as weak geological layers, earthquakes, glacial loading etc. 

and can be either subaerial or submarine (Locat and Lee, 2002). Subaerial landslides may 

result in changes of the Earth‘s topography, aquatic formations such as groundwater flow 

and rivers, and natural wildlife habitats (Geertsema et al., 2009), to name a few. 

Submarine landslides usually occur in inclined areas of the seafloor due to environmental 

stresses such as earthquakes, weak geologic materials, rapid accumulation of sedimentary 

deposits, and groundwater seepage (Hampton et al., 1996). Submarine landslides may 

impact the ocean floor, altering the bathymetry and play an important role in the 

investigation of modern ocean margins (Nisbet and Piper, 1998). 
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Failure mechanisms of both submarine and surface landslides vary based on the 

geomorphology of the region, the trigger and the deformation features, which affect the 

spatial and temporal scales and the volume of the mass transferred or displaced (Gee et 

al., 2006). From a geodetic perspective, the detection of a landslide includes the 

determination of vertical (ΔΖ) and horizontal displacements (ΔΧ, ΔΥ) caused by the 

deformation event, while monitoring employs systematic observations of the rate of 

displacements over time. Solid Earth movements occur within various spatial and 

temporal scales. The spatial scale can be categorized as point (<1 m), local (1 m~10 km), 

catchment (10 km~100 km) and regional (>100 km). The temporal scale of these mass 

transfer events can range from seconds, days, years to decades. See Bogena (2003) and 

Glade and Crozier (2005b) for more details.  

1.2 Thesis Objectives 

The overall goal of this thesis is to investigate the impact of mass transfer events of the 

solid Earth on the gravity field. Focus is placed on large-scale subaerial and submarine 

landslides. Moreover, assessment regarding in-situ geodetic monitoring of deformation 

surfaces is carried out, in order to (i) investigate the optimal configuration of a geodetic 

network and (ii) investigate the performance of the mathematical models used to describe 

surface deformation. Observations used consist mainly of gravity, topography and 

earthquake datasets. Specifically, the objectives are itemized as follows:  

 modeling the effect of large-scale landslides on the Earth‘s gravity field, 

 investigating the possibility of using the next generation gravity missions for 

detecting landslides, and 
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 determining the optimal geodetic network configuration and the mathematical model 

that can be used for surface modeling. 

 

1.3 Overview of Geodetic Tools for Detecting and Monitoring Landslides 

Terrestrial surveying techniques, such as geodetic total stations and Light Detection and 

Ranging (LiDAR) systems offer precise survey measurements but are typically limited in 

terms of spatial coverage to local scale events. The use of satellite-based measurements 

offers the advantage of observing larger regions and events. A brief overview of state-of-

the-art geodetic satellite missions that have been extensively used for detecting and 

monitoring solid Earth mass transfers follows. 

 

Global Navigation Satellite Systems  

Global Navigation Satellite Systems (GNSS) monitoring adapts well to the detection and 

periodic or continuous monitoring of geophysical processes (Moss, 2000). This process 

requires in-situ observations and the realization of a network, optimized in terms of 

station geometry such that the deformation features of interest can be observed. The two 

most common GNSS surveying techniques for this application are static differential GPS 

(DGPS) and real-time kinematic (RTK). Both techniques can provide up to sub-cm level 

accuracy in real-time or post-processed. The accurate positioning of the elevation 

changes and slopes depend also on the observational rate (Hansen and Riggs, 2008). An 

optimal observational rate for landslide movements spans 1~25 Hz, while optimal 

baseline lengths between GNSS stations should not exceed ~10 km (Teke et al., 2008). 

The number and the length of baselines depend on the geomorphology of the region. The 
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continuous or periodical mode of observations depends on the temporal scale of the 

landslide.  

In Chapter 4, a case study using a continuous GPS network will be conducted in order to 

assess in-situ network configurations and mathematical approaches for surface modeling 

(which is also directly related to the third objective outlined above). 

 

Optical Remote Sensing  

Images obtained through optical remote sensing, reach submeter spatial resolution (e.g., 

0.46m provided by WorldView-2). Temporal resolution of most of the optical remote 

sensing data is ~5 days on average and ranges between daily up to 35 days. The three 

types of optical satellite images are:  panchromatic imagery; b) multispectral imagery and 

c) hyperspectral imagery. Factors such as morphologic heterogeneity, cloud cover and 

other sources of changes such as soil moisture, often limit the capability of optical 

imagery to adequately detect movements independently, requiring integration with air-

photos or ground-based surveys (Metternicht et al., 2005). Spectral information of the 

solid mass change and geomorphological features of interest can be used as initial 

screenings for mass movement. Change detection involves the comparison of co-

registered successive optical images (assuming all corrections have been applied) with 

the end result identifying stable areas and areas with ground surface change.  

 

Radar-Based Remote Sensing 

Interferometric synthetic aperture radar (InSAR) is considered the most effective radar-

based technique for providing 3D information of topography and deformation patterns of 
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a region. An InSAR image is created by co-registering two SAR images and calculating 

the difference between their corresponding phase values on a pixel-by-pixel basis. The 

spatial resolution of SAR missions ranges between 1 m up to 100 m, for TerraSAR-X and 

RADARSAT 1/2, respectively. This would allow for assessing regions of deformation at 

the local scale, however due to the sensitivity of InSAR to satellite orbit errors, 

atmospheric effects and the condition of the terrain (incidence angle and slope), 

integration of InSAR observations with GNSS observations is common (Komac et al., 

2014).  

Of note is the inability of a single technique to provide sufficient information in all cases 

(i.e. various spatial and temporal scale landslides). Rather solutions involving a 

combination of various platform data (both terrestrial and airborne as well as satellite) 

and multiple sources should be considered (Van Westen et al., 2008). 

 

Satellite Altimetry and Submarine Landslides   

It is well established that submarine mass movements can exceed the extent of 100 km 

(Locat and Lee, 2002). Tsunamis are triggered in many occasions by large-scale 

submarine landslides and implicitly they are used as indicators for the existence of a 

submarine mass failure (Grilli and Watts, 2005; Tappin et al., 2014). Most of the reported 

submarine landslides occurred in prehistoric time and were discovered by investigating 

sediments or rock mass displacements using acoustic-reflection profiles (Hampton et al., 

1996).  However, the potential of using satellite altimetry and satellite gravity 

observations for detecting new submarine landslide events is intriguing. Altimetric 

measurements provide sea surface height within a typical spatial resolution of ~30 km on 
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a weekly basis. Sea surface heights and other observations such as the deflections of the 

vertical are used for the determination of ocean floor topography (Smith and Sandwell, 

1997). By modeling the impact of the induced hazard (e.g., tsunami), the initial 

submarine mass failure can be also modeled (Fine et al., 2005). Key challenges with 

altimetric data for this application include the variable correlation between geology (e.g. 

sediment thickness) and ocean topography as well as noisy observations near coastal 

areas (Madsen et al., 2007). 

 

Satellite Gravity Observations 

Mass redistribution caused by landslides may alter the existing topography, resulting also 

in changes to the gravity field. Understanding these processes requires a deep 

understanding of the mass redistribution results, which from a geodetic perspective 

consists of two undertakings: detecting geodetic displacements and changes in the gravity 

field.  

The Gravity Recovery and Climate Experiment (GRACE) satellite mission measured the 

temporal variations of the gravity field for more than a decade (2002-2015) offering 

invaluable information about mass redistribution caused by hydrological and solid mass 

transfers (see Figure 1-1). The primary objective of GRACE was to map the global 

gravity field with a spatial resolution of 400 km to 40000 km within a timeframe of 30 

days (Tapley et al., 2004). The GRACE mission consisted of two identical spacecrafts 

flying about 220 kilometers apart in a polar orbit 500 km above the Earth. Of note is that 

the satellite altitude decayed naturally (∼30 m/day) so that the ground track did not have 

a fixed repeat pattern. After five operation years the satellite altitude would be 450 km, 
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while after a decade it would be 400 km. The change of the distance between the two 

satellites was used to measure the Earth‘s gravity field. GRACE measured the gravity 

field using a low-low satellite-to-satellite tracking system (ll-SST). A highly accurate 

inter-satellite, K-Band microwave ranging system, linked the spacecrafts. Moreover, GPS 

receivers were used to precisely extract the inter-satellite range change and to provide 

absolute positions of the satellites (Tapley et al., 2004). By measuring the constantly 

changing distance between the two satellites and combining that data with precise 

positioning measurements from GPS instruments, a detailed map of the fluctuations in 

the Earth's gravitational field can be determined.  

GRACE measured the potential difference employing Equations 1.1 and 1.2 (see e.g. 

Rummel, 1980; Jekeli and Rapp, 1980). The following equations provide the solution for 

the difference of the gravitational potential without the appropriate corrections of the raw 

observations.  

Where  ̇ 
  is the velocity vector of satellite 1 and  ̇   is the range rate between the two 

satellites which is equal to:  

with     being the line of site vector, pointing from satellite 1 to satellite 2. 

More information on the formulation for the computation of the gravity anomalies using 

the tracking information of the two spacecrafts can be found on Han (2003). 

Figure 1-1 displays schematically the way GRACE mission observed the Earth‘s gravity 

field, the geoid surface and the reference ellipsoid surface. Based on the observed 

      | ̇ 
 | ̇   (1.1) 

 ̇    ̇      (1.2) 
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distance (in the figure denoted as S1‘) between the two satellites and the GPS tracking 

information, solutions regarding the fluctuations of the gravity field can be mapped. In 

case of a mass surplus, the first satellite accelerated leading to higher distance between 

the two satellites which from Equation 1.1 can be expressed as positive gravity anomaly. 

In different case (mass deficiency) the result is a negative fluctuation of the gravity 

anomalies. 

 

Figure 1-1: Mapping the Earth‘s gravity field using GRACE. 

 

The outcomes of this satellite gravity mission are monthly solutions of the Earth‘s gravity 

field (see Tapley et al., 2004 for more details about the processing). Global geopotential 

models of the Earth‘s gravity field provided as spherical harmonic expansion series can be 

also generated using GRACE observations time series. Equation 1.1 describes the equation of  

Several areas of Earth sciences, such as cryosphere, hydrosphere, atmosphere and solid 

Earth, have benefited by the advent of the GRACE mission. Applications such as 

monitoring of ice mass loss (Velicogna and Wahr, 2005); monitoring of hydrological 
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cycles (Schmidt et al., 2008); atmospheric pressure contribution on the gravity field 

(Velicogna et al., 2002) and the detection of mega-earthquakes (Matsuo and Heki, 2011) 

using GRACE observations, offered a better understanding on the mass transfers of the 

Earth. 

 The detection of solid Earth mass movements using satellite gravity observations was 

constrained by the a) the low spatial resolution of GRACE (~400 km) that limited the 

operable scale for geohazards; and b) flight altitude (~500 km) that further constrained 

the magnitude of the observable gravity change. These initial constraints indicated that 

only large-scale (i.e. catchment and regional) solid mass transfers could be recorded by 

the longer wavelengths of satellite gravity observations. Due to the lack of known events 

at this scale during the GRACE mission‘s lifetime, simulation studies and case studies of 

past landslides are employed in this thesis to assess the feasibility of using satellite 

gravity observations for detecting this type of solid Earth mass transfers. This task 

implies the estimated gravity signature of these events to be modeled based on geodetic 

features and density and referred to the spatial resolution and altitude of GRACE. The 

developed methodology and results are discussed in Chapter 2.  

The majority of Section 1.3 is also contained in the proceedings paper ―An overview of 

landslide detection and monitoring using geodetic satellite observations‖ (Peidou and 

Fotopoulos, 2015).  

1.4 Geodetic modeling of surface displacements 

Modeling of mass transfers usually require in-situ geodetic observations that provide 

reliable solutions for surface modeling. From a geodetic perspective, the quality of a 

deformation surface is contingent upon the geodetic network performance and the 
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mathematical model that describes the surface (Kuang, 1996). In the present study, the 

impact that both parameters (i.e. network performance and mathematical model) have on 

surface modeling is investigated (see Chapter 4 for results). The quality of a geodetic 

network can be assessed by quantifying its reliability, precision and economy. Reliability 

refers to the ability of the network to resist gross errors (also known as blunders) (Baarda, 

1968).  The precision of a geodetic network depends on the geometry, the number and the 

distribution of geodetic stations. Economy describes the most cost-effective solution for 

the network realization (e.g. number of geodetic stations; accuracy of instruments; 

periodic or continuous monitoring). 

Various mathematical tools such as least-squares adjustment, multiple input-multiple 

output system and least squares collocation have been used for surface modeling (see e.g. 

Vestol, 2006; Wang et al., 2001). However, the increasing number of available 

observations justified the requirement for a dynamic mathematical model that combines 

all the available information along with constraint parameters for the generation of the 

surface. System theory heuristic tools are considered useful providing abilities such as 

heterogeneous data combination, constraint parameter combination, modeling of dynamic 

(non-linear) processes and approximating efficiently the deformation surface (Kecman, 

2001). In this study geodetic displacements and earthquake magnitudes derived from 

GPS observations and geophysical sensors respectively, are used to model the surface of 

a specific area (see Chapter 4).  
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1.5 Thesis Outline 

This thesis consists of five chapters. Chapter 2 presents the methodologies developed and 

implemented for assessing the feasibility of using satellite gravity data for detecting 

landslides. Due to the lack of real events occurring during the short lifespan of GRACE, 

simulations of past landslides were generated and their impact on the gravity field was 

estimated through three-dimensional (3D) forward modeling simulations and two-

dimensional (2D) wavelet transformations. Results regarding the gravity impact of real 

cases are also presented. Additionally, a classification scheme regarding the detectability 

of landslides from satellite gravity observations is introduced. In Chapter 3, the gravity 

impact of various scale deformation events is simulated for past and next generation 

gravity missions and the dependence between satellite gravity constraint factors and mass 

transfers detectability are discussed.  Chapter 4 presents the results of surface modeling 

using Artificial Neural Networks (ANNs) in comparison with polynomial surface fitting 

(with a numerical case study in southern Alaska) assessing the efficiency of using ANN 

for surface modeling using heterogeneous observations. Finally, Chapter 5 summarizes 

the main conclusions of this research and recommendations for future work. Appendix A 

includes a description of all software developed for this research work. 
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Chapter 2 

Modeled landslides and their estimated effect on the gravity field 

2.1 Introduction 

 

Mass transfer of the solid Earth is a general term for all processes that transport solid 

Earth materials down slopes due to the force of gravity (Monroe and Wicander, 2011). A 

wide variety of geophysical applications to measure and observe solid Earth processes 

has been made possible by the advent of satellite gravity observations (see Section 1.3). 

The main goal of this chapter is to address the first objective outlined in Chapter 1, 

primarily rooted in uncovering the feasibility of using satellite gravity observations for 

modeling and detecting the effects of subaerial and submarine landslides.  

In this study, the feasibility of detecting two significant landslide events, namely the 

Agulhas slump and the Heart Mountain Landslide is investigated through simulations. 

The Agulhas slump is a regional scale submarine landslide located in southeastern Africa 

spanning 750 km x 106 km which occurred in the Pleistocene age roughly 1.8 million 

years ago (Ogg et al., 2008). The Heart Mountain Landslide is a catchment size subaerial 

landslide located in what is known today as northwestern Wyoming spanning 70 km x 50 

km during the Eocene age roughly 55 million years ago (Ogg et al., 2008). Since these 

events did not occur during the operational mission lifespan of GRACE (2002~2015), 

simulations were conducted in order to assess their detectability through their 

hypothesized effect on the regional gravity field. This involved devising a data 

processing scheme for the GRACE observations, developing simulated case studies for 

each landslide event of interest and calculating the corresponding impact of each event on 



 

13 

 

the gravity field. From a geodetic perspective, the detection of solid mass changes 

includes determining the horizontal (ΔΧ, ΔΥ) and vertical (ΔΖ) displacements caused by 

a deformation event. Mass change detection, however, involves understanding the 

physical, geological and geomorphological features, including mass properties and 

horizontal and vertical displacements. 

Level-2 GRACE gravity solutions consist of a monthly time-series of Stokes coefficients, 

developed up to a degree between 50 and 120 that are adjusted for each monthly time-

period from raw along-track GRACE measurements (Bettadpur, 2007). The errors of the 

GRACE observations fall into two categories, namely a) errors in the monthly GRACE 

gravity field solutions and b) changes in the true monthly mass averages caused by 

processes other than continental water storage (Wahr et al., 2006). Both types of errors 

are affected by the residuals of the atmospheric and oceanic models that are used for raw 

data processing and can be mitigated. Using European Centre for Medium-Range 

Weather Forecasts (ECMWF) and Finite Element Solution 2004 (FES2004) models, 

atmospheric mass variations and ocean tide contributions are removed respectively by 

Level-2 data (Bettadpur, 2007). However, due to temporal aliasing effects, atmospheric 

and oceanic aliasing still exist, contributing to the increase of the noise level. These 

effects are investigated in Section 2.3.2.  

The low spatial resolution of GRACE (~400 km) limits the operable scale for solid mass 

transfers, while the flight altitude (500 km) further constrains the magnitude of the 

gravity change recorded. Due to the descending satellite altitude of GRACE with respect 

to the time (see Section 1.3) in this study the altitude used for the simulations was set to 
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450 km. Long-wavelength mass changes caused mainly by the hydrological cycle are the 

main source of change in the gravity signal.  

Figure 2-1 shows the methodology used for processing the GRACE observations to 

estimate the inherent noise and the gravity variations for each region (based on Han et al., 

2014). Months (i,j) include the gravity time series for i points over j months. The linear 

trend that fits to the gravity time series is represented by y(x). 

 

Figure 2-1: Processing scheme for the GRACE Level-2 observations (based on Han et al., 

2014). 

Abundant GRACE gravity field monthly solutions, spanning months during a time period 

that does not include the perturbation of any unexpected geophysical process, such as 

earthquakes, are required.  The estimated magnitude of the inherent noise (mGal) and the 

initial gravity variations (mGal) are determined by subtracting the trend of the gravity 

time series (Han et al., 2014; Wang et al., 2012) as opposed to quantifying each error 

source such as continental hydrology and oceanic and atmospheric aliasing effects.  

 

In the following Sections, a brief description of the two case study regions is provided. 

The methodologies used to process the GRACE observations, model individual landslide 

events, and simulating the resulting effect on the gravity field post-landslide are 
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presented. Finally, the results are discussed for each case study and a classification 

scheme for detecting large-scale landslides is presented. 

2.1.1 Agulhas Slump  

The Agulhas slump was a Pleistocene landslide located on the southern part of Africa 

(Luger and Harris, 2010), consisting mainly of clay, mudflow and marl units 

(approximate density 2000 kg/m
3
). The spatial extent of this submarine event was one of 

the biggest ever recorded (750 km x 106 km) and the overall volume of mass transfer 

exceeded ~           
(Luger and Harris, 2010). A seismic triggering mechanism was 

proposed by Dingle (1977), because the slump was located on two major fault zones 

whose extensions are known to be seismically active. In the present study, the impact that 

a phenomenon similar to this slide would have on the gravity field was simulated as if the 

GRACE satellite was in action. Figure 2-2 displays the topography of the region derived 

from ETOPO1 model (Amante and Eakins, 2009) and the location of the submarine 

landslide in the black box. From the topographic map the inherent noise and the gravity 

variations of the area of interest are expected to be low (few μGals) due to the relatively 

small contribution of topographic masses on the gravity field. 
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Figure 2-2: Topography of South Africa (ETOPO1 model) and the location of the 

Agulhas slump (sketched black box). 

2.1.2 Heart Mountain Landslide 

The second case study focuses on the Heart Mountain Landslide which occurred in 

northwestern Wyoming in the Eocene age and is the largest known subaerial landslide 

(Goren et al., 2010) extending ~70 km. Based on the mechanism suggested by Goren et 

al., 2010, the velocity of the mass transfer ranged from few kilometers/s to 100
 
km/s. 

Figure 2-3 displays the topography of the region derived from the ETOPO1 model, which 

is mountainous and therefore the contribution of topography to the gravity field for this 

case is expected to be higher than that in the Agulhas slump case. The landslide location 

is depicted as a sketched black box. 
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Figure 2-3: Topography of northwestern USA (ETOPO1 model) and the location of the 

Heart Mountain Landslide (sketched black box). 

2.2 Simulating the effect of landslide events on the gravity field  

During the lifespan of the GRACE mission, some local and catchment-scale landslides 

occurred, namely the South Sulawesi landslide (Tsuchiya et al., 2009) and the submarine 

landslide in Tohoku (Tappin et al., 2014). Our simulations indicate that the impact of 

these events on the gravity field was negligible. Historically, more significant events have 

occurred, and therefore, our focus turns to determining the effective change in gravity 

that would have been recorded as a result of larger scale events; specifically, the Agulhas 

slump and the Heart Mountain Landslide.  The impact of these two past events on the 

gravity field was determined by employing three dimensional forward modeling and 2D 

wavelet transformation analysis.  
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Figure 2-4 shows the developed methodology for the determination of the gravity 

difference caused by individual landslides. Digital elevation models (DEMs) are used for 

modeling the landslide properties, where geodetic (spatial extent, elevation change) and 

geological features (density) of each event are input. The gravity response of the 

deformation event (Δgz) is estimated through wavelet multiresolution analysis with 

respect to the spatial domain into different levels of decomposition (Levels). Daubechies 

mother wavelet of order 10 (DB10) was employed for the transformation process. 
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Figure 2-4: Methodology for simulating/modeling solid mass transfers and calculating the 

effective change in gravity.  

 

For the simulation of the landslide, existing digital elevation models (DEMs) provided by 

ETOPO1 (resolution 1 arc-minute, i.e. 1.8 km) are used due to the lack of information for 
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the actual topography of the two events investigated. Post-landslide DEMs are generated 

under the assumption that the mass transfer approximates a hyperbolic accumulation 

trend. Specifically, for the two case studies herein, information concerning the actual 

location, the spatial extent and the direction of the mass transfer is provided by Dingle 

(1977) for the Agulhas slump and by Goren et al. (2010) for the Heart Mountain 

Landslide.  The difference between pre and post landslide DEMs generates the 

displacement features used for the forward modeling simulations. 

2.2.1 Forward modeling 

The term forward modeling refers to the process of calculating a response given a 

physical model, while inverse modeling or inversion is the reverse operation, attempting 

to derive a model, given a set of observations. Forward modeling simulations have been 

used for various applications where mass contribution on the gravity field is determined. 

Applications include the estimation of ice mass loss (Chen et al., 2006; Ramillien et al., 

2006) and topography contribution to the gravity field (Ebbing et al., 2001).  In this case, 

the physical model includes the displacements and the density and the calculated 

response is the actual gravity difference (Δgz) in mGal. It should be noted that the Δgz 

term is used as opposed to Δg in order to avoid any confusion with gravity anomalies, 

which would require defining γ (γ in mGal, derived from Somigliana equation), though 

the pre and post differencing would essentially cancel out the common γ term. The 

gravity difference of the vertical component (mGal) is performed by Equation 2.1. The 

total gravity difference caused by the mass transfer is calculated as the root square of the 

summation of the square of the 3D components. 
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Where, G= 6.67 428 · 10
−11

 (m
3
/kg s

2
) is the gravitational constant, Δρ (kg/m

3
) is the 

density contrast and x, y, z (m) are the Cartesian coordinates.   

Investigating the potential of detecting landslides from space implies that a suitable 

attenuation factor is applied to calculate gravity difference (Loomis et al., 2012). The 

process required for referring observations from the Earth‘s gravity field on satellites‘ 

altitude is known as upward continuation. More information on upward continuation of 

surface gravity anomalies can be found on Cruz and Laskowski (1984). In the present 

study, upward continuation was performed via IGMAS (Gotze et al., 2010) forward 

modeling of the volume of mass transfer at the altitude of the GRACE mission. 

2.2.2 Wavelet transformation 

Given that spectral information of GRACE observations changes with respect to space, 

the ability of wavelets to localize in both spatial and frequency domains, provides the 

flexibility to separate the spectral content of different wavelengths. Fast Fourier 

Transformation (FFT) was not used due to localization limitations and leakage issues. In 

particular, Fourier analysis is realized by decomposing any periodic function to a sum of 

sine and cosine waves. The main drawback of transforming to the frequency domain 

using FFT is that the time information (i.e. spatial information for this study) is lost.  

This drawback of FFT led to the generation of a more advanced Fourier related 

transformation where both the frequency and time (space) information of a shorter 

segment of the signal could be computed. This transformation is called Short Time 

      ∭
 

√(        ) 
       (2.1) 
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Fourier Transformation (STFT) and it truncates the sines and cosines to fit a window of a 

particular width. The total signal is cut to shorter segments and each segment is analyzed 

separately. Figure 2-5 illustrates how the STFT works. The flexibility of STFT is 

restricted by the size of the time (space) window, which is selected for all the 

frequencies. In this study, a STFT approach would restrict the analysis of the gravity 

differences into spatial scales, restricting the investigation of the spectral content for the 

spatial scale that corresponds to the spatial resolution of the satellite. 

 

Figure 2-5: Short Time Fourier Transformation. 

Wavelet analysis represents the next step, where the window size varies in order to 

determine more accurately both time (space) and frequency. Effects such as spectral 

leakage, aliasing and Gibbs phenomenon during the transformation process are limited 

(Du et al., 2004). The redundancy of the gravity data suggests that the implementation of 

Discrete Wavelet Transformation (DWT) instead of Continuous Wavelet Transformation 

(CWT) is beneficial (Mallat, 1999). The principles of Multiresolution Analysis (MRA), 

where different frequencies correspond to different resolutions, are used in order to 

decompose the signal into various spatial resolutions. To apply wavelet analysis on the 
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simulated gravity impact of the landslide, the input data should be gridded. An 

interpolation sensitivity analysis took place revealing that the optimal interpolation 

technique is the bi-cubic interpolation, which agrees with the sensitivity analysis of 

interpolation algorithms for two-dimensional datasets (Shi and Zhu, 2005).  The Earth 

gravitational model 2008 (EGM2008) (Pavlis et al., 2008) was used as external validation 

for the interpolation sensitivity analysis, where the standard deviation between 

differences of EGM2008 and the GRACE monthly model was calculated for each 

technique. Bi-linear, nearest neighbor and biharmonic spline techniques were also tested, 

decreasing the accuracy by 2%, 5% and 1% respectively. A grid spacing of 6΄ x 6΄ (11 

km x 11 km) was used to accommodate the short wavelengths. The decomposition of the 

gridded simulated impact generates an approximate and exact coefficient for each level of 

decomposition. Each level of decomposition corresponds to a different resolution, 

starting from the resolution of grid spacing and ending at a resolution that corresponds to 

the spatial resolution of GRACE (~400 km). For the specific grid step, 6 levels of 

decomposition are generated. The number of levels depends on the gridding step of the 

input dataset that is used herein (i.e. 11 km) and will change for other gridding steps 

according to the dyadic sequence of the DWT. Testing of several mother wavelets 

resulted in selecting the Daubechies wavelet family (order 10) to perform the DWT 

primarily for its orthogonal and compact support abilities and the smoother generated 

spectrum. After implementing the 2D DWT, the levels of decomposition are 

reconstructed and the level that corresponds to GRACE resolution is used as the 

simulated impact.  
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The way that wavelet transform localizes in both space and frequency domains is often 

illustrated by Figure 2-6 where each box corresponds to gravity values in the space-

frequency domain. For a gravity-field dataset, the boxes in Figure 2-6 correspond to 

values of the wavelet transform in the space-frequency plane. It should be noted that 

despite the various widths and heights of the boxes, each box covers the same area in the 

space-frequency plane. This property realizes the multiresolution approach, where boxes 

with equal part on the space-frequency plane, have various space and frequency 

resolutions. In that sense, boxes with low gravity-field frequencies, (i.e. height of the 

boxes is shorter), have a better frequency resolution; though the width of the boxes 

becomes longer meaning that the space resolution is poor. On the contrary, high gravity-

field frequencies (i.e. width of the boxes is smaller) results in an increase of the space 

resolution and a respective decrease of the high-frequency resolution. 

 

Figure 2-6: Discrete wavelet transform. 
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Multi-Resolution Analysis (MRA) utilizes the above concept to analyze a signal at 

different frequencies with different resolutions. As a result, the gravity signal is analyzed 

into different levels of decomposition; each of them carrying the spectral content that 

corresponds to the resolution. The wavelet transformation of a space-domain signal can 

be defined as the projections of the signal onto a family of functions. These functions are 

normalized dilations and translations of a wavelet function (Noureldin et al., 2003). The 

scaling function of a wavelet represents how the wavelet is stretched or compressed. 

Small-scale results in a more compressed wavelet compared to large scales that lead to 

stretching of the wavelet. Thus, higher scales are usually used to analyze the low 

frequency components and lower scales analyze the high frequency components of the 

signal.  

The wavelet scaling function  ( ) used to compute the approximation or low-pass 

wavelet coefficients, is given by the following equation (Mallat, 1999): 

where *  +      are the approximation or low-pass wavelet coefficients; k is an integer 

index for the scale of the scaling function; x denotes distance; and √  maintains the norm 

of the scaling factor by a factor of two. 

The mother wavelet function  ( ) used to compute the detailed or high-pass coefficients, 

is given as follows: 

 ( )  √ ∑   (    )

   

 
(2.2) 

 ( )  √ ∑   (    )
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where *  +      are the detailed or high-pass wavelet coefficients. These functions are 

used in the analysis of a decomposition of a two-dimensional signal. In this thesis 

Daubenchies (DB) wavelet and scaling functions were employed to decompose the signal 

(gravity difference) into different levels of decomposition (multiresolution analysis). The 

vanishing moments of a wavelet define the ability of the scaling function to represent 

more complex functions. In this study, a high order (i.e. 10) of vanishing moments was 

used. 

Finally, the representation of the gridded (x,y) gravity difference (Δgz in mGal) in the 

wavelet domain is given by: 

Where   is the integer number space;          
(   ) and         

 (   ) are the 2D scaling 

and wavelet basis functions respectively;        

 
 are the approximation coefficients and 

       

   
are the detail coefficients (                                        ) of the 

gravity difference at level j;    and    are the indices for the shift of the scaling and 

wavelet basis functions. More details on the formulation can be found on Mallat (1999) 

and Burrus et al. (1998). The level of decomposition that corresponds to GRACE 

resolution is reconstructed as follows: 
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2.3 Results for the Agulhas Slump Case Study 

We employed 72 monthly solutions of the gravity field, spanning the period January 2004 

to December 2009. These solutions were processed by the Center for Space Research 

(CSR) and are Level-2, Release 5 GRACE solutions. Atmospheric and oceanic effects are 

removed in Level-2 solutions, although as mentioned previously, aliasing still exists. 

GRACE observations were calculated at spherical harmonic coefficients up to degree and 

order 40 (~500km) to avoid low-pass filtering. In the full-spherical harmonic expansion 

case, the high-degree spherical harmonics cause longitudinal stripes and can be removed 

through a process aptly described in Swenson and Wahr (2006). The linear trend of the 

monthly GRACE time series was found and removed. Afterwards, the mean of the years 

2004-2006 was subtracted from the mean of 2007-2009, revealing that the inherent noise 

in the GRACE observations and the gravity variations in the region is ±3 μGal. 

The contribution of the solid deformation event was then calculated. Deformation (ΔΧ, 

ΔΥ, ΔΖ) and geological (Δρ) features were input into the simulation, revealing the 

gravity difference induced by the landslide. In the next step the gravity difference of the 

event was calculating at GRACE altitude and finally a DWT was implemented to predict 

the detectable by GRACE gravity difference. In the present study, the inherent gravity 

variations and noise of ±3 μGal of GRACE monthly solutions were used to give a sense 

of the error magnitude of the region.  

                

         
(   )         

           

 (   )

        

           

 (   )         

           

 (   ) 
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In order to evaluate the impact of the landslide, the mass transfer caused by the 

deformation event was modeled. Gravity has both an active and a passive role in the 

sliding mechanism, since it is the driving force for the downslope movement and it is also 

affected by the mass transfer. The latitude profile followed a hyperbolic descending trend 

that resulted in a mass subsidence in the location of the slump and a seafloor uplift in the 

location of mass deposition. Figure 2-7 displays the longitudinal and latitude before- and 

after- landslide profile of topography. It is assumed that the slide had a direction from 

north-west to south-east resulting in mass subsidence and seafloor uplift, respectively. 

 

Figure 2-7: (a) Agulhas slump plane view in the sketched area; (b) Digital Elevation 

Model of the area where the slump occurred; (c) Longitudinal profile of the mass failure 
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at θ= -35
ο
; (d) Schematic representation of latitude profile of the mass failure (modified 

from Dingle, 1977). 

 

The final step was to add the difference on the gravity field caused by mass redistribution 

to the original GRACE observations. The magnitude of the final impact was estimated to 

be -0.4 mGal for the seafloor subsidence and 0.32 mGal for the mass deposition. Figure 

2-8 displays, (a) the inherent noise and gravity variations where the longitudinal stripes 

effect of a maximum degree model (120) can be depicted, (b) the inherent noise of 

GRACE monthly solutions at the specific location for coefficients up to 40 degree and 

order (notice the different color bar scale), (c) the simulated difference in gravity caused 

by the landslide and (d) the final impact of the landslide on the gravity field as it would 

be recorded by GRACE (simulated gravity difference and GRACE error).    
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Figure 2-8: a) Inherent noise calculated by maximum degree models (120); b) Inherent 

noise; c) Simulated gravity difference induced by the landslide; d) Simulated gravity 

difference with the inherent noise. 

2.3.1 Shift variant leakages 

Even though DWT is a powerful transformation technique with high computational 

efficiency (Mallat, 1999), it is a shift variant transformation (i.e. slight shifts in the input 

signal can cause major variations in the distribution of energy between DWT coefficients 

at different scales). Shift variant transforms result in scale leakage and oscillation 

phenomena especially in the high order levels (Pesquet et al., 1996; Mallat and Zhong, 

1992; Kingsbury, 1999). Several techniques have been proposed to eliminate these 

leakages, the most well-known being the algorithm called ―à trous‖ (Mallat, 1999; 
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Bradley, 2003). South of the slump area, low-magnitude oscillations with a horizontal 

direction can be observed (see Figure 2-8). These oscillations (ringing tones) come from 

the shift variant leakage of the DWT. The potential interference between the aliasing 

oscillations and the true estimated gravity difference should be addressed. In that sense 

the impact of shift-variant leakages is investigated for different initial (input) areas with 

various widths. Figure 2-9 displays the predicted gravity effect for the various area 

extents. It can be seen that a) oscillations exist in all the different spatial extent cases and 

b) increased oscillations (ringing tones) vary based on the spatial extent over which the 

DWT was applied. These ringing tones appear in all the cases due to the level of 

decomposition that was used at this specific case (i.e. level 6) since the higher the level of 

decomposition the more the oscillations (Naidu and Raol, 2008). Moreover, the 

oscillations have a horizontal direction, which is expected due to the horizontal 

orientation of initial gravity difference. The ringing effects are caused by the shift variant 

properties of Daubechies wavelets (changing the input area size results in change of the 

output), which is similar to Gibb's phenomenon. In the present study these oscillations 

were identified and due to their small magnitude they were considered negligible. 

However, in other cases, where the magnitude of the gravity change caused by the 

landslide is smaller special algorithms should be applied to avoid artifacts on the final 

impact. Finally, the employed spatial extent of the initial image used for the present study 

was set to 30
o
 x 30

o
.  
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Figure 2-9: Scale leakage and shift variant effects of DWT for initial areas with different 

spatial scales ranging from 30
o
 x 30

o
 (top left) to 100

o
 x 100

o
 (bottom right). Figures are 

zoomed to show in detail the change in gravity difference caused by the shift variant 

leakage. 

2.3.2 Tidal aliasing effect 

High frequency signals (sub-monthly) caused by mass transport and redistribution 

phenomena in the atmosphere and the ocean, alias into the monthly solutions of the 

gravity field.  The impact of these signals is known as aliasing and can reach up to 2mm 

in geoid height (Thompson   et   al., 2004). The correction of these high-frequency 

impacts is called ―de-aliasing‖ and can be realized by employing de-aliasing models such 

as the Atmosphere and Ocean De-aliasing Level-1B (AOD1B) (Flechtner et al., 2006) the 

PPHA model (Ponte and Ray, 2002) and the MOG2D model (Carrere and Lyard, 2003). 

However, uncertainty remains after the de-aliasing process. Tide de-aliasing procedures 

can cause typical errors of few mm over most of the oceans (Ray and Luthcke, 2006), and 
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similar errors may be involved in the use of non-tidal de-aliasing schemes (Kanzow et al., 

2005). 

The uncertainty on GRACE observations caused by oceanic tidal and non-tidal aliasing 

effects is a function of the off-shore distance in a way that the closer to the coast the 

higher the aliasing uncertainty (Shum et al., 1997). This increase in aliasing is attributed 

to the quality of the ocean tide models that deteriorates close to the coast. Though the 

majority of submarine landslides is located in the open ocean (Hampton et al., 1996), 

most of the recorded submarine landslides are located near-shore due to the lack of 

information about this type of solid mass transfer in the open ocean (Masson et al., 2006). 

In that sense the location of the known submarine landslides poses a further constraint on 

the feasibility to detect landslides using satellite observations of the static or time-

variable gravity field due to the tidal and non-tidal aliasing effects. The magnitude of 

these effects on GRACE observations varies also with respect to the degree and order of 

spherical harmonic coefficients (Ray and Luthcke, 2006).  For the Agulhas slump case 

where 40 degree and order spherical harmonic coefficients were used (see Section 2.3) 

the mean tidal aliasing error is ~0.08mm in geoid height (Ray and Luthcke, 2006). In this 

chapter, a 2D tidal aliasing field was generated for spherical harmonic coefficients of 100 

degree and order. The mean of tidal aliasing effect for this spherical harmonics degree is 

0.07 mGal and the standard deviation (ζ) was assumed to be 0.1. The bathymetry of 

southern Africa region as provided by ETOPO1 model (Amante and Eakins, 2009) was 

used to correlate the magnitude of tidal aliasing error with the elevation of the seafloor 

(necessary due to the quality of the tide models close to the coastlines). In that sense, the 

higher the elevation (the closer to the coast) the higher the magnitude of the uncertainty. 
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A correlated two-dimensional grid was generated by means of auto-correlation functions 

and fast spectral method (Fourier Filtering Method (Heideman et al., 1984)), creating a 

2D tidal aliasing field based on the elevation of the seafloor. Figure 2-10 displays the 

methodology used for the estimation of the 2D tidal aliasing field. 

 

 

Figure 2-10: Generation of 2D tidal de-aliasing effect in southern Africa region. 

 

Figure 2-10 displays the 2D tidal aliasing effect estimated for 100 degree and order 

spherical harmonics coefficients, for southern Africa region. It can be seen that close to 

the southern and east-southern coast of Africa the uncertainty of the tide model is higher 

(85 μGal) due to the continental shelf that results in high elevation. As opposed to near-

shore area, the tidal aliasing magnitude is significantly smaller on the open ocean (2 

μGal). 

The estimated gravity difference caused by the slump is added to the inherent noise (as 

calculated in Section 2.3) and to the tidal aliasing effect (see Figure 2-11 b). The gravity 

difference caused by the Agulhas slump can be clearly seen even in case tidal aliasing 

calculated at 100 degree spherical harmonic coefficients is used. However, the magnitude 
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of negative gravity difference (i.e. mass subsidence) has been considerably decreased due 

to the tidal aliasing effect. Overall, the magnitude of uncertainty caused by tidal aliasing 

necessitates the existence of better aliasing models, especially in the case of detecting 

landslides with smaller gravity response.  

 

Figure 2-11: a) Estimated tidal aliasing effect of the southern Africa region; b) simulated 

gravity difference, after adding the contribution of inherent noise and tidal aliasing effect. 

2.4 Results for the Heart Mountain Landslide Case Study 

The spatial extent of the Heart Mountain slide is considerably shorter than the Agulhas 

slide and the impact on the gravity field is expected to be significantly smaller. However, 

the huge deformation in the elevation (average of ~1 km) and the higher density (2710 

kg/m
3
) of the carbonate and granite rocks in Heart Mountain, in combination with the fact 

that the event occurred at considerably higher elevation (3000m) than that of the Agulhas 

slump (-2000m); result in the increase of the gravity change magnitude compared to 
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Agulhas slump magnitude. The effect of the landslide on the gravity field was estimated 

to be 0.18 mGal.  

2.4.1 Inherent noise filtering options 

 For the Heart Mountain Landslide case, the inherent noise of the GRACE observations 

was calculated by employing full degree spherical harmonics coefficients considering 

that the spatial extent of the deformation event was limited to 70 km x 50 km (catchment 

scale). Employing full degree and order gravity models leads to longitudinal stripe effect, 

due to the correlation of the high order spherical harmonics (see Section 2.3). While 

Gaussian smoothing function is the most well-known approach for noise suppression in 

2D fields, it requires a large smoothing radii to remove the longitudinal stripes effect 

(Swenson and Wahr, 2006). This type of filtering usually leads to significant loss of 

information due to the large radii required (see e.g. Wahr et al., 2006; Wouters and 

Schrama, 2007). 

Several filters have been suggested for suppressing the noise of high frequencies from 

GRACE observations; the most well-known being the longitudinal de-striping filter 

(Swenson and Wahr, 2006) which is based on spectral correlations of the spherical 

harmonics and the empirical orthogonal function filter (Wouters and Schrama, 2007) 

which is based on temporal correlations of the spherical harmonics.  

However, in the present study the most pessimistic approach where the inherent noise is 

biased by the longitudinal stripe effect is followed in order to investigate how much the 

longitudinal stripe noise interferes with the true gravity difference caused by the 

landslide.  In that sense, a Gaussian isotropic low-pass smoothing function with a cut off-

frequency of 500 km (Jekeli, 1996) was applied suppressing the errors at short 
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wavelengths and improving the spectral behavior of the monthly models. In case, 

GRACE observations are available and the processing scheme suggested in Section 2.3 is 

adapted; it is recommended that the longitudinal de-striping filter that Swenson and Wahr 

(2006) suggest should be applied. Except the longitudinal stripes the inherent gravity 

variations and noise are expected to be higher (±10 μGal) also due to the topography 

contribution of the mountainous area of interest (Tziavos and Sideris, 2013). Figure 2-12 

displays (a) the inherent noise and gravity variations; (b) filtered noise at ~500 km radii; 

(c) the simulated gravity difference induced by the landslide and (d) the final impact of 

the landslide on the gravity field as it would be recorded by GRACE (simulated gravity 

difference and GRACE error). 

 

Figure 2-12: a) Inherent noise calculated by spherical harmonic coefficients up to 120 

(sketched area refers to the landslide location); b) Inherent noise filtered at 500 km; c) 
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Simulated gravity difference induced by the landslide; d) Simulated gravity difference 

and filtered inherent noise. 

The magnitude of the gravity change caused by the mass transfer on solid Earth is 

considerably higher than the noise magnitude. However, it should be noted that due to 

spatial resolution constraints, the gravity anomalies would be sensed, but not resolved by 

GRACE. The impact would leak on longer wavebands, indicating a significant 

unexpected variation on the gravity field. For this specific case the radial power average 

of the impact that would be recorded would be useful to assess the amount of energy in 

each waveband. It is expected that the dominant energy will be carried in wavebands 

longer than the spatial extent of the deformation event. Figure 2-13 displays the radial 

power average, assessing that the higher energy is included in wavebands longer than 70 

km. 
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Figure 2-13: Radial power average of the simulated impact on the gravity field (units: 

dB/Hz). Red dots correspond to the frequencies that the power of the signal was 

computed. 

2.5 Sensitivity and Resolvability Criteria 

The detectability of solid Earth mass transfer events can be determined based on the 

relationship between a) mass transfer spatial scale/GRACE spatial resolution and b) 

magnitude of gravity change/GRACE noise level. Therefore, a regional scale mass 

transfer event can be detected from the long wavelength impact on the GRACE 

observations. From the present study, it was also proven that a catchment scale mass 

transfer event can be sensed by GRACE, since it leaks to longer wavelengths assuming 

that the magnitude of the change in gravity induced by the landslide is higher than the 

inherent noise. The methodology applied to the Agulhas slump and the Heart Mountain 

Landslide was also applied to the potential submarine landslide triggered from the 

Tohoku Earthquake which occurred in Japan in 2011 (Tappin et al., 2014) and on the 

earthquake-triggered Grand Banks landslide that occurred around Newfoundland in 1929 

(Fine et al., 2005). For the Tohoku submarine landslide, it is assumed that the landslide 

had a quasi-Gaussian shape with elliptical horizontal footprint (Tappin et al., 2014) and 

an overall volume of 500 km
3
 (40 km x 20 km ellipsoid footprint). In the present study, 

we kept constant the change in volume, for simplicity and changed the shape of the 

footprint to rectangular. It was found that the Tohoku submarine landslide did not fulfill 

any of the two suggested categories, with a spatial scale at the catchment-level and the 

relatively small change in gravity. Therefore, this event would not have been evident in 

the GRACE observations. However, in the case of the Grand Banks landslide, the 
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resulting effect on the gravity field could have been sensed from long wavelengths. Table 

2-1 summarizes the basic characteristics and the impact that these events would have on 

GRACE observations.  

Table 2-1: Characteristics of large-scale events and their predicted impact on the gravity 

field  

Event Type 

Spatial 

Extent 

(km) 

Elevation 

change 

(km) 

Density 

(kg/m
3
) 

Estimated 

gravity 

difference 

(μGal) 

GRACE 

inherent noise 

(μGal) 

Tohoku 

Submarine 

landslide 

Submarine 25x10 2 1500 1 2 

Agulhas 

Slump 
Submarine 750 x 106 0.25 2000 400 3 

Heart 

Mountain 

Landslide 

Subaerial 70 x 50 1 2710 180 10 

Grand 

Banks 

landslide 

Submarine 1000 x 25 0.005 2300 50 3 

 

2.6 Conclusions 

A detailed investigation into the feasibility of using GRACE-like observations of the 

temporal variations of the gravity field for detecting large-scale (>50 km) landslide 

events was performed. It was found that the Agulhas slump which occurred in the 

southeastern Africa roughly ~1.8 million years ago, would have resulted in |400| μGal   

difference in the gravity field. Given that the inherent noise of the observations is 

approximately ±3 μGal, this would have been a detectable event. Shift variant leakages 

were investigated and the impact of tidal aliasing effects for the Agulhas slump case was 

also estimated (70 μGal) and added to the final predicted gravity difference. The second 

simulated case study concerned the Heart Mountain subaerial landslide. Though, it 
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occurred within a catchment scale, the gravity difference was predicted to be |180| μGal   

with an estimated ±10 μGal inherent noise level, which again would have been detected. 

The noise contribution for all the case studies was estimated based on the inherent noise 

of the GRACE observations.  From the radial power average of the simulated gravity 

difference it was found that the impact of this event was leaked to longer wavelengths 

(>70 km) and therefore GRACE observations could have sensed the change. Although 

the dominant signal of the GRACE gravity changes reflects mainly hydrological mass 

transfer, it can be concluded that catchment and regional scales landslides result in a 

sensed/resolved gravity change. Finally, the sensitivity/resolvability of mass transfer 

events of the solid Earth, is contingent upon the a) spatial extent and b) magnitude of the 

change in gravity. The spatial scale criterion depends on the spatial resolution of GRACE 

and the magnitude of change depends on the noise level of GRACE observations. From 

the first category regional scale mass transfer events can be sensed and detected by 

GRACE satellites, while in the second category the impact on the gravity field by a 

catchment scale event could be sensed in the long wavelengths.  

The contribution of GRACE mission to a wide variety of geophysical applications set the 

roots for a follow on mission (GRACE-FO) that will continue to provide gravity time 

series and initiated the discussion for an upcoming era of next generation gravity 

missions.  Should the role of GRACE-FO and next generation gravity missions on large-

scale mass transfer events detection be investigated, our understanding on the gravity 

signature of solid mass transfers will be expanded. 
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Chapter 3 

Next Generation Gravity Missions 

3.1 Introduction 

The detectability of large-scale landslides using dedicated satellite gravity mission 

observations was assessed in chapter 2. It was found that these events could be detected 

through measurable changes in the gravity field if the spatial scale of the landslide is 

greater than the spatial resolution of the satellite mission and/or if the magnitude of the 

resulting gravity difference is greater than satellite mission‘s noise level. Landslides 

rarely have a spatial extent greater than the current mission‘s satellites spatial resolution 

(i.e. regional scale). Therefore, their detectability can primarily be assessed based on the 

measured gravity difference.  

The successful experience of the first generation dedicated satellite gravity missions 

(CHAMP, GRACE and GOCE) over the last twenty years has resulted in discussions for 

the preparation of the Next Generation Gravity missions (NGGMs) that will provide 

temporal variations of the gravity field with unprecedented spatial resolution globally 

(Cesare and Sechi, 2013; Canuto and Colangelo, 2014). Simulation studies for the 

NGGMs suggest that the altitude of the satellites should be between 340 km and 400 km, 

so that the mission lifetime can cover a long time span providing high spatial resolution 

(~100 km) (Cesare and Sechi, 2013). Temporal solutions will be provided on a weekly 

basis so that temporal aliasing phenomena of high frequencies could be found and 

mitigated (Rowlands et al., 2005). These advancements will open up the possibility to use 

gravity variations for a number of different applications, including, landslide detection 
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(Peidou and Fotopoulos, 2016). The main purpose of this chapter is to assess the 

contribution of NGGMs on the detection of landslides, which answers the second 

objective discussed on Section 1.2. 

3.2 Simulation studies framework 

The GRACE follow-on mission (GRACE-FO) will primarily continue to provide 

monthly global geopotential models of the Earth‘s gravity field with a high spatial 

resolution (Flechtner et al., 2015). Through simulation studies, it was found that 

improvements on the satellite-to-satellite tracking (SST) system will slightly decrease the 

overall uncertainty (Loomis et al., 2012; Flechtner et al., 2015). The best attainable 

spatial resolution of the gravity observations depends highly on temporal aliasing errors. 

As a result, in the present study a spatial resolution of ~300 km is assumed for all 

simulations. 

Following the developed methodology presented in Section 2.2, the detectability of 

various-scale events was assessed through simulations at various satellite altitudes. 

Simulation studies of the impact that various-scale landslides could have on the gravity 

field were generated for three subcases, namely GRACE, GRACE-FO and NGGMs. 

These simulations were conducted based on the constraint factors of GRACE, GRACE-

FO and the proposed NGGMs. The detectability of a landslide is a function of both the 

spatial extent of the landslide and the magnitude of the gravity change. In that sense the 

spatial extent of the simulated landslides ranges between half of the optimal spatial 

resolution provided by NGGMs (~50km) and the spatial resolution of GRACE (~400km).  

The uncertainty in gravity observations is estimated using the error analysis of Flechtner 

et al. (2015) assuming that GRACE solutions are calculated up to 100 spherical 
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harmonics coefficients. This analysis does include the atmospheric and oceanic aliasing 

errors and errors from changes in the true monthly mass averages caused by processes 

other than continental water storage (Wahr, 2006). These aliasing effects and the 

unmodeled processes affecting the gravity variations increase the noise level. However, if 

high-frequency solutions of the time-variant gravity field (i.e. weekly) are available from 

the promising NGGMs, these aliasing effects are expected to be considerably smaller. In 

the present study, it is assumed that seasonal effects are removed by fitting an analytical 

model that includes the linear trend to the time series and by removing this trend from 

gravity observations. A Gaussian filter with ~200 km radius is also applied to the 

GRACE observations. Overall, an estimation of ~30 μGal uncertainty was assumed for 

all the three simulation subcases (GRACE, GRACE-FO, NGGMs). Once the appropriate 

corrections are applied to the observations a better signal-to-noise ratio (SNR) may be 

achieved. Various satellite altitudes ranging from GOCE altitude (~250 km) to GRACE 

altitude (~500 km) are also tested. GRACE focused on time-varying parts of the gravity 

field, especially at medium range degrees, thus long mission duration was required 

(Tapley et al., 2004). The mission altitude is essential for the performance since both 

mission‘s lifetime and sensitivity depend on the altitude. An altitude of 160 km will 

dramatically increase the number of mass transfer events that can be detected, however 

the satellite lifetime will be exponentially decreased to 0.75 years. In the case that the 

satellite orbit altitude is ~250 km, the lifetime will be 2.5 years (Loomis et al., 2012). 

Figure 3.1 shows the relationship between satellite orbit altitudes versus mission‘s 

lifespan. Though low altitude results in short lifespan, it is expected that the lower the 

altitude the higher the number of catchment scale landslides that can be detected.  
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Figure 3-1: Mission‘s lifespan with respect to the satellite orbit altitude 

 

NGGMs-like observations were generated to assess the impact of the Agulhas Slump 

(Section 2.3) and the Heart Mountain Landslide (Section 2.4) on the gravity field.  

Finally, results concerning the detectability of various scale deformation events from the 

three satellite missions (GRACE, GRACE-FO, NGGM) presented are discussed and 

conclusions regarding the optimal altitude and resolution of gravity satellite missions for 

detecting mass transfers of the solid Earth are also highlighted. Table 3-1 displays the 

case studies investigated and the satellite parameters used in the present study.  
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Table 3-1: Simulated case studies with various satellite parameters 

Altitude 

(km) 

Resolution 

(km) 

Landslides scale 

(km) 

250 

100          50 x 10   

100 x 20 

150 x 25 

250 x 50          

350 x 50 

300 

400 

300 

100          50 x 10   

100 x 20 

150 x 25 

250 x 50          

350 x 50 

300 

400 

350 

100          50 x 10   

100 x 20 

150 x 25 

250 x 50          

350 x 50 

300 

400 

400 

100          50 x 10   

100 x 20 

150 x 25 

250 x 50          

350 x 50 

300 

400 

500 

100         50 x 10   

100 x 20 

150 x 25 

250 x 50          

350 x 50 

300 

400 
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3.2.1 Results from Simulated Solid Mass Transfers and GRACE 

A simulation of the mass transfer impact on the gravity field caused by landslides was 

estimated for the GRACE mission satellite altitude (~500 km) and spatial resolution 

(~400 km). Elevation change (usually referred to as thickness, ΔΖ) of individual 

landslides is assumed to be 0.1 km and the density of the mass is assumed to be the 

average topographical density 2670 kg/m
3
 (Vanicek et al., 1995; Tenzer et al., 2009). The 

estimate of 100 m for thickness is a conservative estimate, since some catchment and 

regional scale solid mass transfers may have an elevation change (i.e. thickness) at the 

scale of few km. As a result, a conservative estimate of 100 m for thickness will lead to 

an underestimation of the ability of satellite gravity observations to detect solid mass 

transfers. Table 3-2 displays the estimated gravity impact on ~500 km altitude and Figure 

3-2 shows the gravity impact for various satellite altitudes.  Results indicate that a 

catchment scale landslide with an extent of 250 km x 50 km such as the Garhwali 

Himalayas landslides (Pachauri et al., 1998) would have been detected by GRACE, 

resulting in ~30 μGal change on the gravity field. A shorter scale event with a spatial 

extent of 150 km x 25 km (such as the Markagunt gravity slide (Hacker et al., 2014)) 

would also have been detected if the satellite altitude of GRACE was the same as GOCE 

altitude (~250 km). However, according to Figure 3-2 if GRACE altitude was 250 km 

mission‘s lifetime would not exceed 2.5 years. 
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Table 3-2: Computed impact of various scale mass transfer events on the gravity field (as 

would be recorded by GRACE deployed at an altitude of 500 km) 

Spatial Extent 

(km) 

Volume 

(km
3
) 

Estimated impact on 

GRACE observations 

(μGal) 

50 x10 50 0.01 

100 x 20 200 0.07 

150 x 25 375 1.2 

250 x 50 1250 30 

350 x 50 1750 60 

 

 

Figure 3-2: Simulation studies of gravity impact recorded by GRACE (400km 

resolution). Dark blue indicates the estimated GRACE uncertainty. Dashed pink line 

denotes GRACE noise level. 

 



 

50 

 

Several catchment and regional scale events occurred over the last century, such as the 

Nice landslide (15 km x 25 km) in southeastern France (Assier-Rzadkieaicz et al., 2000), 

the southeastern Alaska landslide (7 km x 10 km) (Brothers et al., 2016) and the Grand 

Banks landslide (1000 km x 25 km) in Newfoundland, Canada (Fine et al., 2005), to 

name a few. Based on the results shown in Figure 3-2 it is expected than only the Grand 

Banks landslide could have been detected employing GRACE observations due to its 

spatial extent (i.e. two times longer than GRACE resolution).  

Regional scale landslides frequency is smaller than catchment scale frequency and 

typically the mass transfer is divided into several smaller scale landslides that are 

included within a landslide zone. Moreover, regional scale mass transfers of the solid 

Earth occur usually at submarine environments. However, as discussed in Section 2.1 

submarine landslides detection using satellite gravity observations is rendered difficult 

due to water existence, oceanic aliasing effects and rocks‘ composition (usually mass 

transfer is composed from low density sediments). Overall, the feasibility of detecting 

submarine landslides has been assessed, under the condition that the gravity signature of 

a submarine mass transfer event is higher than the uncertainty level of satellite gravity 

observations.  

3.2.2 Results from Simulated Solid Mass Transfers and GRACE-FO 

The main aim of GRACE-FO is to continue to provide gravity solutions of the dynamic 

and static gravity field. However, in this study we evaluate the feasibility of using the 

observations for studying solid Earth mass transfer events. Simulations based on the 

proposed satellite altitude and resolution were conducted to assess the extent that this 

mission will contribute to the aforementioned application.  
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The altitude of the GRACE-FO mission will be at the same orbit (~500 km) and the 

resolution is expected to be improved due to the laser ranging interferometer (LRI) that 

will be used for the SST (Flechtner et al., 2016). In the present study, we assume a spatial 

resolution of ~300 km. Considering these improvements, simulations of the various 

deformation events are shown in Table 3-3. Figure 3-3 shows the magnitude of the 

change in gravity detected and resolved by GRACE-FO observations, which is slightly 

higher than in the GRACE case. This, however will not result in the detection of shorter 

scale landslides. Various satellite altitudes were also tested revealing that at an altitude of 

~350 km a landslide with 150 km x 25 km can be detected from the medium wavebands. 

Overall, it is expected that GRACE-FO will not result significantly in expanding the 

number of detectable landslides. As a result, landslides with the same spatial scale as 

discussed in Section 3.2.1 could be detected by GRACE-FO. 

Table 3-3: Computed impact of various scale deformation events on the gravity field (as 

would be recorded by GRACE-FO deployed at an altitude of 500 km) 

Spatial Extent 

(km) 

Volume 

(km
3
) 

Estimated impact on 

GRACE-FO observations 

(μGal) 

50 x10 50 0.02 

100 x 20 200 0.12 

150 x 25 375 3 

250 x 50 1250 80 

350 x 50 1750 110 
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Figure 3-3: Simulation studies of gravity impact recorded by GRACE-FO (300 km 

resolution). Dark blue indicates the estimated uncertainty of GRACE-FO. Dashed pink 

line denotes GRACE-FO noise level. 

3.2.3 Results from Simulated Solid Mass Transfers and NGGMs 

According to Cesare and Sechi (2013) the majority of geophysical applications, such as 

solid Earth, glaciology and hydrology require improvements on spatial and temporal 

resolutions of NGGMs.  

In this Section, satellite missions‘ spatial resolution is assumed to be ~100 km and the 

impact that different scale landslides have on the gravity field is estimated for various 

satellite altitudes. Table 3-3 displays the estimated gravity impact of solid mass transfers 

at 500 km altitude. From the results it is clear that all the events except the 50 km x 10 

km landslide, can be detected by NGGMs even if the altitude is 500 km. As a result, it is 

expected that a plethora of catchment scale landslides will be detected. For example, the 
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impact of the Tohoku submarine landslide was negligible on GRACE observations (see 

Section 2.5), but it might have been recorded by NGGMs observations since the 

magnitude of gravity difference was ~15 μGal. However, this task is considered 

questionable and assessment on the separation of the gravity difference caused by the 

earthquake and the landslide should take place.  

Table 3-4: Computed impact of various scale deformation events on the gravity field (as 

would be recorded by NGGMs deployed at an altitude of 500 km) 

Spatial Extent 

(km) 

Volume 

(km
3
) 

Estimated impact on 

NGGMs observations 

(μGal) 

50 x10 50 9 

100 x 20 200 85 

150 x 25 375 150 

250 x 50 1250 282 

350 x 50 1750 562 

 

From Figure 3-4 it can be seen that by increasing the spatial resolution to ~100 km and 

decreasing the altitude to ~350 km all the different scale landslides can be recorded. For 

this particular case the noise magnitude may differ from GRACE satellite, given that high 

frequency errors are reduced from the temporal variations of gravity observations. As 

aftermath it can be concluded that if a spatial resolution of ~100 km can be achieved, the 

importance of the altitude of the gravity mission attenuates.  

Overall, most of the subaerial catchment scale landslides such as the Mount St. Helens 

landslide (1980) can be recorded by NGGMs observations. The Mount St. Helens 

landslide covered an area of 60 km
2
 (Lipman and Mullineaux, 1981) and was triggered 
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by a volcanic eruption in the Cascade Mountain Range in the State of Washington. 

Several catchment scale events that could be detected by NGGMs; such as the Sulawesi 

landslide occurred over the last decade, providing cases on which the beneficial role of 

NGGMs on solid Earth mass transfers detection can be assessed.   

 

 

Figure 3-4: Simulation studies of gravity impact recorded by NGGM (100 km 

resolution). Dark blue indicates the estimated error magnitude of NGGM. Dashed pink 

line indicated NGGMs noise level. 

 

Given that the presumed temporal resolution of NGGMs is expected to be sub-monthly, 

provisions regarding the monitoring of the gravity signature of landslides may become 

possible. In particular, instead of treating the gravity response of the landslide as an 

episodic difference; slow mass transfers (slow gravity differences) could be monitored. In 

that sense we could consider that a landslide consists of individual segments, each 
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segment being the mass transfer (ΔΧ, ΔΥ, ΔΖ) that occurred within the temporal 

resolution of the NGGM (i.e. 7 days). Should each segment be detected by NGGMs (i.e. 

detectability conditions as stated in Section 2.5 should be fulfilled for each phase), 

monitoring of the gravity response caused by the continuous mass transfer could be 

achieved. 

3.2.4 Results from Shorter Scale Simulated Solid Mass Transfers and NGGMs 

As mentioned on Section 3.2.1 the simulated solid mass transfers have a thickness of 

100m, which is an underestimation of the usual thickness of subaerial events. This 

assumption leads to an underestimation of the impact that the simulated mass transfers 

have on the gravity field. As a result, the simulation studies analyzed in Sections 3.2.1-

3.2.3 fulfill the resolvability criteria suggested in Section 2.5 due to their spatial extent. 

However, a more realistic approach for the simulations would include shorter scale (local 

and catchment) solid mass transfers with higher elevation change (i.e. average 1 km). 

Though the gravity differences caused by these events are not expected to be resolved, 

they may be sensed due to the higher elevation that will result in higher gravity 

difference, which will be leaked to the medium wavelengths observed by NGGMs (i.e. 

100 km). Figure 3-5 displays the gravity effect of local and catchment scale solid mass 

transfers, with an average thickness assumed to be 1 km and the average density being 

2670 kg/m
3
. The enhanced temporal resolution of NGGMs will supress temporal aliasing 

effects of the gravity signal and thus the noise level is expected to be smaller. Due to the 

lack of simulation studies on the error analysis of NGGMs it is assumed that the error 

magnitude is approximately 10 μGal. It can be seen that local and catchment scale events 

can be clearly sensed using NGGMs specifications. As a result, all the catchment scale 
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solid mass transfers can be either resolved (based on results in Section 3.2.3) or sensed 

using NGGMs observations. Moreover, due to the high elevation change, few local scale 

events may result in a gravity difference that can be sensed from NGGMs, since the 

difference will leak from short to medium wavelengths.  

 

Figure 3-5: Shorter Scale Simulated Solid Mass Transfers of gravity impact recorded by 

NGGM (100 km resolution). Dark blue indicates the estimated error magnitude of 

NGGMs. Bold black lines indicate the range of the expected altitudes of NGGMs. 

3.2.5 Results for the Agulhas Slump Case Study and NGGMs 

The impact of the Agulhas Slump on the gravity field was simulated based on NGGMs 

constraint factors. The processing scheme introduced in chapter 2 was applied using the 

presumed NGGMs satellite altitude of 400 km (suggested altitude ranges between 340 

km to 400 km) and analyzing the estimated gravity difference for a spatial resolution of 

100 km. Therefore, the resulting wavelet analysis consists of 4 levels of decomposition 
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(level 4 corresponds to 100 km spatial resolution). As was expected the gravity difference 

detectable by NGGMs is significantly higher (almost 3 times higher) than the gravity 

difference recorded by GRACE. Figure 3-5 displays the estimated gravity difference as it 

would be recorded by NGGMs. The spatial leakage of discrete wavelet transformation 

can be depicted from the two horizontal lines under the mass deposition region. Since it 

doesn‘t interfere with the estimated gravity difference it can be ignored (see Section 

2.3.1). It is showed that the mass subsidence could have resulted in -1.1 mGal gravity 

difference while the mass deposition had an estimated impact of 0.92 mGal. Given the 

suggested weekly temporal resolution of NGGMs, temporal aliasing phenomena are 

expected to have smaller magnitude. However, it was assumed that the tidal aliasing 

effect and the inherent noise have the same magnitude as in Section 2.3.2. These effects 

were added to the NGGMs gravity difference estimation. The overall, recorded gravity 

difference with the noise and aliasing phenomena included is displayed in Figure 3-6. 

 

Figure 3-6: a) NGGMs simulated gravity difference induced by the Agulhas slump; b) 

NGGMs simulated gravity difference, inherent noise and tidal aliasing effect. 
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3.2.6 Results for the Heart Mountain Landslide Case Study and NGGMs 

The gravity difference induced by the Heart Mountain Landslide was detectable by 

GRACE observations due to the elevation change and the rock density of the landslide. 

NGGMs-like observations were employed to assess the gravity difference of this 

catchment scale event. The magnitude of the impact on the gravity field was estimated to 

be 0.6 mGal which is significantly higher than the simulated impact of GRACE solutions. 

Figure 3-6 displays (a) the simulated gravity difference on NGGM-like observations and 

(b) the simulated gravity difference including the filtered inherent noise (see Section 2.4). 

Moreover, from Figure 3-7 it can be seen that the gravity difference was not leaked to the 

longer wavelengths as in case investigated on Section 2.4, where simulations on GRACE 

conditions have been conducted. Due to the high resolution of NGGMS it is expected that 

the gravity difference can be resolved in short-wavelengths, instead of being just sensed 

from the longer wavelengths. Finally, in Figure 3-7 the longitudinal striping effect is 

assumed not to be improved by NGGMs gravity solutions. 

 

Figure 3-7: a) NGGMs simulated gravity difference induced by the Heart Mountain 

Landslide; b) NGGMs simulated gravity difference and filtered inherent noise. 
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3.3 Conclusions 

Gravity signatures of various scale landslides further expanded our understanding of the 

measurable gravity changes resulting from solid Earth mass transfer. Assuming an overall 

uncertainty of ~30 μGal (including spacecraft and aliasing errors) it can be concluded that 

for ~400 km resolution, landslides with a spatial extent longer than 250 km x 50 km can 

be detected, while by decreasing the satellite altitude by half, a deformation event with a 

spatial extent of 150 km x 25 km will be detectable. In the theoretical case that a ~100km 

resolution can be achieved, mass redistribution with an extent of 100 km x 20 km can be 

detected from all the satellite altitudes. 

 Figure 3-8 displays the estimated gravity impact for all the subcases of GRACE, 

GRACE-FO and NGGMs. Though the altitude change has an impact on the gravity field, 

it can be concluded that changing spatial resolution will have the most prominent impact 

on the ability to detect landslides based on pre- and post- event observations. Given that a 

gravity mission‘s lifetime is a function of the orbit altitude it is suggested that should the 

NGGMs remain at the same altitude of 500 km, a long duration mission that will 

contribute to landslide detection can be feasible. Events with smaller magnitude and 

spatial extent could also be detected by NGGMs provided that the temporal resolution is 

on a sub-monthly basis. Figure 3-8 summarizes the results of the simulation studies 

(using average thickness 100 m) for all of the cases investigated.   
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Figure 3-8: Gravity impact of landslides estimated for various satellite altitudes and 

spatial resolutions; Landslide thickness is assumed to be 100 m. 

 

Finally, the predicted gravity difference induced by the investigated landslides (i.e. 

Agulhas slump and Heart Mountain Landslide) was estimated to be considerably higher 

(~3 times higher) in the case where NGGM observations were employed. The Tohoku 

earthquake triggered landslide which could not be detected by GRACE observations (i.e. 

magnitude of gravity change ~1 μGal), could have been detected by filtered NGGM 

observations, resulting in gravity change of ~15μGal. However, conclusions regarding 

this event are considered ambiguous since the source of gravity difference comes from 

both the earthquake (6 μGal difference on GRACE observations and estimate of 85μGal 

difference on NGGMs observations) and the submarine landslide (1 μGal difference on 

GRACE observations and estimate of 15μGal difference on NGGMs observations). This 
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alludes to an interesting question where we try to decipher the source of gravity 

differences. For example, for the Tohoku earthquake case, several models that simulate 

the gravity difference caused by the earthquake have been extensively described in 

literature (see e.g. Han et al., 2014; Matsuo and Heki, 2011). Modeling the gravity 

difference of all sources of mass transfer may lead to deciphering the contribution of each 

source to the gravity difference. 

In the light of NGGMs the contribution of satellite gravity observations on solid Earth 

mass transfers detection is expected to expand the number of detectable events. 

Improvements brought on by the increased temporal resolution of NGGMs have not been 

discussed in this study. Sub-monthly gravity solutions can not only reduce temporal 

aliasing phenomena on the gravity observations, but also introduce the ability of 

monitoring large-scale events that have a duration that exceeds the temporal resolution of 

the NGGMs. Thus, the gravity signature of slow-rate mass movements, that fulfills the 

resolvability criteria as suggested on Section 2.5, can in theory be monitored.   
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Chapter 4 

In-situ geodetic monitoring of surface deformation 

4.1 Introduction  

In this chapter, we explore the use of in-situ geodetic observations for surface modeling. 

It is well established that tectonic activity may result in surface deformation that can 

trigger landslides such as in the case of the northern Pakistan landslides (Sato et al., 

2007) and the devastating landslides around the Gulf of Alaska (Hampton et al., 1996; 

Wang et al., 2015). In the seismically active area on the continental shelf of the Gulf of 

Alaska, several earthquake-triggered submarine and subaerial landslides have been 

detected; covering regions up to 1080 km
2
 (Carlson, 1978). The majority of the recorded 

landslides in this region are local-scale and few catchment scale events have also 

occurred in the past. Moreover, the landslides in this region have various temporal scales 

with episodic and non-episodic mass transfers; the latter being monitored through a GPS 

network (Freymueller et al., 2008).  

To date, available geodetic observations such as GNSS, LiDAR, and InSAR (see Section 

1.3) are used to monitor larger scale solid Earth mass transfers (Abolmasov et al., 2015; 

Dixon et al., 1997). These type of mass transfers, typically in seismically active regions, 

may also provide indicators for landslides (Sato et al., 2005). Given a GPS network 

designed to detect 3D surface displacements (horizontal and vertical), our objective turns 

to finding the optimal method for modeling a surface using discrete observations (see 

Section 1.4).  

GPS observations can provide 3D information for crustal deformation at discrete 

locations, which then can be interpolated to create surfaces/models of the displacements. 
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The achievable accuracy of the vertical component is typically lower than the horizontal 

accuracy due to the geometry of the GPS satellites (i.e. GDOP) and due to atmospheric 

refraction and uncertainties in the antenna phase centers between satellites and receivers 

(Leick et al., 2015). So called ‗constraint‘ parameters such as the magnitude of 

earthquakes, if available, are useful for a better estimation of the vertical crustal 

deformation surface. In this thesis, focus is placed on modeling the vertical component 

(the least accurate component) of the displacement surface using GPS observations 

through two different techniques, namely least-squares (LS) adjustments and artificial 

neural networks (ANN). A case study using the Alaskan network of GPS stations is used 

to assess results.  

4.2 Surface deformation monitoring 

4.2.1 GPS time series in Alaska 

The US National Science Foundation (NSF) launched the EarthScope program, 

deploying thousands of seismic, GPS, and other geophysical instruments, such as 

magnetometers, in order to investigate the tectonic activity of the North American 

continent. The geodetic component of this program entailed a GPS network of about 

1200 permanent GPS stations distributed across North America, in areas with high 

tectonic activity (see Hornberger, 2001 for details). This network includes 126 GPS 

stations that cover the entire area of the Gulf of Alaska, with the majority of them 

situated close to the continental boundaries.  In order to monitor the deformation surface 

of the Gulf of Alaska, GPS solutions were employed to generate the vertical deformation 

surface. 
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Figure 4-1 displays the topography of the area of interest, along with the available GPS 

stations and the continental boundaries of the region. The topography of the area is a 

physical parameter that affects the network configuration, affecting, in particular, the 

choice of the optimal location of the stations.  

The figure also includes earthquake epicenters depicted by red circles. Based on the 

Richter scale, earthquakes with a magnitude higher than 3Ma generate a maximum 

ground displacement of 1 millimeter (mm) at 100 km distance (Richter, 1958). In this 

study, earthquakes with a magnitude >3Ma that occurred in 2010 were considered as 

‗constraint‘ parameters that result in high deformation of the GPS stations and 

consequently of the deformation surface. The choice of this particular year was made due 

to the fact that in 2010 most GPS stations had low root mean squared error (RMSE) 

values, while in following years some of the stations were corrupted (see e.g. Wang et al., 

2015) or demonstrated unexpectedly high RMSE (>1cm). The deterioration of the 

performance of the stations is attributed either to corruption of the stations due to local 

scale landslides (see e.g. Wang et al., 2015) or to the presence of outliers. 

Global Centroid Moment Tensor (GCMT) provides the magnitude and the epicenter of 

the earthquakes.  

GPS time series over the last decade derived from the stations across the area of interest 

are available from the USGS, covering an extent of approximately 1800 km x 4000 km 

(see Figure 4-1). The RMSE of the 3D coordinates of two stations, namely AC30 and 

AKLV was high and these stations were not included in the surface modeling. The 

distribution of these stations (Figure 4-1) is denser in coastal areas close to continental 

boundaries. Displacements of the location for each GPS station are available, along with 
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the estimated velocities (mm per year). A surface was generated using the network 

observations (geodetic coordinates, epoch of observation and earthquake magnitudes) by 

means of (i) artificial neural network and (ii) least squares polynomial surface fitting 

tools. The purpose was to determine which modeling method is more appropriate for 

modeling the surface of the vertical displacements of the Gulf of Alaska. All the 

observations are network solutions (as opposed to baseline-by-baseline solutions) and the 

coordinates are georeferenced to the International Terrestrial Reference Frame of 2008 

(ITRF08).  
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Figure 4-1: Topography of the Gulf of Alaska region computed using ETOPO1; pink line 

denotes the continental boundaries; red circles indicate the epicenter of the earthquakes 

that occurred during 2010 with Ma>3 and blue diamonds indicate the location of GPS 

stations. Purple rectangle denotes the undetected by GPS landslide (2013). 
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4.2.2 Geodetic network considerations 

The accuracy of the deformation surface is contingent upon the performance of the 

available observations and the mathematical model used for their creation. In this study, 

both parameters are addressed.  

Geodetic observations are usually acquired and processed within a geodetic network, 

especially in the case of surface deformation monitoring, where the required accuracy is 

at the mm-scale (Berardino et al., 2002; Dixon et al., 1997). For a geodetic network, we 

define any geometric configuration of three or more terrestrial survey points that are 

linked by mutual geodetic observations. The realization of a geodetic network involves 

three essential elements; (i) network design, (ii) field processing and (iii) network 

analysis (see Section 1.4 for details). The use of geodetic network is a typical method 

employed in modeling a deformation surface, due to the accurate and reliable solutions 

they provide. Networks should be optimized in the sense that both the configuration and 

the observation plan meet the quality requirements at a minimal cost (Schmitt, 1985). 

From a geodetic perspective the criteria used to evaluate the quality requirements include: 

(i) precision, (ii) reliability, (iii) economy and (iv) sensitivity (i.e. sensitivity describes 

network‘s ability to detect postulated displacements or deformation parameters of certain 

magnitude).  

Though the focus of this Chapter is placed on geodetic networks, it should be noted that 

these networks are usually a component of deformation monitoring networks. Due to the 

fact that the parameters of interest in deformation monitoring networks are not the 

coordinates themselves but their variation over time (displacements), all the isolated 

observations such as tiltmeters and strainmeters should be integrated with the geodetic 
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network to create a monitoring network. The location of the geotechnical instrumentation 

should be selected in areas that a deformation trend can be depicted or in areas with 

maximum deformations. Choosing optimal positions for the geodetic and geotechnical 

instrumentation minimizes the First-Order-Design (FOD) problem of deformation 

monitoring networks (Kuang, 1996). In this thesis, only geodetic network solutions are 

used along with earthquake epicenters to generate the displacement surface of the area of 

interest. A more comprehensive model would incorporate heterogeneous observations. 

The main difficulty with in-situ geodetic monitoring of surface deformation is that no 

specific guidelines for the number, the density and the mode of observations when 

dealing with deformation monitoring exist. That is, each case needs to be assessed on an 

individual case-by-case basis. Suggestions regarding GPS network configuration are 

addressed in Section 1.4. Additionally, it is suggested that the GPS stations are 

distributed in a way that the entire deformed surface is encompassed in the network, 

while external stations are also recommended; to be used as reference points. In that case, 

a relative surface is generated (i.e. the surface is relative to the fixed reference points 

outside the deformed area).  

Post-processing techniques, such as the use of precise ephemeris for satellite orbit 

determination, are employed to (i) mitigate errors and (ii) increase the final accuracy to 

sub-cm level (Leick et al., 2015). Due to the complexity of tectonic processes (subduction 

zones, volcanoes etc.) in the Gulf of Alaska, the GPS network used for monitoring the 

deformation parameters (geodetic displacements) is dense only close to the continental 

boundaries, while it is sparse in the rest of the area. The density of the GPS stations along 

the southwestern part of the Gulf was determined to be 0.04 stations/10km
2
. However, 
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the baselines between GPS stations of the network extend in many cases to several 

kilometers (exceed 10 km). The focus of the GPS network is to monitor displacements 

caused by earthquakes and the glacial isostatic adjustment process (Freymueller et al., 

2008). Examining the network for surface displacements caused by landslide provides a 

different perspective. For example, the local scale landslide (7 km x 10 km) in the Gulf of 

Alaska, which occurred in 2013, was detected by optical remote sensing images and by 

GCMT seismic waves (low-frequency seismic waves), rather than by the permanent GPS 

network, opening new insights for the detection of landslides using seismic waves 

(Petley, 2014). In Figure 4-1 the location of this landslide is depicted as a purple 

rectangle. It can be seen that no GPS station could have recorded this event due to the 

low number of stations and their distribution at this location.  

4.2.3 Mathematical modeling of surface displacements 

Physical mechanisms have been developed over the years for monitoring of l deformation 

surfaces (see e.g. Perfettini et al., 2005; Hudnut et al., 1996). Three types of deformation 

events can be detected and/or monitored, namely a) static, b) kinematic and c) dynamic 

(Yalcinkaya and Bayrak, 2005). Static determination is the actual detection of the event, 

while the kinematic approach includes the temporal component by using velocity and 

acceleration information. The dynamic approach is the most complex where the causative 

forces can be determined in addition to displacements, velocities and accelerations 

(Grewal and Andrews, 1993). In the present study, a dynamic approach that combines 

constraints based on the earthquakes magnitude will be employed to model the surface of 

the vertical displacements in the study area.  
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These models discuss the basic principles and the mathematical techniques for 

deformation modeling and highlight the necessity for mathematical models that can 

combine heterogeneous observations (see e.g. Dermanis and Kotsakis, 2006; Sanso, 

1982). Parametric models describing surfaces accurately, have been developed over the 

years using either deterministic or stochastic approaches. Least- squares polynomial 

fitting has been extensively used for modeling of surfaces (see e.g. Liu and Chen, 1998). 

Limitations of this technique include the use of homogeneous data and the sensitivity to 

the degree of the polynomial model that is used to approximate the deformation surface. 

The latter issue causes dual problems, since ‗over-parametrizing‘ may lead to spurious 

displacements which did not occur and overly simplistic models may miss key 

displacements. As a result, most of the studies employ polynomial models of various 

degrees to conclude on the model that best describes the deformation surface.  

As opposed to the traditional model-based methods such as least squares (LS) 

adjustment, ANNs are data-driven self-adaptive methods that learn from examples and 

detect all the relationships (especially the non-linear) among the data. The efficiency of 

using ANN and MIMO techniques for surface modeling has been validated by prior 

studies (see e.g. Kavzoglu and Saka, 2005; Neaupane and Achet, 2004; Hu et al., 2002). 

Although several studies affirm the utility of ANN on surface modeling, the ability of 

ANN to combine observations used as constraints (i.e. earthquake magnitude) for this 

particular application has yet to be assessed.  
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Constraint parameters 

As mentioned previously, the data-driven approach of ANN can combine constraints to 

the deformation observations. Both geodetic coordinates and the epoch of observations 

will be combined with the constraints of the earthquake‘s magnitude, to model the 

surface deformation. In order to assess which GPS stations are affected by the 

earthquakes we estimate the deformation radius (also known as strain radius) using the 

equation 4.1. Of note is that the calculation of equation 4.1 is made under specific 

assumptions, which can be found in Dobrovolsky et al. (1979),  

where D is the deformation radius and M is the magnitude of the earthquake.  

The minimum deformation radius is expected to be ~11 km, while the maximum 

(earthquake of 6.8 Ma) is expected to be ~450 km. Given the distribution of the 

earthquakes and the spatial extent of the Gulf of Alaska (1800 km x 4000 km), all the 

GPS stations will be affected by the earthquakes occurring in the region. The magnitude 

of the earthquakes and the distance between epicenters and GPS stations are imported to 

the ANN. In the case where more than one earthquake affects a GPS station, though their 

effect on GPS displacements is cumulative, for simplicity only the earthquake with the 

highest magnitude and the closest distance to the station is considered. 

4.3 Least-squares polynomial fitting 

The most critical factor when using polynomial surface fitting is the choice of optimum 

degree, as it defines the precision of the approximation (Kidner, 2003; Kavzoglu and 

Saka, 2005). In this study, planar, 2
nd

 and 4
th

 degree polynomial coefficient surfaces were 

evaluated to describe the deformation surface of the Gulf of Alaska. The vertical 

             (4.1) 
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velocities of each station (vz) were used to define their vertical displacements (ΔΖ) during 

one epoch (i.e. in this study an epoch is considered the average of the GPS solutions for 

one year). The vertical deformation of the stations ranges between           mm. 

In order to generate the deformation surface, vertical displacements of the stations were 

used in a least squares polynomial fitting approach. Taking the curve fitting method as an 

example, suppose there are n reference points with known vertical deformations in one 

area (deformations are expressed in mm and refer to the displacement of each station 

within a year). A polynomial surface can be used to fit these known vertical 

deformations, using least squares adjustment method to define the coefficient terms. 

Curve surface fitting is given as (Lancaster and Salkauskas, 1986): 

 

where      are the planar coordinates of a point;   (   ) is the corresponding vertical 

deformation at point    ; m is the order of polynomial and       are the polynomial 

coefficients; i,j=0 to m.  

The least squares network adjustment problem, following the Gauss-Markov approach is 

thus posed to minimize  

  (   )  ∑ ∑     
   

   

   

 

   

 (4.2) 

     (4.3) 

subject to 
 

       
(4.4) 
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where, b is the n x 1 polynomial coefficient misclosure vector, Α is the n x m design 

matrix; x is the m x 1 vector of the unknown quantities and v is the n x 1 vector of 

residuals and P is the weight matrix of the initial observations.  

In this study, two cases regarding the weight matrix were followed. The first case, is the 

one where P is considered unknown (P=I), while in the second case, called weighted 

least squares adjustment, the RMSE of the inputs (ΔΖ) is known. In the latter, we assume 

no covariance between the observations and as a result, the weight matrix is diagonal. 

The a-priori variance is unknown (ζο=1) and as a result the elements of P are equal 

to       ( )
 . Equation 4.5 displays the format of the P matrix in the case weights were 

considered. RMSE of the vertical displacements are available for each station (USGS). 

 

The final step employs the deformation surface generation as a function of the 

polynomial fitting. Of note is that not all of the n reference stations will contribute to the 

LS adjustment. In particular i reference points (i<n) will be used for the LS polynomial 

fitting surface generation, while k reference stations (k<n) will be used for cross-

validation in order to assess the quality of the fit (modeled surface ΔΖ‘). The 

methodology followed for the LS-approach is displayed in Figure 4-2.  

     [

      ( )
   

   
        ( )

 
] 

(4.5) 
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Figure 4-2: Least squares polynomial fitting process for surface deformation 

4.4 Artificial Neural Network 

ANNs provide a heuristic approach (i.e. use probability and statistics in order to avoid 

running through all the possibilities and provide an "estimated best solution"; if a better 

solution exists, it will be only slightly better) rather than an optimal approach for 

heterogeneous data combination, learning from experience through samples and after 

their training they are applied to new data. Modeling the surface of vertical displacements 

can be realized using other approaches, however implementing an ANN approach and 

testing the efficiency of this technique may be useful for surface models of other 

networks, where heterogeneous observations are available. 
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The network trains itself, based on the deviation between the output and the target, until 

the network output matches the target with a deviation lower than a defined mean square 

error (MSE). In this study, for the training of the network, 3D coordinates provided from 

the known GPS stations, earthquake magnitude and distances between GPS stations and 

earthquake epicenters are used to train the network. As target values we set the vertical 

displacements, expressed in mm, for each GPS station.   

The learning differentiable transfer process takes place via the back-propagation 

multiple-layer networks and nonlinear functions. In this study, a feedforward ANN 

consisting of three layers is employed (Auer et al., 2008). This architecture is the simplest 

system that can be used (more complex structures lead to over-fitting problem of the 

surface). Back-propagation algorithm acts like a supervised learning machine, where 

given a set of example pairs (   )          the aim is to find a function       in 

the allowed class of functions that matches the targets. The architecture of the ANN is 

displayed in Figure 4-3. Inputs of the system include: a) 3-D positioning information of 

the station; b) epoch of observations (years); c) earthquakes magnitude and d) distance 

between earthquake and GPS station.  Targets consist of the vertical deformation 

provided for each station.  
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Figure 4-3: Architecture of ANN. 

Inputs ( ) are connected with the hidden layer through nodes. Each node can be defined 

as the multiplications of inputs ( ) with trained weights ( ) and an added bias ( ). 

Transfer functions ( ) are applied to these sums resulting in an output result. The output 

of each layer is defined as    (    ) and this output is adjusted in such a way that 

the performance of the network meets user‘s criteria (for this study minimal MSE). Input 

weights between input layer and hidden layer are defined as    and weights between 

hidden and output layer are defined as   . The output of the input/hidden layer is used 

as input to the hidden/output layer in a way that 

     (      ) 
(4.6) 

and 
 

     (       ) 
(4.7) 
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One set of data was used to calculate the unknown parameters of the model (training set 

70% of the data set) and the other set was used only for testing and validating the 

accuracy of the derived model (each 15% of the data set). The testing set has not been 

used to determine the parameters of the model. The problem of overfitting (i.e., the 

substantial oscillation of the model between the training points) can be avoided by 

restricting the flexibility of the neural model (Kecman, 2001). This can be done using an 

independent data set, namely the validation data (typically 15% of the data set). Stopped 

search method was not used in the present study since it was observed that slight 

fluctuations in error during the training were common and by stopping the process the 

validation error could be misleading (Kavzoglu and Saka, 2005). Figure 4-4 displays the 

algorithm of the ANN used for the specific case study. Inputs and targets were 

normalized before their training. Geodetic coordinates are denoted as X, Y, Z; epoch of 

observations is denoted as T; the magnitude of the earthquakes as Ma and the distance 

between earthquakes epicenter and GPS stations as S. For the training process, the 

network was initialized based on the guidelines provided by Kavzoglou (2001). Network 

weights (lW and LW) were initialized in the range [-0.15, 0.15], and a validation data set 

of 19 randomly selected points was employed to determine the epoch (i.e. iteration) at 

which the network can perform best on the validation data set. It is assumed that at this 

epoch the network has the best generalization capabilities (i.e. generalization of the ANN 

is the ability to handle unseen data; poor generalization is observed when the network is 

over-trained or system complexity is relatively more than the training data). The final 

network topology was determined after the trial and error technique (Kecman, 2001) 

where the learning rate (learning rate is a parameter that determines how much an 
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updating step influences the current value of the weights. Learning rate ranges between 0-

1) was set to 0.2 and the number of iterations was set to 500. The transfer functions for 

back-propagation ANN that performed best (smaller MSE) were the tan-sigmoid (tansig) 

for the input-hidden layer and the linear function (purelin) for the hidden-output layer. 

The training function used was the resilient backpropagation (rp). 

 

Figure 4-4: Methodology and network architecture for surface modeling. 

4.5 Comparison of Results 

4.5.1 Results for Surface Modeling using LS 

The approximation model, derived from 3D polynomial fitting will estimate the vertical 

displacement field as a function of the coordinates. Displacement vectors derived from 

GPS observations have east, north and up components. For modeling the vertical 

displacement field, the up (ΔΖ) component was used. The performance of this technique 

is assessed through the calculation of the difference between the input (true) values and 

the values estimated from the fitting. Cross validation was applied by omitting ~15% of 

the stations from the polynomial fitting process. This technique is required due to the lack 
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of independent data for external validation. In the present study, planar, 2
nd

 and 4
th

 degree 

polynomials were tested, indicating an RMSE of 6mm, 4mm and 5mm, respectively.  

Given the topography of the area, the planar approach was overly simplified, while the 4
th

 

degree polynomial led to surface over-parametrization. Figure 4-5 displays the vertical 

deformation surface fitted by the 2
nd

 degree polynomial. Cross validation results indicate 

an RMSE of 7mm for planar polynomial, 5mm for 2
nd

 degree and 6mm for 4
th

 degree 

polynomial. 

In order to evaluate the impact of the GPS data density on the deformation surface, the 

number of stations used for the polynomial surface fitting was progressively decreased 

from 124 to 100, 90 and 80. It is important to recognize that all statistical measures/tests 

depend on the geometry of the data. Therefore, it is expected that the results of the 

different number of stations will vary as the network configuration changes. In that sense, 

two cases were investigated. The first case considered that the geometry of network was 

kept the same (i.e. outward GPS stations have not been removed), while in the second 

case stations removed from the deformation surface procedure were random (i.e. no 

consideration for the geometry of the stations). As a result, for the first case the increase 

on RMSE was insignificant for all the decreased stations cases. In the second case, an 

increase at the order of 1-2mm was observed on the RMSE (which is still insignificant).   
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Figure 4-5: Quadratic degree polynomial surface of vertical deformation (Units: mm). 

 

Weighted least squares polynomial fitting 

It is usually assumed that the input data is of equal quality and, therefore, have constant 

variance. To test the quality of the modeled surface, the weighted least-squares 

adjustment was applied to the data. Since, the initial weights of the observations are 

provided, the quadratic polynomial fitting surface was also generated by means of 

weighted least-squares adjustment. Results indicate a slight increase on the accuracy of 

the modeled surface and the final RMSE at the level of 3mm, which is insignificant. 

Similarly, applying the same algorithm with reduced GPS stations (i.e. progressively 

reduce the number from 124 to 80), while keeping the outward GPS stations constant as 

well as randomly reducing the number of stations did not shown any significant 

difference.  

 

4.5.2 Results for Surface Modeling using ANN 

Overall, the ability of ANN to include constraints is considered beneficial for the 

generation of reliable surfaces. 
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Applying the ANN as described in Section 4.3 a vertical deformation surface for our case 

study area was generated. After training and applying the ANN on the inputs and targets 

it was concluded that the best performance achieved had an RMSE of 3mm. Results show 

that closer to the continental boundaries and in coastal areas the vertical mass subsidence 

exceeds ~1.5cm, while inland the vertical deformation is considerably smaller.  

Moreover, at the three areas discussed in Section 4.2.2., where no GPS stations are 

available, ANN indicated a mass subsidence due to the constraint parameters used in 

ANN. In particular, at the southeastern part of the area of interest (zoomed area in Figure 

4-6), where two earthquakes occurred during the year of interest and no GPS stations 

were available, a trend indicating mass subsidence (1 cm) caused by the earthquakes 

could have been modeled by the ANN (see Figure 4-6).  

Although the modeled surface is a mathematical rather than physical surface, the trends 

of the modeled surface (using ANN) were compared to a tectonic map of the area. The 

mainland which demonstrates an uplift corresponds to the unsubducted Yakutat terrain, 

while the subsidized northeastern side of the area of interest is assumed to be also part of 

the subducted Pacific Ocean Lithosphere (Fuis et al., 2008). It is important to mention 

that no external data were available to validate the modeled surface generated using 

ANN. As a result, there is not any validation of the correctness of the surface in areas 

where we do not have GPS data, but rather we investigate the parameters that affect the 

construction of the modeled surface. Due to this significant lack of validation points, the 

deformation surface can be used qualitatively, as an approximate surface that describes 

surface deformation, depicting trends of this surface using constraint parameters.  
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The initial tests of the efficiency of ANN suggest the potential of pursuing further studies 

on surface modeling of an area with a high rate of displacements in a more 

comprehensive manner. 

 

Figure 4-6: Vertical displacements surface generated using 124 GPS stations and 

magnitude of earthquakes through ANN.  

The experiment with the reduced number of stations applied to the LS surface was also 

applied to the ANN surface. From the difference between the outputs and the targets we 

estimate the mean and the standard deviation (ζ). Root mean squared error (RMSE) is 

derived from the cross-validation algorithm of ANN, where a specified percentage (i.e. 

15%) of the inputs is excluded from the training process and is used for cross-validation. 
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When the reduction of the stations did not affect the geometry of the network the 

performance of the ANN was deteriorated.  It was concluded that with 124 stations the 

RMSE is 3mm, while in case of 80 stations the RMSE is 4mm. The increase of RMSE is 

negligible (sub millimeter) in case 90 stations are used instead of 100. In the second case, 

where the stations were randomly reduced, the modeled surface quality was deteriorated 

by ~1mm.  Overall, the results do not significantly vary based on the number of known 

points or their distribution in space, for this particular case. 

4.6 Conclusions 

Several conclusions concerning the surface modeling can be drawn from the results of 

this study. For the modeling of the surface, the density of the stations close to continental 

boundaries was high, however, the GPS network did not cover few areas with high 

seismicity. The modeled surface generated using ANN performs the same with the 

weighted LS polynomial surface and better than the modeled surface generated using the 

unweighted approach. This is in line with prior studies, which suggest the adoption of 

ANN techniques for modeling of deformation surfaces (see e.g. Lin, 2007). From the 

cross-validation of the specific case study area in the Gulf of Alaska, the RMSE was 

estimated to be 3mm using ANN and weighted LS polynomial fitting (2
nd

 degree) and 

5mm assuming that the weight matrix is unknown (P=I). The number of the stations and 

their spatial distribution were also investigated, revealing that polynomial fitting is more 

sensitive to the spatial distribution of the known points (information of the outwards GPS 

stations available) rather the number of known points. RMSE was insignificant. On the 

other hand, decreasing the number of stations at the same amount without keeping their 

geometry constant resulted in very small changes. 
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An interesting analysis regarding the sensitivity of ANN was also conducted, revealing 

that both the number of stations and their geometry affect the performance of the 

deformation surface. This outcome is attributed mainly to the data-driven approach of 

ANN. However, this surface can be used only as an approximate surface for detecting 

trends of the modeled surface, due to the lack of external validation in areas where only 

constraints were used.  

Overall, this study addressed the third thesis objective (see chapter 1), where assessment 

of the optimal network configuration for surface deformation was conducted. The impact 

that different mathematical models have on the approximation of the surface deformation 

was also investigated. Although significant differences between models were not found in 

this case, the concept of moving towards a heterogeneous observation scheme for 

network modeling seems to be worth further investigation.   
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Chapter 5 

Conclusions and Recommendations 

The dynamic Earth system is constantly changing and shifting, always exposing new 

aspects to marvel at. Therefore, it is useful to delve into the synergies between mass 

transfer of the solid Earth and the associated impacts on topography and the gravity field. 

Satellite acquired gravity and topography datasets, covering the entire Earth with 

unprecedented accuracy, have proven to be crucial parameters for monitoring long 

wavelength mass transfers. The new era of satellite gravity missions will further expand 

our understanding on the solid Earth changes processes. The abundance of information 

provided by Earth-oriented satellites also requires a better approach on surface 

deformation approximation, opening new challenges for efficient mathematical 

approaches.  

Hence, the goal of this thesis was to explore the contribution of satellite gravity 

observations on solid Earth mass transfers detection through their gravity signatures. 

Geodetic considerations for in-situ mass transfer modeling were also assessed. A 

summary of the main conclusions resulting from this research is provided below. The 

chapter ends with a discussion on recommendations for future work. 

5.1 Conclusions 

Though mass transfer processes of the solid Earth have numerous direct and indirect 

impacts on the Earth system, this research focuses on the prominent geodetic impacts, 

namely the gravity field‘s alteration and the surface topography deformation. The 

following paragraphs discuss the major conclusions drawn from this research.  
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The first objective of this research was the assessment of feasibility of detecting large-

scale landslides using satellite gravity data. The methodology developed was applied to 

specific case studies and the conclusions that can be drawn regarding this part of the 

thesis are: 

 Large-scale solid mass transfers can be detected utilizing satellite gravity observations. 

From the specific case studies investigated, namely the Agulhas slump and the Heart 

Mountain Landslide, it was concluded that the magnitude of gravity difference caused 

by these events (0.4 mGal and 0.18 mGal respectively) exceeded the noise level of 

observations and should be able to be sensed using GRACE observations.   

 In submarine environments where the water surface creates further noise sources (e.g. 

oceanic aliasing), regional scale landslides can be still recorded by GRACE, even if 

they lie offshore (higher uncertainty of tidal models).  

 The detectability of solid mass transfers/movements is a function of their a) spatial 

extent and b) magnitude of the change in gravity. The spatial scale criterion depends 

on the spatial resolution of the satellite and the magnitude of change depends on the 

noise level of satellite gravity observations. From the first category regional scale 

(>100 km) mass transfer events can be sensed and resolved by GRACE satellites, 

while in the second category the impact on the gravity field by a catchment scale (10 

km~100 km) event leaks to long wavelengths and though it cannot be resolved it can 

be sensed. 

The feasibility of using NGGM observations for solid Earth mass transfer events was the 

second objective. Specifications suggested for NGGMs (i.e. satellite altitude, spatial and 
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temporal resolution and noise magnitude) were used as constraint parameters. It was 

concluded that the GRACE-FO mission is not expected to expand the number of 

detectable landslides, even in the case of slightly finer spatial resolution. Though they do 

not aim to detect solid Earth mass transfers, the promising NGGMs are expected to 

contribute the detection of these events by increasing the number of resolved gravity 

differences caused by landslides. Overall, the majority of catchment scale landslides is 

expected to be recorded by NGGMs, resulting in gravity difference of several μGals. 

Simulations on the case studies of Agulhas slump and Heart Mountain Landslide, 

revealed that the recorded gravity difference was expected to be almost 3 times higher 

compared to the recorded by GRACE difference. 

The third objective addressed geodetic network considerations and mathematical models 

performance for surface deformation modeling using in-situ geodetic observations. LS 

adjustment, weighted LS adjustment and ANNs were tested for vertical surface 

deformation modeling. Constraint parameters considered for the ANN approach 

employed the magnitude of the earthquakes that occurred during the year of interest and 

the distances between the epicenters and the GPS stations. Due to the lack of external 

validation data, cross validation was used for testing the performance of the generated 

surfaces. It was found that ANN performed almost the same as the weighted LS approach 

(RMSE ~3mm). However, due to the constraint parameters considered in the ANN-

generated deformation surface, information regarding mass transfer caused by 

earthquakes in areas with no GPS stations could be hypothesized. Overall, the ability of 

ANNs to combine constraint parameters along with the input information seems to have 

some merit for further investigation. 
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5.2 Recommendations for Future Work 

The topic of ‗modeling solid mass transfer events impact on the gravity field‘ 

encompasses a number of areas that can be pursued from the research point of view. The 

following list summarizes some of the key recommendations to be pursued in future 

work: 

 NGGMs are expected to bring significant contributions in the monitoring of mass 

transfer events of the solid Earth. Simulations of the expected noise and aliasing 

magnitude will give a clearer picture of the actual landslide detectable size. With 

their increased spatial and temporal resolution, they will be able to record the 

evolution of mass transfer events over time on the short and medium wavelengths, 

contributing to the continuous monitoring of their impact on the gravity field.  

 Investigation on the feasibility of using satellite gravity observations to detect and 

monitor solid mass transfers caused by processes other than landslides. In particular, 

sediment transportation cycles could be monitored from satellite gravity 

observations. The area of the Gulf of Mexico has been identified as an area of 

interest, due to the long wavelengths of sediment transportation. 

 The ANN-based modeled surface can be trained to include heterogeneous 

observations, such as InSAR in order to create a more realistic deformation surface. 

The new network architecture can be determined utilizing the trial and error 

technique and combing the abundance of geodetic information. 
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Appendix A 

 

Summary of Developed Programs 

 

All programs in this thesis were developed with Matlab 2013b and Generic Mapping 

Tools (GMT). IGMAS+ interactive software was used for forward modeling simulations. 

A brief description regarding the developed programs is presented along with their 

flowcharts. 

Landslide simulation 

Landslide_gen.m (used in Section 2.2) 

Purpose: Generate a displacement field (ΔΧ, ΔΥ, ΔΖ) based on the spatial extent of the 

landslide. Given the spatial scale of the landslide, mass transfer approximates a 

hyperbolic descending trend along its length until the elevation displacement is ~ zero. 

Input: Length, Width, Thickness and gridded DEM (km)  

Output: ΔΧ, ΔΥ, ΔΖ (km) 
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Gravity difference estimation 

Forward_modelling.igmas (used in Section 2.2.1) 

Purpose: IGMAS+ interactive software calculates the three axis components of the 

gravity difference caused by the deformation event through 3D forward modeling. 

Upward continuation is applied to refer the observations on satellite‘s altitude. The total 

gravity difference is estimated. 

Inputs: ΔΧ, ΔΥ, ΔΖ (km), Density (kg/m
3
), Satellite altitude (km) 

Outputs: Gravity difference (Δgz) (mGal) 

 

Wavelet based signal decomposition 

Wl_GRACE_resolution.m (used in Section 2.2.2) 

Purpose: Decomposition of the gravity difference into 6 levels of decomposition that 

correspond to different spatial resolutions. The spectral content of the level that 

corresponds to satellites spatial resolution consist of the algebraic summation of level 6 

approximate and detail coefficients. The decomposition is realized through 2D wavelet 

transformation. 

Inputs: 2D matrix (gridded) of     (mGal) 

Outputs: 2D matrix with gravity difference referred on satellites altitude and spatial 

resolution    
  (mGal) 
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Tidal aliasing effect 

Tidal_gen.m (used in Section 2.3.2) 

Purpose: Generation of a 2D non-tidal aliasing effect for the area of interest. 

Autocorrelation functions and Fast Fourier Transformation (FFT) are applied to a 2D 

field given a mean magnitude of tidal aliasing effect and the standard deviation. The 

random field is correlated to the bathymetry (landmask.gmt and corrtidestobath.m were 

applied) and re-scaled (tidesscale.m) to the mean of the non-tidal aliasing effect. 

Inputs: Bathymetry (km), Mean tidal aliasing effect (mGal), std 

Outputs: Tidal aliasing effect (mGal) 
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Polynomial fitting deformation surface 

Poly_surface.m (used in Section 4.3) 

Purpose: Generation of a vertical deformation surface using polynomial surface fitting. 

Weighted and simple least squares (LS) polynomial fitting using planar, 2
nd

 and 4
th

 

degree polynomial coefficients was used to generate the vertical deformation surface. 

Assuming n GPS stations, i were used as input stations for the deformation surface and k 

were used for the cross-validation. 

Inputs: X, Y (km), Vz (mm per year), ζ0, m (polynomial degree), x, y (gridded area) 

Outputs: X΄, Y΄, ΔΖ΄ (deformation surface) 
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Artificial Neural Network deformation surface 

ΑΝΝ_surface.m (used in Section 4.4) 

Purpose: Generation of a vertical deformation surface using ANN. Uses trial-and-error 

technique to achieve the best network performance. 

Inputs: X, Y (km), ΔΖ (mm) (GPS derived station coordinates), DEM (gridded 100m x 

100m), Time (years) 

Outputs: ΔΖ (vertical deformation surface) 
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