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Abstract 

 

Landslides are geological hazards that significantly threaten human life, infrastructure, and biotic 

habitat in areas with steep slopes. Precursory signs of a landslide can be undetectable or non-

existent, making the evacuation of residents unlikely. The ongoing climatic cycles and geological 

triggers imposed on regions susceptible to landslides exhibit long-term ground movement 

superimposed with accelerations due to seismicity or precipitation. Landslide monitoring and 

forecasting aims to understand the structural dynamics of the slide accelerations to estimate 

when there will be a catastrophic failure. The thesis explores the potential of InSAR technology 

for monitoring slope movement in the western Canadian Cordillera. The study takes a two-

pronged approach: first, investigating the capability of the technique to detect movement on 

slopes that have already undergone previous landslide activity, focussing on the Garibaldi 

Volcanic Complex (GVC) as a case study, and second, analyzing five sites that have recently 

experienced landslides to determine if InSAR technology could have forecasted the failures. 

The InSAR results presented in the thesis show that ground displacement occurred on the slopes 

of all the study sites, which corresponded with previous landslide activity. However, InSAR 

results collected during winter months were less detailed and frequent than those collected using 

a seasonal approach. The forecasting study discovered that all the sites displayed signs of 

preceding movement on the slopes, which were successfully detected by InSAR. Furthermore, 

each site encountered extreme weather conditions, resulting in catastrophic failure. The Elliot 

Lake and Ecstall River sites experienced seismic activity the same afternoon as the landslide 

events, potentially connected to glacial loss and retreat. Results obtained during snowfall were 

less reliable than the summer acquisitions. 
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The results from the thesis demonstrate that the Sentinel-1 mission's temporal resolution is 

inadequate for creating a real-time monitoring system for landslide-prone slopes in western 

Canada. Factors that trigger landslide acceleration, such as precipitation, seismicity, and 

geological processes, can occur over decades or hours. Hence, the primary role of Sentinel-1 in 

landslide monitoring is identifying large-scale moving slopes. Future InSAR platforms could 

provide a promising solution with high temporal resolution, making landslide forecasting and 

monitoring a reality.   
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1.0 Chapter One: Introduction 
 

Remote sensing techniques involving satellite technologies have made it possible to observe and 

monitor remote corners of the Earth (Carlà et al., 2017; Hooper et al., 2008). To meet the demand 

for free remote sensing data, the European Space Agency (ESA) established the Copernicus 

program in 2014, encompassing the Sentinel constellation. Sentinel-1A, a C-band Synthetic 

Aperture Radar (SAR) system, was launched in April 2014, followed by Sentinel-1B in April 

2016, boasting a temporal resolution of six days. With its high spatial resolution of 5 x 20 m and 

precise orbits, the Sentinel-1 system enables various research inquiries and methods, including 

the exploration of surface displacement time series of small areas using Interferometric Synthetic 

Aperture Radar (InSAR) techniques (Carlà et al., 2017; Intrieri et al., 2019).  

The InSAR technique demonstrates a remarkable capacity to detect surface displacements such 

as slope failures and landslides (Carlà et al., 2019; Intrieri et al., 2019; Michoud et al., 2016), 

which pose a severe threat to human life and manufactured structures (Crosta et al., 2017). The 

landslide process involves a single failure event and a sequence of stability states. Detection and 

prevention measures can be established by monitoring pre-failure movements of a few 

millimetres daily and their progression over time (Tavenas & Leroueil, 1981). Given the influx 

of data from Sentinel-1, the potential to identify numerous landslides and prevent casualties 

through modern Differential InSAR (DInSAR) methods that analyze displacement time series 

data is enormous. 

In 2018, it was revealed that the Maoxian landslide in China, which resulted in 83 fatalities, 

could have been predicted through the utilization of Sentinel-1 data and InSAR processing 

(Intrieri et al., 2018). The abundance of freely available data from the Sentinel-1 catalogue raises 
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the question whether this methodology can detect slope movement preceding a landslide event. 

This thesis investigates the potential and limitations of combining the InSAR technique and 

Sentinel-1 data for monitoring slope movement in the Coastal Mountain ranges of western 

Canada. 

The thesis adopted a two-pronged approach: first, investigating the capability of the technique to 

detect movement on slopes that have already undergone previous landslide activity in the 

Garibaldi Volcanic Complex (GVC) and second, analyzing five sites that have recently 

experienced landslides to determine if InSAR technology could have forecasted the failures. The 

findings of this study may have significant implications for future landslide monitoring and risk 

assessment efforts in the region. 

The thesis is structured to outline the climatic factors that contribute to landslide activity, the 

dynamics of landslides, and the InSAR methodology. The remainder of Chapter one provides an 

overview of these topics and a literature review on monitoring and forecasting landslides using 

InSAR. Chapter two presents the results from an InSAR case study on the landslide-prone slopes 

of the Garibaldi Volcanic Complex. Chapter three examines five regionally distributed sites that 

have recently experienced landslides and tests whether the catastrophic failures could have been 

predicted. Finally, Chapters four and five of the thesis delve into the InSAR technique's potential 

and limitations for monitoring landslides on the western Canadian Cordillera slopes. 

In British Columbia, landslides in remote alpine valleys have caused debris flows that have 

adversely affected streams and riverbeds situated kilometres away. Large catastrophic failures 

have created large mass wasting events that have disturbed and destroyed infrastructure. This, 

along with the atmospheric river incident of 2021 that resulted in the shutdown of several 

highways surrounding the city of Vancouver, prompted an inquiry into the feasibility of using 
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InSAR technology for landslide monitoring. The following section reviews the influence of 

climate change on landslide activity in BC's mountains, considering the changing climatic and 

hydrological conditions. 

1.1 Climate Change and Increased Landslide Activity 

 

Climate change is causing extreme weather events that challenge the management of 

infrastructure and land resources in mountainous regions worldwide (Cui et al., 2019; Flentje et 

al., 2005; Turner, 2018). Across Canada, over the next 50 years, measurable changes will occur 

in temperature, precipitation, and other climatic factors (Arias et al., 2021; Crozier, 2010; 

Weaver, 2003). In mountainous terrain, several climate-driven geohazards will leave 

infrastructure vulnerable to loss or damage. Depending on location, climate change will trigger 

positive or negative feedback in groundwater recharge, flow and discharge, flooding and stream 

erosion, the extent and duration of wildfires, magnitude and frequency of landslides, and the 

distribution of wildlife and vegetation (Bruce & Cohen, 2004; Masson-Delmotte, et al., 2021; 

Weaver, 2003).  

For communities in the Western Cordillera of Canada (i.e., British Columbia, Yukon, western 

NWT, and western Alberta), slope stability issues occur through a combination of natural 

geomorphic processes and anthropogenic activities (Cloutier et al., 2017; Evans, 1982; Porter & 

Morgenstern, 2013). In British Columbia, for municipalities encroaching on steep mountain 

terrain (e.g., Kelowna, North Vancouver, Kitimat), changes in the rate and magnitude of surface 

runoff, groundwater flow, and slope instability are controlled by weather variables (e.g., 

precipitation, temperature, and barometric pressure), local hydrogeological conditions (e.g., 

lineaments, bedrock, and surficial deposits), seismicity (e.g., earthquakes, ice quakes, and 

tectonics), and anthropogenic activities (e.g., housing development, agriculture, and industry). 
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Managing land use for the next few decades will require a deep understanding of the cumulative 

climatic factors and their impact on future infrastructure risks. 

Another factor that will be impacted by climate change is the acceleration of glacier retreat and 

loss (Hugonnet et al., 2021). The highest rates of glacier loss on Earth occur in the southern 

Coast Mountains of Western Canada (Bevington & Menounos, 2022; Hugonnet et al., 2021). As 

glaciers retreat, they destabilize valley walls, primarily related to debuttressing the bedrock 

slopes, leading to rockfalls, rockslides and debris flows (Cossart et al., 2008; Deline et al., 2012; 

Kos et al., 2016). Often, the regions of instability are not where human settlement and 

infrastructure occur, but large moving rock avalanches, debris flows, and outburst floods can 

cause damage further downstream from the initial event (Hermanns et al., 2004; Holm et al., 

2004; Shugar et al., 2021). Thus, knowledge and understanding of high alpine slope dynamics 

are imperative for the safety of communities living below these potential hazards (Kilburn & 

Petley, 2003; Turner 2018). 

The mechanisms that contribute to glacier loss and landslides are closely related. As glaciers 

retreat, the confining weight on the rock below decreases and the rock may slide downhill due to 

instability (Huggel et al., 2012). In addition, glaciers exert substantial pressure on the Earth's 

crust, and as they melt, this pressure is released, leading to minor earthquakes or tremors 

(Bungman et al., 2010; Ekstrom et al., 2006) through isostatic adjustment. Researchers have also 

documented a surge of seismic activity before ice calving from glaciers (O'Neel et al., 2010; 

Winberry et al., 2020). The instability caused by realignments in ground deformation due to 

changes in weight and displacement further makes the slopes susceptible to landslides. 

Glacier loss also reduces the ice structures' natural water storage capacity, resulting in a rise in 

landslides. Glaciers store significant water that is gradually released as the ice melts. However, 
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as glaciers vanish, the water stored inside the ice is released, with the potential to activate 

landslide events (Evans, 1982; Roberti et al., 2018). In addition, melting glaciers produce 

significant amounts of meltwater that alters the hydrological regime leading to slope instability 

(Hugonnet et al., 2021; Huntley et al., 2021). 

There is a connection between climate change, glacial loss, and landslides. As glaciers gradually 

melt away, the rock and soil that was beneath glacier becomes unstable, which leads to a surge in 

landslide occurrences. Furthermore, the loss of glaciers can alter water infiltration patterns, 

leading to more landslides and even triggering seismic activity due to pressure release. 

Therefore, keeping track of glacial loss and its environmental effects is crucial to minimize the 

risk of landslides to communities downslope of these natural hazards. 

1.2 Landslide Basics 

 

Landslides can be defined as the mass wasting or movements of rock, earth, or debris down a 

slope (Cruden et al., 1991; Cruden and Varnes, 1996; Glade & Crozier, 2005) under the 

influence of gravity. The balance between the gravitational and the resisting forces of friction 

and cohesion keep the ground stable. A landslide occurs when the slope-parallel component 

force of gravity exceeds the resisting forces of the slope. The formula below shows the 

relationship between the shear strength (resisting forces) and shear stress (slope component of 

gravity) (Fig. 1). where F is the safety factor. If the F> 1, the slope is stable, and conversely, if F 

<1, the slope is unstable, and a landslide may occur (Eq. 1).  

                                                             F =
Shear Strength

Shear Stress
                                                               (1) 
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Figure 1 The diagram depicts an instance where the shear strength is less than the shear stress and the rock moves downhill like 
a landslide (Earle, 2019). 

Landslide movement results from various kinematic drivers, including but not limited to gravity, 

water infiltration, seismic activity, freeze-thaw cycles, and human disturbance. While gravity 

remains the primary force behind landslides, other contributing factors, such as water infiltration, 

can significantly accelerate landslide activity (Evans, 1982). The increased water infiltration and 

temperature fluctuations during winter months accelerate freeze-thaw cycles that fracture and 

cleave high alpine rock (Roberti et al., 2018). In addition, as previously mentioned, the alteration 

of water infiltration patterns leads to more landslides due to glacial loss and retreat (Huggonet et 

al., 2021). 

A landslide follows a cycle of stability to failure with slow movements between the two states. 

The development of a tension crack or a weakened area on the slope typically marks the 

commencement of a landslide. As time progresses, the gap widens and deepens, causing the 
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material to shift downwards due to the force of gravity (Cruden et al., 1991; Glade & Crozier et 

al., 2005). The duration of this process can vary depending on the specific circumstances 

involved, and the landslide may ultimately come to a halt or stabilize in a different state 

(Tavenas & Leroueil, 1981). 

The landslide type and potential hazard depend on the slope’s characteristics and the material 

involved. The classification of landslides is based on the type of movement that occurs. A 

rotational slide involves movement along a curved rupture surface (Fig. 2). On the other hand, a 

translational slide happens along a distinct weakness plane between a stable underlying area and 

the material that is sliding over it (Fig. 2). One of the most common types is a rockslide, which 

involves the sudden movement of rock down a slope (Cruden et al., 1991). Examples of 

landslides are shown in figure two: topples, block slides and rock falls. Another common type is 

a debris flow, the rapid movement of water-saturated soil, sand, and other loose materials down a 

slope. A debris flow can be compared to a fast-moving stream and can entrain large boulders and 

trees along the way (Fig. 2) (Glade & Crozier et al., 2005). 
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Figure 2 Examples of landslide types (adapted from Schwab et al., 2005). 

Landslide monitoring relies on a methodology that analyzes both zones of depletion and 

accumulation. The zone of depletion refers to the section of the slope where soil and rock are lost 

due to erosion or water infiltration, and the zone of accumulation is where these materials 

accumulate at the base of the slope (Cruden and Varnes, 1996; Glade & Crozier, 2007). 

Characterizing these regions aids in the identification of areas susceptible to landslide failure, 

and estimation of the quantity of material that may be involved. 

Mitigating landslide risks involves various methods, such as engineering, slope stabilization 

infrastructure, and hazard mapping. One of the most common strategies is constructing retaining 

walls, which act as a barrier between the slope and nearby structures. These walls protect nearby 

buildings by preventing debris from reaching them (Lacasse et al., 2009). Slope stabilization can 
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also be achieved using structural elements like anchors or piles. Additionally, creating hazard 

maps can help identify landslide-prone areas and assist in future land-use decision-making. 

Landslides are challenging to predict due to trends of non-linear displacement and stochastic 

factors such as seasonal precipitation, seismicity, and topographical complexity. The evolution of 

a landslide unfolds over thousands of years due to cumulative geological factors (e.g., seismicity, 

rock type, glacial processes) and climatic factors (e.g., temperature and precipitation) (Crosta et 

al., 2017). The ongoing climatic cycles and geological triggers imposed on regions susceptible to 

landslides exhibit long-term ground movement superimposed with accelerations due to 

seismicity or precipitation (Cappa et al., 2004).  

Landslide monitoring aims to understand the structural dynamics of slide accelerations to 

estimate when there will be a catastrophic failure (Intrieri et al., 2019). Precursory signs of a 

landslide can be undetectable or non-existent, making the evacuation of residents unlikely. Thus, 

developing early warning systems of slope movement is imperative for the safety of 

communities living below these potential geohazards (Kilburn & Petley, 2003). Satellite 

interferometry, a remote sensing application, is an innovative approach for measuring ground 

deformation. Using satellite-based Synthetic Aperture Radar (SAR) has proven effective in 

monitoring landslides and deformation on both local and regional scales (Cascini et al., 2010; 

Mateos et al., 2017; Michoud et al., 2016). 

1.3 InSAR and ground deformation monitoring  

 

1.3.1 Introduction 

 

The first successful application of SAR was accomplished by extracting the elevation 

information of the surface of Venus and the Moon (Rogers & Ingalls, 1969). The Synthetic term 
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in SAR is because the antenna is enlarged virtually to increase the spatial resolution. The orbit 

movement in the azimuth direction of the satellite is used as the virtual antenna length. The 

length of the synthetic antenna is the entire distance from where a scatterer enters the radar beam 

until it leaves. The beam changes in width in range direction, and shorter period scatterers are 

detected with a narrow beam and far-range scatterers with a wider beam (Ferritti et al., 2007). 

The energy transmitted from the antenna over the scene is equal; thus, the imaging is uniform for 

the entire image.  

InSAR is a remote sensing technique that uses two or more radar images of the exact same 

location taken at different times to detect changes in the ground surface. A series of radar images 

are acquired by satellites or aircraft of the same location over time. The acquired images are then 

processed to remove noise or interference, and co-registered, or aligned, with each other based 

on their time and location.  

This process is called interferometry, which compares two or more radar images of the exact 

location to determine any changes in the ground surface (Hooper et al., 2004; Wright et al., 

2004). This is achieved by measuring the phase difference between the two images or the amount 

of change in the radar signal. An interferogram visually represents the phase difference between 

two radar images (Rocca, 1997). It shows the areas of the ground surface that have deformed 

between the two images. The interferogram is then analyzed to determine the amount and 

location of any ground surface changes (Gabriel et al., 1989). The results yield theoretical 

millimetre precision, but studies have shown accuracy compared to ground instrument data to be 

~4-8 mm, dependent on the number of interferograms generated (Bamler & Hartl, 1998). 

Overall, the InSAR methodology is robust for remote sensing and monitoring ground surface 

changes. 
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1.3.2 InSAR geometries and basics 

 

The satellite acquires imagery in a slant angle geometry mode. Thus, the displacement values 

reference the satellite’s Line of Sight (LOS) (Fig. 3). The LOS displacement includes 

components of both vertical and horizontal movement towards or away from the satellite. 

Mathematical methods have been developed to deconstruct the geometry of the LOS 

measurements to obtain an actual vertical component and the east/west horizontal geometry. 

Acquiring north/south geometries is not possible due to the polar orbit of the Sentinel-1 

constellation. Deconstructing the LOS geometry is essential for accurately comparing 

displacement velocities acquired from space to ground-based monitoring sensors (Crosetto et al., 

2003). 

 

Figure 3 Schematic diagram of the LOS in relation to the satellite’s path (PS=Persistent Scatterer, V=Vertical, H=Horizontal 
(Modified from Crosetto, 2003). 
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Multiple satellite sensors and antennae lengths have been built for InSAR. Starting in the early 

1990s with the JERS and ERS-1 constellations, SAR data have been acquired over the last 30 

years (Fig. 4). The satellite sensors are differentiated by their antenna length and classified by 

their Band name. The C-Band is 3.8-7.5 cm long and is the most popular sensor; the L-Band is 

15-30 cm, and the X-Band is in the 2.4-3.8 cm range (Dini et al., 2020). The antenna length 

corresponds to the penetration capability of the sensor. The L-band has the most extended 

antennae and can penetrate vegetation and tree cover, while the C and X-band antenna are short 

and are used to penetrate snow and ice, respectively.   

  

Figure 4 Timeline of past and present satellites and their band type used for InSar analysis. 

 

In this thesis, data were exclusively obtained from the Sentinel-1 constellation mission. To 

provide a brief overview of the sensor's specifications, Sentinel-1, a C-band transmits 

electromagnetic microwave pulses with a wavelength of 5.6 cm to illuminate a swath on the 

Earth's surface and subsequently collects the resulting backscatter within that swath (Yague-



13 
 

Martinez et al., 2016). The collected image utilizes side-looking geometry at an angle of 20˚-45˚ 

to the right. The angle increases as the sensor moves from near-range to far-range positions. The 

sensor has both ascending and descending orbits and is circumpolar. Ground range refers to the 

direction perpendicular to the azimuth from off-nadir. In contrast, slant range refers to the 

direction along the LOS from the sensor as determined through the incident angle (Fig. 3) 

(Ferretti et al., 2001; Yague-Martinez et al., 2016). 

1.3.3 InSAR calculations and outputs 

 

The SAR sensor is an active system that emits microwave radiation to the Earth’s surface and 

receives the signal reflection referred to as backscatter. The benefit of an active sensor is that it 

works any time of the day and is not impeded by cloud cover. The results are the backscattered 

signals expressed as a complex image (c) with both amplitude (A) and phase (Φ), with (i) the 

imaginary number (Eq.2) (Strozzi et al., 2002). 

                                                                        c = AeiΦ                                                                (2) 

When pairing two SAR images from different periods and look angles but of the same location, 

one image is deemed the reference (r) and the other the secondary (s). The interferogram (I) is a 

complex combination of the images’ phase differences. In Equation 3, the difference between the 

phases (Φr) and (Φs) is expressed as the interferometric phase (Φip) and is defined in Equation #4 

(Ramirez et al., 2020). 

                                                       I = Cr Cs         =  Ar As
ei(Φr − Φs )                                                    (3) 

The co-registered images are cross-multiplied, forming the interferogram that contains the phase 

difference between the images. Each pixel in the interferogram is the difference in acquisitions in 
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each SAR pixel. The resulting interferogram contains phase variation Φ from multiple factors, 

including the flat-earth phase Φflat (curvature of the earth), the topographic phase ΦDEM 

(topography of the earth-Digital Elevation Model), atmospheric factors Φatm (temperature, 

precipitation, and humidity), signal noise Φnoise (backscattering differences), and finally the 

surface deformation between the two images Φdisp (Eq. 4) (Rocca, 1997). 

                                     Φr − Φs =  Φip = ΦDEM + Φflat + Φdisp + Φatm + Φnoise          (4) 

This formula assumes that the Φflat and ΦDEM are equal for both images and can be estimated by 

manipulating the variable’s displacement or topography heights. In addition, the best results are 

achieved when the atmospheric conditions and signal noise are kept as small as possible (Rocca, 

1997). 

1.3.4 Quality assurance through coherence  

 

The InSAR technique creates imagery across the entire satellite swath, though not every pixel 

contains information with veracity. When there is too much change between ground targets and 

satellite acquisition, the sum of the backscattering signal varies, resulting in decorrelation. 

Coherence indicates how identical each image is to its pair by quantifying the impact of 

decorrelation on the interferogram result. The coherence is measured on a scale of 0-1, with 

values close to 1 indicating locations completely in phase and values close to 0 out of phase (Lu 

et al., 2018). Generally, areas that are vegetated or are waterbodies have low coherence because 

the interferogram does not recognize these features across imagery dates - there is too much 

change in the returned signal.  

The baseline is the line between the different locations after satellite repetition. As an essential 

factor in InSAR, the baseline describes the spatial or temporal geometric relations between the 
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antennas and the slant range; the high-accuracy baseline can enhance interferometry of receiving 

the signal, but poor-quality baseline will cause interference loss and lead to low precision of the 

LOS measurement. Thus, the longer the spatial baseline, the weaker the interference of the 

images, so a longer baseline can decrease the accuracy of the InSAR product (Wang, 2015).  

The interferometric baseline is the distance between the two satellites (orbits) in the plane 

perpendicular to the orbit (Fig. 5). Its projection perpendicular to the slant range is the 

perpendicular baseline. 

 

Figure 5 Visualization of the distance between two different satellite orbits. The perpendicular baseline is the red line in the 
image (Ferretti et al., 2007). 

 

Coherence is related to the perpendicular and temporal baselines. The smallest distance and time 

interval between the satellite images has the best coherence. The inverse of long perpendicular 

and time intervals yields interferograms with low coherence. In addition, longer look angles may 
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have different backscattering characteristics, increasing error in the final interferogram (Rocca, 

1997).  

1.3.5 Phase unwrapping 

 

The phase in the interferogram is only known within the scale of 2π, and the phase must be 

unwrapped for the analyst to ascertain any actual world values. Phase unwrapping flattens the 2π 

phase cycles into the LOS difference between the two images. Thus, the unwrapped results 

should be interpreted as a relative LOS displacement between the pixels of two images. The 

image below illustrates the flattening of the 2π phase results (Fig. 6). The quality of the 

unwrapped phase depends on the coherence of the area of interest and a minimum coherence of 

0.3 is suggested. Thus, reliable results can only be expected if high coherence values are 

associated with pixels of interest (Rocca, 1997).  

 

Figure 6 Diagram illustrating the unwrapped versus wrapped phase (Braun, 2021). 

 

One method created to acquire higher-quality unwrapped phase data is the Statistical-Cost, 

Network-flow Algorithm for Phase Unwrapping (SNAPHU) (Chen & Zebker, 2001). The phase 

unwrapping is done as a maximum a posteriori probability (MAP) estimation problem, where the 
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observable data are used to compute the most likely unwrapped solution. SNAPHU incorporates 

three built-in statistical models for topography, deformation, and smooth generic data. The 

optimization program is solved using a network-flow technique that minimizes the total cost of 

paths through the network. An iterative optimization procedure analyzes all paths until the 

optimal solution is found (Chen & Zebker, 2001; Hooper, 2010).   

The steps of the SNAPHU algorithm are first to create a network of pixels representing the 

interferogram. Each pixel is assigned a cost proportional to its phase value, aiming to find the 

optimal path through the network that yields the lowest total cost. The next step is to define the 

sources and sinks in the network. Sources are pixels with known phase values, while sinks are 

pixels with unknown phase values that need to be unwrapped (Chen & Zebker, 2001). To find 

the optimal path, the algorithm constructs a flow graph that models the network’s topology and 

assigns flow values to its edges to maximize the flow from the sources to the sinks (Hooper, 

2010). The next step is calculating the residual or the difference between the observed phase and 

the predicted phase along each path in the network. The residual is then compared to a threshold 

value to determine if it should be considered a valid path. This process is repeated until all paths 

have been analyzed and the optimal solution has been found (Chen & Zebker, 2001). 

Although SNAPHU has high accuracy for phase unwrapping, there are still limitations to using 

only two images related to temporal and geometric decorrelation and atmospheric 

inhomogeneities (Delgado et al., 2019). These issues degrade the accuracy of results obtained, 

and differential InSAR only allows for comparing two dates (typically before and after a 

significant event). However, Multi-temporal InSAR techniques (MT-InSAR) involving 

processing multiple acquisitions in time can rectify these problems with single-pair 

interferograms. One such method called Persistent Scattering Intensity (PSI) relies on the 
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identification of single targets (called Persistent Scatterers, PS) that are coherent over longtime 

intervals and for wide look-angle variations to measure changes in phase positions (Ferretti et al., 

2001; Hooper et al., 2004; Crosetto et al., 2016). 

1.3.6 Persistent scatterers 

 

InSAR persistent scattering methodology is based on identifying stable radar reflectors (PS) on 

the surface of the Earth that remain fully coherent over time (Fig. 7). PS are usually located on 

artificial structures such as buildings, roads, and bridges and natural features such as rocky 

outcrops, cliffs, and areas devoid of vegetation. The methodology involves acquiring a series of 

radar images of the same area over time. The radar images are then processed to identify the 

persistent scatterers and measure their phase differences between each pair of two images 

(Ferretti et al., 2001). The phase differences indicate the changes in distance between the radar 

and the ground surface, which can be attributed to deformation, such as subsidence or uplift. The 

measurements of phase differences are combined to map the deformation between the two 

satellite images. High-precision surface deformation measurements are valuable for geological 

hazards, infrastructure monitoring, and land-use planning (Hooper et al., 2008). 

Hooper (2007) simulated the phase stability of distributed and persistent scatterers over 100 

samples. The study found that the Distributed Scatterers (DS) changed randomly over time while 

the persistent scatterers were stabilized by the contribution of the one dominant scatterer (Fig. 7) 

(Hooper et al., 2007).  
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Figure 7 Examples of a simulated phase stability of distributed scatterers (A) and persistent scatterers (B) over 100 samples. The 
DS phase changes randomly over time, whereas the PS phase is stabilized by the major phase contribution of one dominant 
scatterer. (Hopper et al., 2007). 

Various methods have been developed to isolate PS and unwrap the phase signal. Two of the 

most used are the SqueeSAR algorithm introduced by Ferretti et al. (2001) and the Stanford 

Method for Persistent Scatterers Multi-Temporal InSAR (StaMPS/MTI) (Hooper et al., 2012). 

The SqueeSAR software is operated at a cost, and the StaMPS/MTI is open-source and free. In 

addition, the StaMPS uses amplitude and phase analysis to identify the dominant scatterers. 

StaMPS also utilizes the SNAPHU algorithm for the final phase unwrapping of the designated 

PS. This thesis uses the StaMPS/MTI approach, and the fundamentals of this approach are 

briefly summarized below. 

StaMPS (Stanford Method for Persistent Scatterers) is a software package that utilizes the 

persistent scatterer method developed to work in areas that exhibit non-steady deformation. The 
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original development of StaMPS was undertaken at Stanford University and is now continued by 

the University of Iceland, Delft University of Technology, and the University of Leeds. 

StaMPS/MTI is an extended version of StaMPS, including a small baseline method and a 

combined multi-temporal InSAR method (Hooper et al., 2012). 

A co-registered stack of processed interferograms is needed before the StaMPS software 

processing. The reference image is calculated before the interferogram processing with the image 

with the lowest temporal and perpendicular baselines out of the entire stack. Once the 

interferograms are all co-registered and aligned, the initial PS candidates are found based on the 

amplitude dispersion index DA (Ferretti et al., 2001). 

                                                                   DA =  
σA

μA
                                                              (5) 

In equation 5, the DA is calculated by dividing the standard deviation σA by the mean μA of one 

pixel over all the interferograms of the time series. Because of the research conducted by Ferretti 

(2001) and Hooper (2007) demonstrating the correlation between phase stability and amplitude 

(Fig. 7), the amplitude filter is used to determine PS candidates. The PS candidates are further 

evaluated based on noise estimation, and PS that exhibit higher noise than the threshold are 

filtered out of the PS selection (c.f. Hooper et al., 2007). The PS are unwrapped using a 3D-

unwrapping algorithm SNAPHU (c.f. Hooper et al., 2007; Hooper et al., 2010). Finally, the 

Atmosphere Phase Screening (APS), orbit and Look Angle Errors (LAE) are estimated and 

subtracted, resulting in the LOS displacement (Hooper et al., 2007).  

The PS methodology finds pixels that are phase stable over time, generally in urban areas and 

areas clear of vegetation. In the context of landslide monitoring, these regions are often in 

remote, non-urban alpine areas. One method overcomes this by processing the distributed 
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scatterers in addition to the PS called the Small Baseline Subset (SBAS). Instead of one 

reference image for the whole stack, smaller stacks are created with shorter temporal and 

perpendicular baselines (Fig. 8). 

 

Figure 8 Conceptualized baseline plots for (A) PS processing and (B) SBAS processing. The perpendicular baseline is on the Y-axis, 
and the temporal baseline is on the X-axis (Hoeser, 2018). 

This thesis only used the StaMPS software method for the PS methodology. Further details of the 

steps and various parameters chosen are covered in chapter two.   

1.4 InSAR and Landslide Forecasting 

 

Landslide monitoring and forecasting aim to understand the structural dynamics of slide 

accelerations to estimate when there will be a catastrophic failure (Intrieri et al., 2019). 

Monitoring involves regular measurements of a landslide to detect any signs of deformation, 

while forecasting calculates the probability of catastrophic failure within a defined time interval. 
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The term "prediction" is used in literature to refer to a future time and place of catastrophic 

failure. 

Slopes that exhibit landslide activity are monitored from the ground with in-situ methods such as 

seismometers, and Global Navigation Satellite Systems (GNSS). Extensometers quantify the 

strain rate of the landslide region, while GNSS instrumentation measures ground movement over 

time. Often, these methods are part of a multimethod approach to monitoring the landslide area. 

In-situ methods have detected the movement of large landslides but struggle to detect the 

movement of more minor landslides (Barla et al., 2010; Crosta et al., 2017; Del Ventisette et al., 

2012; Gaffet et al., 2010).  

Ground-based in-situ methods often fail to detect ground movement due to limitations in the 

scale of the monitoring program. Predicting a landslide with accuracy is constrained by the 

limitations of ground-based instrumentation: inadequate field of view of the instrument, the 

sparse number of data points, ignorance that the slope is unstable, and logistical and economic 

constraints of the site (Carlà et al., 2019). It is not easy to detect the movement of a mountain 

slope if the entire slope is moving. When the ground-based monitoring is only deployed in a 

uniformly moving region, all the results will show no movement as they are relative. In addition, 

the cost and human resources included in maintaining in-situ monitoring often create sparse 

networks and, subsequently, fewer data (Carlà et al., 2019). Thus, it is imperative to have large-

scale monitoring capabilities to forecast landslide activity effectively. 

InSAR monitoring of ground movement and displacement from space allows for large-scale 

monitoring of slopes in landslide-risk regions at a low cost to the end user. This section examines 

the literature about landslide prediction and satellite imagery capable of calculating displacement 
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velocities. It focuses on articles related to satellite SAR imagery and the monitoring and 

detection of precursor tertiary creep or ground deformation before a landslide event.  

1.4.1 Creep curve and inverse velocity models 

 

This review defines failure or ruptures as a complete material paroxysmal collapse (e.g., 

landslides, rockfalls, and debris flow). Most failure-forecasting methodology relies on the 

premise that slopes undergo displacements that accelerate with a creep curve before failure (Fig. 

9) (Carlà et al., 2019; Tavenas & Leroueil, 1981). In Figure 9, the primary creep exhibits a 

decreasing logarithmic strain rate, the secondary creep has a constant strain rate, and the tertiary 

stage has an accelerating creep rate, which leads to failure. For example, a landslide has 

occurred. As it settles, it undergoes primary creep; once the slide is stable, it is in the secondary 

creep. Something triggers the landslide to accelerate again, and the tertiary creep begins.  This 

creep curve cycle of stability and accelerated creep periods is only a model to understand 

landslide cycles. The primary goal of time of failure forecasting is to accurately quantify the 

tertiary creep stage's acceleration (Intrieri et al., 2019). 
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Figure 9 Three-state interpretation of creep behaviour (Intrieri et al., 2019). 

Terzaghi (1950) foresaw the potential of quantifying slope mechanics to predict the time of 

failure. Saito and Uezawa (1961) developed a method to forecast the time of failure based on the 

tertiary creep curve. The authors developed an empirical formula based on the relationship 

between the constant strain rate and the time before catastrophic failure (Saito & Uezawa, 1961). 

Saito (1969) then refined the formula with a graphical approach, which was further simplified by 

Fukuzono (1985), and now the inverse velocity plot methodology is often used to forecast the 

time of failure (Intrieri et al., 2019). 

Fukuzono (1985) proposed that at the onset of acceleration, there are two possible outcomes: 

complete failure where the velocity is equal to infinity or no failure and the velocity decreases. 

The graphical method developed by Fukuzono plots the inverse velocity versus time. Thus, if the 

landslide velocity is slow and steady, the line plotted is parallel to the time axis. Conversely, the 

plotted line will cross the time axis if the slide's velocity increases. The point where the plotted 

line crosses the time axis is the time of failure (Fig. 10) (Fukuzono, 1985). Finally, Voight 
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(1988) derived a mathematical generalization of Fukuzono’s inverse velocity method. Modern-

day studies incorporate displacement velocities as the strain rate and use Fukuzono’s or Voight’s 

inverse velocity method to predict the failure time. 

 

Figure 10 An example of an inverse velocity plot where time is on the x-axis and inverse velocity (day/mm) is on the y-axis. The 
red dashed line denotes the failure time (Carlà et al., 2019). 

 

Not all landslides follow the creep curve model, and the velocities of different stages depend on 

various geological and climatic factors. While some landslides occur randomly without any 

measurable acceleration to plot inverse velocity, others experience secondary creep that 

accelerates due to seismic activity or precipitation and then slows down again (Crosta et al., 

2017). The duration of a landslide and how long it stays in secondary creep are unique to the site. 
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The length of time a slope can be in the tertiary creep stage can range from hours to decades 

(Intrieri et al., 2019). This variability in landslide dynamics makes predicting the failure time 

specific to each site.  

1.4.2 Slope failures at mining sites 

  

The findings from the articles centered around InSAR monitoring of mining sites are consistent 

in their affirmation of the capability of InSAR in detecting acceleration. They also highlight the 

limitation of ground-based instrumentation in detecting acceleration and emphasize the necessity 

for increased satellite coverage. In Australia, multiple failures were studied where the ground-

based systems had failed to detect the slope acceleration, but the InSAR results displayed 

acceleration six to eight weeks before the collapse (Carlà et al., 2018; Bar & Dixon, 2021). The 

Duro (2020) study showed InSAR results of acceleration and deceleration associated with heavy 

precipitation events before Brazil’s Brumadinho tailings dam failed. Mazzanti et al. (2021) 

examined deformation processes at the Legnica Glogow Copper District (Poland) by Satellite 

InSAR and monitored slope accelerations over five years. The Mazzanti et al. (2021) study 

proposes a correlation between the construction of urban development above the mine site in 

2014 and increased slope acceleration. Although the mentioned studies have detected 

acceleration, they also stated that there is currently inadequate satellite coverage with the 

necessary spatial and temporal resolutions to establish a reliable, automated, and rapid early 

warning system (Raspini et al., 2018). 

1.4.3 Slope failures in nature 

 

Most articles reviewed utilized satellite platforms such as ALOS, TerraSAR-X, and RadarSat-2 

and had similar outcomes as the mining case studies (Dehls et al., 2014; Dong et al., 2018; Li et 
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al., 2020; Schaefer et al., 2015). The studies show that InSAR can detect the acceleration before 

failure, and that ground-based monitors failed to detect acceleration and stress the need for more 

InSAR sensor-capable satellites. In addition, two of the sites showed a correlation between 

seismicity or precipitation as the catalyst for acceleration of the tertiary creep stage (Dini et al., 

2020; Kos et al., 2016). Unfortunately, neither study performed an inverse velocity prediction 

plot due to the sparseness of the data.  

The Sentinel-1 platform yielded results similar to those of the previously reviewed articles. Two 

studies incorporated the inverse velocity method and, in hindsight predicted the failure time to be 

three weeks before the event, which would have allowed ample time to evacuate the 

community’s downslope (Dai et al., 2021; Intrieri et al., 2018). Other Sentinel-1 data was 

incorporated with seismic data and correlated slope acceleration to regional earthquake activity 

(Roy et al., 2022; Svennevig et al., 2020). The remaining studies examined the acceleration of 

slope movement by analyzing their line-of-sight geometries. The results were consistent with the 

data from GNSS stations and ground based InSAR, showing an error of only 2 mm. (Grebby et 

al., 2021; Liu et al., 2020; Mancini et al., 2021). The Squarzoni (2020) study in the Northern 

Apennines found that the methodology failed to detect fast-moving ground movement when the 

displacement velocities were >4 cm between satellite acquisitions. The Sentinel-1 studies have 

shown that InSAR can be effectively used as a tool for landslide forecasting, with the ability to 

detect movements ranging from 2 mm to 40 mm.  

1.4.4 Discussion 

 

The articles incorporated in the literature review in sections 1.4.2 and 1.4.3 on landslide 

prediction and InSAR produced similar findings: InSAR detection of the acceleration before the 

failure, ground-based monitoring failed to detect the acceleration and the lack of adequate InSAR 
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satellite coverage. A few studies detected acceleration initiated by a seismic or a heavy 

precipitation event (Kos et al., 2016; Dini et al., 2020; Svennevig et al., 2020; Roy et al., 2020; 

Duro et al., 2021). Overall, the literature review demonstrated that InSAR data could predict the 

time of failure of a landslide within a month. However, satellite temporal resolution is 

insufficient for an effective automated early warning system (Morgan et al., 2020). 

Experts suggest utilizing both InSAR results and ground-based monitoring techniques, such as 

GNSS campaigns and GBInSAR, along with borehole data, to achieve more accurate monitoring 

of slope movements (Carlà et al., 2019). The combination of ground and space-based monitoring 

can help determine the optimal size and location of ground-based monitoring deployments. 

InSAR can be used as a qualitative tool to identify areas where ground-based monitoring 

techniques should be deployed (Intrieri et al., 2018). However, it should be noted that in-situ and 

InSAR monitoring may not always be sufficient to detect acceleration, and a multi-method 

approach to landslide prediction is recommended (Carlà et al., 2019).  

InSAR methodology has multiple limitations related to the sensor, temporal resolution, and 

landslide orientation. InSAR has difficulty detecting ground movement in highly vegetated areas, 

slushy or melting snow, and regions undergoing deformation >4 cm between satellite 

acquisitions. These constraints inhibit the ability of InSAR to monitor the tertiary creep 

continuously. If the landslide at the tertiary creep stage is snow-covered, highly vegetated, or 

fast-moving, InSAR will not be a viable monitoring option. Also, the satellite may not be able to 

acquire imagery of the landslide of interest due to the angle of the sensor not being capable of 

detecting north-south movement. All these considerations make the InSAR capability of 

detection site-specific.   
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A key finding from the review is that InSAR satellite temporal resolution is insufficient to 

predict accurate collapse time (Morgan et al., 2020). In this review, only a few case studies 

indicated the failure time relatively accurately, within 4-6 weeks (Dai et al., 2021; Intrieri et al., 

2018). The case studies of the mining sites had a higher accuracy for the time of failure of 1-7 

days (Carlà et al., 2018). There was a direct correlation between the number of images processed 

during the tertiary creep stage and the accuracy of the time of failure predictions (Bozzano et al., 

2017). Thus, greater temporal resolution is needed to predict failures with high accuracy. 

Another limitation to address is associated with the back plotting of an event; it is different from 

accurately predicting a catastrophic failure (Duro et al., 2020). Furthermore, at this point, there 

has not been a catastrophic failure predicted in advance by an InSAR sensor, but the future is 

bright for InSAR satellites. 

InSAR satellite missions such as ERS-1 and ERS-2 started in the 1990s with a temporal 

resolution of 35 days. Current satellites have revisit times of a few days. The future of InSAR 

will have even shorter revisit times with geosynchronous SAR systems with 10-metre resolution 

and images acquired every 8 hours (Monti et al., 2017). Soon, SAR microsatellites are expected 

to be launched with revisit times of 1-2 hours (Paek et al., 2020). This higher temporal resolution 

of the new generation of InSAR satellites allows for more data collection during the acceleration. 

The acquisition of more data points will improve the accuracy of predicting the failure time. 

1.4.5 Conclusion 

 

The review of the literature on landslide forecasting and InSAR showed that it is possible to 

back-plot a catastrophic event and forecast a time of failure. In addition, the InSAR could detect 

the onset of acceleration due to seismic or precipitation events. However, InSAR fails to detect 

fast-moving earth deformation > 4cm between acquisitions and brief time intervals of tertiary 
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creep. Currently, the Sentinel-1 mission has a 12-day revisit temporal resolution, and this time 

window is only effective for landslide forecasting if the tertiary creep is over weeks or months. 

Landslides with only hours or days of tertiary creep before failure cannot be predicted. Only 

when more InSAR-capable satellites predict the failures of slopes that exhibit short tertiary creep 

time durations will reliable landslide forecasting be possible (Moretto et al., 2021). 

The future of InSAR and landslide prediction promises short satellite repeat times (hours), giving 

hope for a feasible early warning system. The uncertainty of climate change and increased 

landslide activity in the world warrants future research concerning InSAR and landslide 

prediction. Today, InSAR can identify active slopes over vast terrain at low cost. InSAR imagery 

could be acquired and processed now to highlight regions of instability in valleys with 

transportation corridors, settlements, and infrastructure. Thus, utilizing InSAR can be utilized as 

a qualitative tool to guide where to deploy ground-based monitoring instrumentation.  

1.5 Thesis Objectives 

 

The thesis explores the feasibility of Sentinel-1 InSAR time-series displacement velocity maps as 

a landslide monitoring tool. The study’s first part (Chapter two) examines three regions that have 

exhibited glacial retreat and landslide activity in the western Coastal mountains in the last 150 

years: Mt Meager, Mt Cayley, and Mt Garibaldi. Multiple InSAR time series stacks were created 

spanning from 2017-2021 for each study area to detect slope movement. Historical landslides 

were used as reference points to evaluate the efficacy of the InSAR methodology. In addition, 

the displacement velocities were compared to bedrock geology for each site.  

The second part (Chapter three) of the study focuses on the feasibility of satellite SAR imagery 

for monitoring and detecting precursor tertiary creep or ground deformation before a landslide 



31 
 

event.  Five sites with recent landslides were chosen for the study: Taku River, Canoe Glacier, 

Elliot Lake, Koidern River, and Ecstall River. Each site’s InSAR time series stacks were created 

to include the images presiding the landslide events. The precipitation and seismicity data over a 

period of two weeks before the landslides were also collected. Landslides generally follow a 

pattern of slow creep that begins to accelerate due to precipitation, seismicity, or human activity. 

The InSAR will be evaluated on its ability to capture the moments of acceleration or tertiary 

creep. 
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2.0 Chapter Two: Feasibility of Sentinel-1 InSAR satellite monitoring of landslide movement in 

the Western Coastal Mountains of BC. 

 

2.1 Introduction 

 

Glacier retreat and loss are accelerating globally (Hugonnet et al., 2021). Glacier retreat 

destabilizes valley walls, primarily related to debuttressing bedrock slopes, leading to rockfalls, 

rockslides and debris flows (Cossart et al., 2008; Kos et al., 2016). In remote areas where 

instability occurs, large moving rock avalanches, debris flows, and outburst floods can travel far 

enough downslope to affect human settlement and infrastructure (Clague & O’Connor, 2021; 

Hermanns et al., 2004; Holm et al., 2004; Shugar et al., 2021). Thus, knowledge and 

understanding of high alpine slope dynamics are imperative for the safety of communities living 

below these potential hazards (Kilburn & Petley, 2003). 

One of the areas with the highest rates of glacier loss in the world occurs in the southern Coast 

Mountains of Western Canada (Bevington & Menounos, 2022; Hugonnet et al., 2021). The 

glacial retreat makes the area subject to geomorphic and hydrological processes, with landslides 

being the most destructive (Friele et al., 2008). Landslide events in glaciated alpine regions such 

as Mt Meager, Mt Cayley, and Mt Garibaldi have left evidence of debris flows and rockslides 

(Bovis & Evans, 1996; Evans et al., 2001; Roberti et al., 2018). Regional monitoring of glacial 

recession in western Canada has been conducted with optical satellites (Landsat and Sentinel-2) 

(Bevington & Menounos, 2022; Bolch et al., 2010); this technique offers insight into glacial 

retreat but not the velocity of movement on slopes that are being debuttressed.  

A remote sensing application called satellite interferometry is an increasingly popular technique 

for quantifying ground deformation. Satellite-based Synthetic Aperture Radar (SAR) has been 

used to monitor landslide deformation at local and regional scales (Cascini et al., 2010; Mateos 
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et al., 2017; Michoud et al., 2016). The comparison of SAR images taken on separate dates 

shows a change in the radar phase signal for locations undergoing ground deformation. The 

interference caused by the phase difference in radar waves over a given time interval at a fixed 

location allows for creating an interferogram image, a map of ground deformation computed 

using InSAR. This monitoring of ground movement and displacement from space allows for 

large-scale monitoring of slopes in landslide-prone regions (Carlà et al., 2019; Intrieri et al., 

2019; Liu et al., 2020; Grebby et al., 2021; Kim et al., 2022). 

The study covered in this chapter encompasses three different regions that have exhibited glacial 

retreat and landslide activity in the western Coastal mountains in the last 150 years: Mt Meager, 

Mt Cayley, and Mt Garibaldi (Fig. 11). Multiple InSAR time series stacks were created spanning 

2017 to 2021 for each study area to detect movement on the slopes. The study aims to ascertain 

the feasibility of InSAR as a landslide monitoring tool for the Coastal mountains of southwestern 

BC. In addition, the displacement velocities were compared to bedrock geology for each site.  

2.2 Study Areas 
 

2.2.1 Mt Meager 

 

Mt. Meager (Qwe̓ lqwe̓ lústenis) located on the traditional territories of the Lil’Wat nation.  

Radiocarbon dating of deposits in the Mt Meager area shows evidence of debris flows dating 

back over 4000 years (McNeely & McCuaig, 1991). In the last century, recorded landslides 

occurred at Devastation Creek in 1937, 1947 and 1975 (Carter, 1932; Mokievsky-Zubok, 1977; 

Read, 1978) (Fig. 11). Mt Meager also had a documented rock avalanche in 1986 (Evans, 1987), 

and a debris flow at the Capricorn Creek region in 1998 (Bovis & Jacob, 2000). In 2010, the 

south flank of Mt. Meager had a landslide, the largest in Canadian history (Roberti et al., 2018), 
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creating a large debris flow that flowed into the Lillooet Valley (Ward et al., 2020). Recently, 

many areas on the mountain complex have been designated as prone to landslides (Roberti et al., 

2018). Mt Meager, one of the Cascade Arc volcanoes, is composed of rock from three different 

volcanic periods. The southern edge has remnants of an early rhyodacite episode from <1.9+/-0.2 

Ma to >1.0+/-0.1 Ma, and in the north, a later rhyodacite episode have a postglacial age 0.1+/-

0.02 Ma to 2340+/-50 years B.P. An extensive layer of andesite from 1.0+/-0.1 Ma to 0.5+/-0.01 

Ma underlies the central and southern portions of the complex (Read, 1990).   

 

Figure 11 The study area in western Canada and the study areas highlighted in orange on the left. On the right are the historical 
landslides in the region (A) Mt Meager, (B) Mt Cayley, (C) Mt Garibaldi (Roberti et al., 2018). 

2.2.2 Mount Cayley 

 

Mt. Cayley is located on the traditional territories of the Squamish nation. The mountain has a 

history of landslides with evidence of pre-history volcanic sediments downslope of the western 
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flank that has created the multiple fans and dams in the Squamish River (Cruden & Lu, 1992). In 

the last century, landslides occurred in 1963 and 1984 (Evans et al., 2001; Ward et al., 2020). 

The area is also part of the Garibaldi Volcanic Group, with eruptions dating between the 

Pliocene and the Holocene (Massey et al., 2005). The volcanic rocks overlie basement plutonic 

and metamorphic rocks from the Mesozoic and Tertiary Coast Plutonic Complex and range in 

age from 0.31 to 3.8 Ma (Green et al., 1988). 

2.2.3 Mount Garibaldi 

 

Mt. Garibaldi, another of the Cascade Arc volcanoes, is located on the traditional territories of 

the Squamish nation. The region is a popular recreation area with a provincial park bearing the 

mountain's name. On the southeast-west flank is evidence of a large landslide called the 

Cheekeye Fan (Evans et al., 2001) (Fig.11). Radiocarbon dating of wood collected 13 metres 

below the fan surface provided an age of 6,800 years BP. More recent activity occurred in 1958 

when a debris flow entered the Squamish River (Jakob et al., 2005).  The area is also part of the 

Garibaldi Volcanic Group with eruptions dating between the Pliocene and Holocene (Massey et 

al., 2005). The oldest volcanic rocks are pyroclastic and andesite lavas, which erupted from 1.1 

to 1.3 Ma (Green, 1990). Another period of volcanic activity produced andesitic pyroclastic and 

laharic breccias that erupted between 670,000 and 750,000 years ago. Similar andesite and 

pyroclastic volcanic rocks are found on the south ridge, suggesting that volcanic activity 

migrated southward during this period (Green et al., 1988).  

2.3 Data 

 

Multiple time series stacks were created for analysis for each location, encompassing images 

during the summer months and one winter season. The images had a repeat window of 12 days, 
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and the Single Look Complex (SLC) SAR was acquired at Vertical-Vertical (VV) polarization 

(Table 1). The topographic phase removal and geocoding were completed using ALOS-PALSAR 

imagery, creating a DEM from acquisitions between July 2011 and August 2011. The product 

has a pixel size of 12.5 square metres. The resulting time series from the Sentinel-1 co-registered 

stack has an output .csv file containing average displacement velocities and corresponding 

georeferenced data. The displacement measurements were converted into a shapefile with a 

WGS 1984 projection. 

Finally, the StaMPS Visualizer tool was used to detect the movements of the ground (Hoeser, 

2018; Hoeser, 2020). The tool allows the user to pick a PS, and the software creates a graph of 

the cumulative displacement. Finally, a shapefile of bedrock geology was overlain with a NAD 

83 projection (Cui et al., 2018). 

Table 1 The orbits, orientation, period, and amount of interferograms used to make the time-series stacks for the monitoring 
study. 

Location Orbit Orientation Period #  Images 

Mt Meager 137 Ascending Summer 2018-2021 23 

 13 Descending Summer 2018-2021 24 

 86 Descending Summer 2017-2021 29 

 86 Descending Summer, 2017-including 
Winter 2021 

55 

Mt Cayley 137 Ascending Summer 2018-2021 24 

 13 Descending Summer 2018-2021 24 

 86 Descending Summer 2017-2021 35 

 86 Descending Summer, 2017-including 
Winter 2021 

52 

Mt Garibaldi 137 Ascending Summer 2018-2021 21 

 13 Descending Summer 2018-2021 24 

 86 Descending Summer 2017-2021 31 

 86 Descending Summer, 2017-including 
Winter 2021 

57 
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2.4 Processing Methodology 

 

Creating the ground displacement time series required two sub-processing steps for satellite 

images of the same orbit pass. The first processing step derived relative ground displacement by 

measuring the phase change between all dated images and a reference image. This created 

multiple interferograms for each dated pair. The second sub-processing step created measured 

values of ground displacement at each pixel for all imaged dates by stacking and analyzing these 

interferograms. The two sub-processing steps were performed in different software 

environments: the first step used SNAP software (SNAP 2020); the second step used the 

Stanford Method for Persistent Scatterers (StaMPS) (Hooper et al., 2012) and Toolbox for 

Reducing Atmospheric InSAR Noise (TRAIN) software packages (Bekaert et al., 2015). Figure 

12 outlines the workflow for the first sub-processing steps: from raw images to StaMPs-ready 

files. Figure 13 shows the subsequent steps to produce the final displacement map and data. 
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Figure 12 Differential InSAR processing flow chart within the ESA's SNAP software environment. 

2.4.1 Interferogram Formation 

 

The first sub-processing step began with spatially sub-setting all the Sentinel-1 images to the 

area of interest. The data are downloaded as Single Look Complex (SLC) TOPSAR data 

acquired in Interferometric Wide (IW) mode with VV Polarisation. After this, the accurate 

positions of the satellite during the image acquisition were applied using updated, precise orbit 

files. These ensured that images from multiple dates were optimally aligned (co-registered). 

Before images could be compared for phase differences, an optimal primary image was selected 

by analyzing the perpendicular and temporal differences between all the images. The image with 

the smallest temporal and perpendicular baselines became the ‘reference’ image. Interferograms 

were created by comparing this image with all other dated ‘secondary’ images. 

Co-registration of each image pair followed, using back-geocoding co-registration with enhanced 

spectral diversity. An ALOS PALSAR digital elevation model, created from acquisitions 
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between May and August 2011, assisted in the back-geocoding of the images.  Images were 

additionally de-bursted to remove the dark bars between the acquisition bursts (cf. Yague-

Martinez et al., 2016). Interferograms were then created by comparing the difference in phase 

signal between the two dates. The effect of topography was subsequently removed by applying 

the ALOS PALSAR digital elevation model. The resulting interferograms were stacked as a 

single file and then formatted for StaMPS software in preparation for the second sub-processing 

step (Fig. 13). 

 

Figure 13 PSI processing chain with the StaMPS software package. 

2.4.2 Interferogram Unwrapping 

 

Persistent Scatterer (PS) Analysis isolated pixels that express a consistent backscatter signal across 

an interferogram stack, hence the term. This method also removed noise primarily caused by 

satellite orbital differences and changes in the atmosphere between acquisition dates. The 

remaining differences due to phase change were converted to satellite (LOS) measurements in 
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metres (termed unwrapping). StaMPS software was selected to handle the PS Analysis because of 

its documented capability for determining surface displacement in areas that exhibit non-steady 

deformation (Intrieri et al., 2018; Raspini et al., 2018; Carlà et al., 2019). It allowed PS to be 

queried for their deformation throughout the acquisition time series. 

2.4.3 Persistent Scattering 

 

An eight-step procedure, outlined in the StaMPS/MTI manual (Hooper et al., 2012), was used to 

perform the processing (Figure 13). An initial bash script run in a Linux environment loaded all 

interferograms in the time series. These multiple steps were conducted in patches across all 

interferograms and the entire scene. The merged single stack was then unwrapped to convert the 

interferograms, measured in radians, into deformation in millimetres. The first step in the eight-

step process was estimating phase noise for each candidate pixel in each interferogram. PS were 

then selected by evaluating phase noise characteristics and accounting for the number of non-PS 

pixels in a scene. Pixels with noise attributed to neighbouring ground resolution elements were 

eliminated. The remaining selected pixels were phase-corrected for spatially uncorrected look-

angle errors, and patches were merged. The phase was unwrapped, and then the DEM, atmosphere, 

and orbit errors were removed. Atmospheric correction was performed using the TRAIN software 

package devoted to the atmospheric correction of interferometric products (Baekaert et al., 2015). 

An ALOS-PALSAR DEM provided a substantial topographic base for terrain correction to the 

SAR images. Multiple methods to apply an atmosphere correction were available; this study 

employed a linear method.  
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2.4.4 StaMPS Parameters 

 

The StaMPS software is readily available for use, with reasonable preset values. However, specific 

parameters have the potential to affect the quality of the results obtained. To ensure optimal 

outcomes, it is highly recommended to execute StaMPS one step at a time and to explore the effects 

of adjusting specific parameters. For this study I redefined some of the default parameters to detect 

and monitor landslides. The first alteration was to initiate phase ramp estimation for each 

interferogram. The estimated ramp will be subtracted before unwrapping, which helps identify 

local signals, such as landslides over a larger area (Hoeser, 2018). Additionally, the maximum 

topographic error was reduced from the recommended 20 metres by Lazecky (2016) and Hooper 

(2008) to only 10 metres. 

The default standard deviation threshold of 1.0 was deemed too high, causing many PS to be left 

in waterbodies and ice. As a solution, it was lowered to 0.8. This threshold is calculated for each 

pixel based on the phase noise standard deviation of all pixel pairs, including the pixel. The PS is 

dropped if a pixel's minimum standard deviation exceeds the threshold. The filter grid size was 

also reduced from 50 to 40 metres to further improve accuracy. Before filtering, candidate pixels 

are resampled to a grid with this spacing to determine the spatially correlated phase. These 

adjustments were based on research conducted by Hooper et al. (2007; 2012). 

I adjusted the default settings in the unwrapping step based on the recommendations of other 

landslide studies that used the StaMPS software (Hooper et al., 2008; Lazecky et al., 2016; Hoeser, 

2018). I reduced the unwrapping grid size from 200 to 100 metres and decreased the unwrapping 

Goldstein filtering window from 32 (default) to 8. These changes will help detect PS in local areas 

like landslides. I shortened the unwrapping time window from 730 to 50 days to smooth the 

estimated phase noise using a Gaussian window with a standard deviation (Hooper et al., 2008). 
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The parameters were changed based on landslide detection and monitoring criteria. The setting for 

the maximum gamma threshold of 0.005 was not satisfied with the default setting of 3 maximum 

iterations. I set the number of iterations to 10 based on examining the datasets individually; it was 

determined that the stacks could take 5-8 iterations to reach the maximum gamma threshold of 

0.005. Finally, the number of cores used was changed from the default of 1 to 16. Below is a table 

outlining the StaMPS processing parameters utilized here. 

Table 2 List of StaMPS parameters used in this research. The Default and the Used values are given with a rationale for the 
deviation. 

Parameter StaMPS Step Default Used Rationale 

“no_cores” 1 1 16 Processing 

“Max_topo_size” 2 20 m 10 m Quality 

“filter_grid_size” 2 50 40 Quality 

“Gamma_max_iterations 3 3 10 Quality 

“Weed_standard_dev” 4 1 0.8 Quality 

“Unwrap_grid_size” 6 200 100 Landslide detection 

“Unwrap_gold_n_win” 6 32 8 Landslide detection 

“Unwrap_time_win” 6 730 d 50 d Landslide detection 

“Scla_deramp” 7 ‘n’ ‘y’ Landslide detection 

“Subtr_tropo” 8 “n” ‘y’ Atmospheric correction 

 

2.5 Displacement Results 
 

The LOS measurements were calculated using a best fit line over the entire time series using 

linear regression. The points are individually weighted based on their standard deviation from the 

line, with smaller weights applied to the points farther from the line and larger weights applied to 
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points closer to the line. The resulting averaged and weighted velocities were used to analyze the 

different surficial geology types in the study area. The LOS values range from positive to 

negative with the positive values measuring the distance towards the satellite and negative as the 

distance away from the satellite. For the purposes of this study negative values denote a increase 

in and positive denotes an decrease in range direction. 

Each location had a unique statistical fingerprint based on the number of interferograms, years, 

and geographical location. Thus, each orbit’s classification system is based on the standard 

deviation of that orbit. All the orbits had means close to zero but different SDs. The displacement 

velocities were classified as high increase or decrease in range direction greater than plus/minus 

3 SD, and moderate increase or decrease in range direction was between plus/minus 3 SD and 2 

SD. Stable regions were classified as everything between plus/minus 2 SD (Tab. 4). Other 

studies have used this approach to quantify the general error in displacement velocities (Short et 

al., 2011; Wolfe et al., 2014). In the following maps I removed the stable PS, leaving only the PS 

deemed in motion by the above SD classification. 

Table 3 The classification system used to compare the velocity displacements. 

Displacement velocity range (mm/year) Classification 

Greater than 3 SD High decrease 

Between 3 SD and 2 SD Moderate decrease 
Between -2 SD and 2 SD Stable 

Between -2 SD and -3 SD Moderate increase 

Less than -3 SD High increase 
 

2.5.1 Mount Meager 

 

The displacement results for Mount Meager from 2018-2021 illustrate areas of a high increase in 

range direction on the north and south flanks in orbits 13, 137, and 86. The highlighted areas of 

high increase in range direction correspond to areas adjacent to the Plinth and Devastation Peak 
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landslide areas. In orbit 13, on the slope across from Plinth Peak there is a significant decrease in 

range direction demonstrating that both slopes of that valley are moving. All the orbits display no 

PS with high increase or decrease in range direction in the 2010 slide area. The winter results 

from this study detected fewer PS than the snow free summer stacks. The low detection of PS 

during the winter months is expected as InSAR cannot penetrate deep or wet snow (Carlà et al., 

2019). 

 

Figure 14 The orange circles highlight areas of significant LOS velocities for Mt Meager. The red dot represents an increase in 
range direction and blue as a decrease. A. Yellow circles show historical landslide activity, B. results from orbit 13, C. results from 
orbit 86, and D. results from orbit 137. 
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2.5.2 Mount Cayley 

 

The InSAR displacement results detected movement on the southern slopes of Mt Cayley 

between 2018-2021. In the historical landslide areas, there were few PS displaying significant 

movement. However, there was an decrease in range direction detected north of the slide areas in 

orbits 13 and 86 (Fig. 15). On the southeast corner of the map there is an area of increase in 

range direction found in orbits 13,86 and 137. The winter results are not shown due to the 

spareness of data produced. 

 

Figure 15 The orange circles highlight areas of significant LOS velocities for Mt Cayley. The red dot represents an increase in 
range direction and blue as a decrease. A. Yellow circles show historical landslide activity, B. results from orbit 13, C. results from 
orbit 86, and D. results from orbit 137. 
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2.5.3 Mount Garibaldi 

 

The InSAR results detected movement on the slopes of Mt Garibaldi from 2018-2021, with 

movement detected in the Cheekye slide area for orbits 13 and 137, while the results from orbit 

86 are notably sparser and have a dispersed pattern (Fig. 16). On the slopes northwest of the 

Cheekye slide area there are clusters of PS with movement away from the satellite in orbit 137. 

Finally, the Mt Garibaldi winter results have not been displayed due to the poor quality of the 

results. 

 

Figure 16 The orange circles highlight areas of significant LOS velocities for Mt Garibaldi. The red dot represents an increase in 
range direction and blue as a decrease. A. Yellow circles show historical landslide activity, B. results from orbit 13, C. results from 
orbit 86, and D. results from orbit 137. 
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2.6 Bedrock Geology 
 

The displacement velocities from orbit 86 were used for the bedrock geology evaluation. Orbit 

86 was chosen because it had five years of prolonged temporal coverage and the most significant 

number of interferograms. The bedrock units used in the study are volcanic, sedimentary, and 

intrusive (Cui et al., 2018). Each bedrock geology’s displacement velocities were classified 

based on the SD of each location. Examining the percent stable results of each bedrock unit 

compared to the entire sample will highlight nuances of instability. Finally, the PS distribution 

per bedrock unit was calculated and analyzed. 

2.6.1 Mount Meager 

 

Most of the PS were detected in the volcanic unit at 60%, followed by the intrusive units at 38% 

and the sedimentary units with the remaining 2%. Figure 14 shows that the sedimentary units 

have least amount of area in the image corresponding to the low PS detection percentage. The 

entire sample had a percent stable value of 94.6%, with the intrusive units exhibiting the highest 

percent stable of 97.6%. The volcanic units had a percent stable of 90.7%, and the sedimentary 

units had the lowest percentage with 82.8%. The sedimentary units showed the highest 

percentage of total decrease in range direction of 15.9%, and the volcanic units had the highest 

total increase in range direction percentage of 8.7% (Table 4). 

Table 4 Percent results of the stable classification of Mt Meager for each bedrock geology unit. 

Classification All Volcanic Sedimentary Intrusive 

Stable (%) 94.6 90.7 82.8 97.6 

High decrease (%) 0.1 0.1 0.4 0 

Moderate decrease (%) 1.0 0.7 15.5 0.8 

Moderate increase (%) 4.4 6.5 1.1 1.3 

High increase (%) 1.4 2.2 0.2 0.4 
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2.6.2 Mount Cayley 

 

Most of the PS were detected in the intrusive unit at 75%, followed by the volcanic units at 20% 

and the sedimentary units with the remaining 5%. Like Mt Meager the sedimentary units are a 

small portion of the study area which corresponds to the low PS density. The entire sample had a 

percent stable value of 96.8%, with the sedimentary units exhibiting the highest percent stable of 

99.6%. The volcanic units had a percent stable of 97.2%, and the intrusive units had the lowest 

percentage with 96.1%. The intrusive units showed the highest percentage of decrease in range 

direction with 2.4%, and the volcanic units had the highest increase in range direction at 2.4% 

(Table 5). 

Table 5 Percent results of the stable classification of Mt Cayley for each bedrock geology unit. 

Classification All Volcanic Sedimentary Intrusive 

Stable (%) 96.8 97.2 99.6 96.1 

High decrease (%) 1.8 0.1 0 1.7 

Moderate decrease (%) 0.6 0.3 0.2 0.7 

Moderate increase (%) 1.1 1.3 0.1 1.1 

High increase (%) 0.5 1.1 0.1 0.4 

 

2.6.3 Mount Garibaldi 

 

Most of the PS were detected in the intrusive unit at 63%, followed by the volcanic units at 24% 

and the sedimentary units with the remaining 13%. The area of the sedimentary units on Mt 

Garibaldi is considerably larger than Mt Meager and Mt Cayley and as such exhibit a higher PS 

density. The entire sample had a percent stable of 96.8%, with the volcanic and intrusive units 

exhibiting the highest percent stable value of 98.7%. The sedimentary units had the lowest 

percentage, with 97.7%. The intrusive units showed the highest percentage of an decrease in 

range direction with 0.6%, and the sedimentary units had the highest total increase in range 

direction percentage of 1.7% (Table 6). 
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Table 6 Percent results of the stable classification of Mt Garibaldi for each bedrock geology unit. 

Classification All Volcanic Sedimentary Intrusive 

Stable (%) 96.8 98.7 97.7 98.7 

High decrease (%) 0.4 0.1 0.1 0.2 

Moderate decrease (%) 1.0 0.2 0.4 0.4 

Moderate increase (%) 2.2 0.8 1.5 0.6 

High increase (%) 0.8 0.2 0.2 0.2 

 

 

 

2.7 Discussion 

 

This study aimed to determine whether InSAR technology could be used to monitor landslide-

prone regions in the GVC in western Canada. The InSAR successfully detected movement at all 

three study sites, but fewer PS were detected during winter due to the sensor's inability to 

penetrate snow and ice. Most PS identified showed little to no movement or were classified as 

stable. The areas with movement corresponded to regions with a history of landslide activity. 

Ultimately, a map marked extreme movement areas, highlighting regions with significant 

increase and decrease in range direction. However, the results had detection gaps, possibly due to 

vegetation, snow, or the ground moving too quickly for the method to detect. 

The study evaluated the InSAR technique's feasibility with the Sentinel-1 by accessibility, cost, 

validity, and monitoring capability. Fortunately, the Sentinel-1 data are free, and the LOS 

measurement software tools are also open-source and free. DeGlado (2019) developed automated 

methods, and Hoeser (2020) provided further documentation to facilitate the computerized 

interferogram stack formation. The van der Kooij (2002) and Roberti (2018) studies used the 

DInSAR technique to measure deformation on the slopes of Mt Meager. They yielded results of 

~1-2 cm/year of deformation on the Plinth and Devastation peaks, similar to our findings of 5-20 

mm/year, providing validity to this study’s displacement velocities. We detected movement on 
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the slopes known to be moving in the past, indicating that this methodology could be used to 

monitor slow acceleration rates and/or persistent creep, but not fast-moving slopes. 

As per Roberti's (2018) research, the Sentinel-1 InSAR technique can effectively track gradual 

accelerations. The 2010 Mount Meager failure was not triggered by a single event but by 

multiple destabilizing factors, including prolonged high temperatures during summer, and pre-

existing failures at the slope's base in the years preceding the landslide (Roberti et al., 2018). The 

study's findings indicate that InSAR can monitor the slow-moving acceleration due to the 

cumulation of multiple factors leading to landslide activity. 

 

2.7.1 Displacement Velocities 

 

Many displacement velocity results were stable in the study area, due to the SD methodology 

used for classification. This methodology determined that 95% of all velocities were near-zero. 

The high number of PS classified as stable supports the use of InSAR for long-term monitoring 

of remote slopes potentially susceptible to landslides. InSAR's ability to detect sub-centimetre 

movement allows for temporal analysis of ground displacement in the past and future. Areas that 

show changes in displacement velocity are suggested to undergo further examination to identify 

any acceleration in ground movement using terrestrial monitoring methods. This information 

could inform local governments, businesses, and communities of potential landslide risks. 

These sites were chosen based on their previous history of landslides, as demonstrated in Figure 

11. The InSAR results showed movement in the areas surrounding past landslide activity in all 

three locations. This confirms that the Sentinel-1 data can identify and measure LOS 

displacement on the dynamic mountain slopes in the western Canadian Cordillera. Additionally, 
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the Sentinel-1 data enabled a comprehensive analysis of the summer movement, revealing 

whether the ground surface was accelerating or moving at a consistent velocity over time. A 

year-round monitoring program would require sufficient high-quality data for maximum 

effectiveness. 

 

2.7.2 Winter Displacement Velocities 

 

Snow thickness and moisture content can pose problems and affect results when conducting 

InSAR studies in high alpine environments. Many studies exclude winter images due to their low 

coherence and decorrelation to mitigate these issues. However, despite these limitations, our 

study obtained winter results from all three orbits. The findings of the Carlà (2019) study also 

suggest that while wet snow can negatively impact correlation, InSAR Radar can penetrate dry, 

cold snow up to approximately 20 metres. It is important to note that the quality of winter InSAR 

results may vary depending on the elevation of the site and its impact on the level of snow 

moisture content. 

To monitor landslide-prone slopes in real time, it is crucial to detect any acceleration in ground 

movement before failure occurs (Carlà et al., 2019). However, during winter months, the 

presence of snow can make it more difficult to capture movement using this methodology 

accurately. Despite this challenge, the winter results still managed to identify areas of movement, 

albeit with a lower quantity of PS. To achieve reliable results throughout the year, an InSAR 

system for year-round monitoring would need to consider factors such as weather, elevation, and 

moisture content of the snow. 
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2.7.3 Bedrock Geology 

 

The outcomes of the bedrock geology study varied depending on the location. To compare the 

different areas, the percentage stability of each bedrock unit was compared to the overall stability 

of the sample. The hypothesis was that the volcanic units would show more significant variation 

than the intrusive units. Results from Mt. Meager and Mt. Cayley indicated that the volcanic 

units had a higher total percentage of decrease in range direction than the intrusive units. 

However, the bedrock geology results from Mt. Garibaldi did not exhibit the same decrease in 

range direction trend associated with the volcanic units observed at Mt. Meager and Mt. Cayley. 

Additionally, Mt. Meager displayed the highest instability among the three volcanic areas. 

InSAR results indicate that a site’s stability is correlated with the frequency of landslide events. 

The most recent landslide activity occurred in 2010 on Mt Meager, while Mt Cayley experienced 

its last event in 1984. Mt Garibaldi has not seen any activity since 1958, according to Evans 

(2001). The percent stability calculated for Mt Meager was 94.6%, lower than the 96.8% 

calculated for Mt Cayley and Garibaldi. Additionally, the volcanic units at Mt Cayley showed 

less stability than those at Mt Garibaldi. Mt Meager had the highest percentage of volcanic units 

among the three sites at 60%, indicating that it is more prone to instability than Mt Cayley and 

Mt Garibaldi. The instability of Mt Meager can be attributed to the volcanic activity beneath the 

volcano, as Allstadt (2013) and Roberti (2018) reported. 

The instability on Mt. Meager is also influenced by the hydrothermal alteration of the slopes and 

the fractured volcanic structure. The intrusive rhyodacite plug at the peak is surrounded by 

ochre-coloured hydrothermal alteration, while the lower slopes display block and ash evidence of 

volcanic activity. Read (1978) reports that the lower parts of the slope also show signs of 

hydrothermal alteration. This activity has caused the volcanic breccias around the peak to 
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fracture, rendering the environment more vulnerable to landslides due to increased water 

infiltration, weathering, erosion, and frost heave processes (Roberti et al., 2018). 

This assessment examined the rock types at only three locations, a small component of the 

overall geological scenario. Additional factors like fracture density and orientation, proximity to 

faults, presence of surface water and melting, and slope gradient should also be considered to 

comprehend the geological mechanisms involved fully. The findings indicate that the LOS 

displacement velocities show varying stability patterns based on the type of rock present. 

Additionally, it is difficult to accurately determine the physical processes that lead to 

observations of an increase or decrease in range direction. The measurements taken in the LOS 

are influenced by the satellite's angle and the slope's aspect and orientation. Thus, steep mountain 

topography might show opposite trends dependent on the orbit’s angle to the landslide area. Due 

to these factors, it is essential to thoroughly analyze the results and LOS geometries before 

making any conclusions about the InSAR results. 

2.7.4 Feasibility of Monitoring with Sentinel-1 

 

Using Sentinel-1 InSAR findings to keep track of landslides in the western Canadian Coast 

mountains during certain seasons is possible. However, the outcomes from the winter stacks 

were not enough to create a reliable year-round monitoring system. Detecting the acceleration 

onset before a landslide occurs is essential to warn people of potential danger. When InSAR 

produces unsatisfactory results from winter acquisitions, detecting the precursor acceleration 

through InSAR becomes impossible. The snow-free satellite images detected both areas of 

movement and stability. Thus, the InSAR technique can identify unstable areas from space, 
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which can guide geotechnical surveys on the ground. Finally, the study's results can serve as a 

reference point for future InSAR research to observe changes in stability. 

2.8 Conclusion 

 

The study aimed to determine if Sentinel-1 InSAR data could be used to detect precursor ground 

movement-associated landslides. The InSAR results showed that ground displacement occurred 

on the slopes of all three study sites, which corresponded with slopes that had previous landslide 

activity. However, the InSAR results collected during winter months were less detailed and 

frequent than those collected through a seasonal approach. While a year-round monitoring 

system is possible with Sentinel-1 data, there may be gaps in data coverage due to snow 

conditions and site topography. The volcanic units showed more instability than the intrusive 

bedrock units, except for Mt Garibaldi. Ultimately, the study generated baseline maps of all three 

mountains' displacements for 2017-2021. 
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3.0 Chapter Three:  InSAR satellite time series imagery and detection of precursor landslide 

movements in western Canada. 

 

3.1 Introduction 
 

“We demand rigidly defined areas of doubt and uncertainty!” (Adams, 1979, p.115) 

The quote above is steeped in irony and satire and encapsulates the challenges that British 

Columbians who reside in steep mountain valleys and slopes face for the future. Recent 

atmospheric river events triggered multiple landslides in southwestern BC and have generated 

uncertainty concerning potential geo-hazards. Landslides are geological hazards that 

significantly threaten human life, infrastructure, and biotic habitat in areas with steep slopes 

(Cloutier et al., 2017). Precursory signs of a landslide can be detected, making the evacuation of 

residents likely. Thus, forecasting and early warning systems of slope movement are needed for 

the safety of communities living in the valleys below (Kilburn & Petley, 2003). 

Landslides are challenging to predict due to trends of non-linear displacement and stochastic 

factors such as seasonal precipitation, seismicity, and topographical complexity. The 

preconditioning of a landslide unfolds over thousands of years due to cumulative geological 

factors (e.g., seismicity, rock type, glacial processes) and climatic factors (e.g., temperature and 

precipitation) (Crosta et al., 2017). The ongoing climatic and geological cycles imposed on 

regions susceptible to landslides may exhibit long-term ground deformation superimposed with 

episodic accelerations due to triggers like seismicity or precipitation (Cappa et al., 2004).  

Landslide prediction aims to understand the structural dynamics of the slide accelerations to 

estimate when there will be a catastrophic failure (Intrieri et al., 2019).  
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A remote sensing application called satellite interferometry is an emerging technique for 

quantifying ground deformation. Satellite-based synthetic aperture radar (SAR) has successfully 

monitored landslide deformation at local and regional scales (Cascini et al., 2010; Mateos et al., 

2017; Michoud et al., 2016). The comparison of SAR images taken on separate dates shows a 

change in the radar phase signal for locations undergoing ground deformation. The interference 

caused by the phase change between 2 SAR images is captured by creating an interferogram 

image, which can be used to make precise measurements of ground deformation, using a method 

referred to as Interferometric Synthetic Aperture Radar (InSAR).  

The study covered in this chapter focuses on the feasibility of satellite SAR imagery for 

monitoring and detecting precursor tertiary creep or ground deformation before a landslide event.  

Five sites with recent landslides were chosen for the study: Taku River, Canoe Glacier, Elliot 

Lake, Koidern River, and Ecstall River (Fig. 17). Each site’s InSAR time series stacks were 

created to include the images before the landslide events. The precipitation and seismicity data in 

the two-week period before the landslides were also collected. Landslides generally follow a 

pattern of slow creep that begins to accelerate due to precipitation or seismicity. The InSAR 

method will be evaluated on its ability to capture the moments of acceleration or tertiary creep.  

 

3.2 Study Areas  

 

All the sites are located on the Coast Mountains of Canada in a mountainous area called the 

western Cordillera. A chain of mountains stretching from Alaska to Washington, encompasses 

the entire coast of BC (Fig. 17). Glaciers are abundant in the region, with all the study sites 

having a glacier adjacent to the slide, apart from the Koidern River slide. All the areas have had 
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landslides since 2019, making them good candidates for accessing sufficient Sentinel-1 data to 

test the feasibility of precursor detection. In addition, all the sites had seismic waveform data 

pinpointing the date and time of the landslide event. 

3.2.1 Koidern River 

 

On December 20, 2019, a landslide and debris flow occurred in the traditional territory of the 

Kluane First Nation on the Koidern River in the Yukon (Fig. 17). It was a rock avalanche with a 

high velocity that scoured downslope, damming the Koidern river in the valley floor with 

landslide debris (Petley, 2020a). 

3.2.2 Taku River 

 

On December 24, 2020, a landslide and debris flow occurred in the traditional territory of the 

Taku River Tlingit First Nation on the Taku River, located in the northern Coast Mountains of 

British Columbia (Fig. 17).  The slide was the result of a significant rock slope failure, with a 

substantial mass detaching from high on the slope. This mass then triggered the collapse of the 

face of the slope below.  The mass was in free fall for a considerable distance – on impact with 

the valley floor, it instantaneously fragmented to create an avalanche with a long run out and 

substantial dispersion (Petley, 2020b; Stewart-Jones & Gruber, 2023).   

3.2.3 Canoe Glacier 

 

On July 1, 2021, a landslide and debris flow occurred in the traditional territory of the Nisaga 

First Nation on the Canoe Glacier, located in the northern Coast Mountains of British Columbia 

(Fig. 17). At the height of the record warming event known as the “heat dome,” about five 

million tonnes of rock and ice fell from the Canoe Glacier. The debris had a massive runout, 

missing a mine site 6 kilometres away with 600 hundred workers (Pollon, 2021). 
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3.2.4 Ecstall River 

 

On September 1, 2022, a landslide and debris flow occurred in the traditional territory of the 

Tsimshian First Nation on the Ecstall River, located in the northern Coast Mountains of British 

Columbia (Fig. 17). The landslide appears to have started as a failure on a near-vertical rockface, 

and then to have transitioned into a classic ice/rock avalanche—the slide deposited rock into a 

lake, creating a tsunami and outburst flood downstream (Petley, 2022). 

3.2.5 Elliot Lake 

 

On November 28, 2020, a landslide, tsunami, and outburst flood occurred within the traditional 

territory of the Homalco First Nation in the headwaters of Bute Inlet, located in the southern 

Coast Mountains of British Columbia (Fig. 17). The landslide deposited debris into a glacier lake 

that displaced water sending a tsunami and outburst flood scouring the stream to the ocean 

(Geertsema et al., 2021).  
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Figure 17 The study sites and their relation to North America. 

 

3.3 Data 

 

Multiple time series stacks were created for analysis for each location, encompassing summer 

images, and winter images before the failure. The images had a repeat window of 12 days, and 

the Single Look Complex (SLC) SAR data were acquired at Vertical-Vertical (VV) polarization 
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(Table 7). The topographic phase removal and geocoding were completed using ALOS-PALSAR 

imagery, creating a DEM from acquisitions between July 2011 and August 2011. The product 

has a pixel size of 12.5 square metres. The resulting time series from the Sentinel-1 co-registered 

stack has an output .csv file containing average displacement velocities and corresponding 

georeferenced data. The displacement measurements were converted into a shapefile with a 

WGS 1984 projection. 

Table 7 The orbits, orientation, period, and amount of interferograms used to make the time-series stacks for the forecasting 
study. 

Location Orbit Orientation Period #  Images 

Koidern River 116 Descending Summer 2016-2019 19 

 116 Descending Summer 2016-December 2019 26 

 123 Ascending Summer 2017-2019 14 

 123 Ascending Summer 2017-December 2019 18 

Taku River 101 Descending Summer 2017-2020 34 

 101 Descending Summer 2017-December 2019 40 

 174 Descending Summer 2017-2020 31 

 174 Descending Summer 2017-December 2019 37 

Canoe Glacier 108 Ascending Summer 2018-2021 27 

 28 Descending Summer 2018-2021 34 

Ecstall River 6 Descending Summer 2018-2022 28 

 108 Ascending Summer 2018-September 2021 31 

Elliot Lake 86 Descending Summer 2017-2020 26 

 86 Descending Summer 2018-November 2020 32 

 137 Ascending Summer 2017-2020 20 

 159 Descending Summer 2017-2020 26 

 

3.3.1 Supplementary Data 
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Two weeks of weather and seismic data were collected before each landslide event from the 

Government of Canada. The historical weather records website contained the total precipitation 

and average temperature values (Government of Canada, 2023). Seismic data were collected 

from the waveform archive (Earthquake Database), only picking records within 50 km and 

greater than 2 ML (Government of Canada, 2023). Finally, the StaMPS Visualizer tool was used 

to detect the movements of the ground just before catastrophic failure (Hoeser, 2018; 2020). The 

tool allows the user to pick a PS, and the software creates a graph of the cumulative 

displacement. 

3.4 Processing methodology 

 

Refer to section 2.4 for the methodology of time series stack production. 

 

3.5 Displacement Velocities 
 

The forecasting study adopted the same classification methodology based on the standard 

deviation as the monitoring study (section 2.5). The rationale for using this method is that the 

objective of the study is to detect movement and not to determine where the stable PS are 

located. In addition, the primary objective is detecting when acceleration begins, which would 

only involve the PS exhibiting significant movement. 

3.5.1 Koidern 

 

The landslide originated where the orange circle is located a rock avalanche with a high velocity 

that scoured downslope, damming the Koidern river in the valley floor with landslide debris (Fig. 

18). Both orbits display decrease in range direction upslope of the slide area, and orbit 116 shows 

significant decrease in range direction on the ridge and valley opposite the slide over the 

mailto:https://www.earthquakescanada.nrcan.gc.ca/stndon/NEDB-BNDS/bulletin-en.php
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previous three years. Orbit 123 shows decrease in range direction directly above where the 

landslide originated in the last three years before the landslide (Fig. 18). 

 

Figure 18 LOS displacement velocity results from the Koidern landslide. The red dot represents an increase in range direction 
and blue as a decrease. On the left are the results from orbit 123 summer acquisitions, and on the right the results from orbit 
116 including the interferograms preceding the landslide event. 

3.5.2 Taku River 

 

The Taku slide started as a significant rock slope failure, with a substantial mass detaching from 

high on the slope. This mass then triggered the collapse of the face of the slope below. 

Depositing rocks and landslide debris over the Taku River as shown in Figure 19. Both orbits 

display decrease and a decrease in range direction upslope of the slide area over the last three 

summers. Orbit 101 shows significant decrease in range direction on the southeast side of the 

slide and a considerable decrease in range direction on the south side of the slide area. Orbit 174 

shows movement away from the satellite directly above and on the landslide (Fig. 19).  
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Figure 19 LOS displacement velocity results from the Taku landslide. The red dot represents an increase in range direction and 
blue as a decrease. On the left are the results from orbit 174 and on the right the results from orbit 101. 

3.5.3 Canoe Glacier 

 

Roughly, five million tonnes of rock and ice fell from the Canoe Glacier creating a large runout 

debris flow. The landslide occurred on the north side of the glacier, moving southwards and then 

onto the glacier below (Fig. 20). The slide happened on July 1/2021; only the summer images 

were used in the time-series processing. In orbit 28, two areas show an increase in range 

direction are on either side of the glacier, and orbit 108 also captures these two points moving. 

However, the movement on the north side of the glacier is displayed as a decrease in range 

direction in orbit 108 (Fig. 20). No displacements of significance were detected above where the 

slide occurred as the area is a high-altitude snow-dominated environment. 
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Figure 20 LOS displacement velocity results from the Canoe landslide. The red dot represents an increase in range direction and 
blue as a decrease. On the left are the results from orbit 101 and on the right the results from orbit 174. 

3.5.4 Ecstall River 

 

The orange circles show where the landslide started as a failure on a near-vertical rockface, and 

then transitioned into a classic ice/rock avalanche—the slide deposited rock into a lake, creating 

a tsunami and outburst flood downstream (Fig. 21). The slide occurred on September 1/2022, 

and only the summer images were used in the time-series processing. In orbit 6, one area shows a 

increase in range direction located above the slide area. Orbit 108 also captures the movement 

above and to the west of the slide area (Fig. 21). 
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Figure 21 LOS displacement velocity results from the Ecstall landslide. The red dot represents an increase in range direction and 
blue as a decrease. On the left are the results from orbit 174 and on the right the results from orbit 101. 

3.5.5 Elliot Lake 

 

The landslide deposited debris into a glacier lake that displaced water sending a tsunami and 

outburst flood scouring the stream to the ocean (Fig. 22). The slide area is large and shows 

evidence of previous landslide area. Orbits 86 displays a decrease in range direction in the 

middle of the slide area. While orbit 137 shows an decrease in range direction in the same part of 

the slide area as orbit 86 (Fig. 22). 

 

Figure 22 LOS displacement velocity results from the Elliot landslide. The red dot represents an increase in range direction and 
blue as a decrease. On the left are the results from orbit 174 and on the right the results from orbit 101. 
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3.6 StaMPS Visualizer 

 

The Stamps Visualizer plots the cumulative displacement on the Y axis and the date on the X 

axis. The points were fit using a polynomial expression, and the ascending and descending orbits 

are displayed side by side. The onset of acceleration was determined at the point where the curve 

begins to dip or bend upwards; graphs with straight lines were deemed regions of uniform 

movement over the time series. 

3.6.1 Koidern 

 

Both orbits display movements away from and towards the satellite (Fig. 23). Orbit 123 shows 

stability over 2017-2018, but the 2019 movement away from the satellite is detected. The 

cumulative LOS displacement for orbit 123 is ~45 mm. The last three data points on orbit 123 

appear to show acceleration away from the satellite. Orbit 116 shows a trend towards the satellite 

since 2017 and a cumulative displacement of ~30 mm.  

 

Figure 23 The StaMPS visualizer results for the Koidern Landslide with orbit 123 on the left and orbit 116 on the right. Positive 
values indicate movement toward, and negative values movement away from the satellite. The orange circle highlights the PS 
before the landslide, and the orange arrow denotes possible acceleration onset. 
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3.6.2 Taku River 

 

Both orbits display movements away from and towards the satellite (Fig. 24). Orbit 174 shows 

stability over 2017-2019, but in 2020, movement away from the satellite is detected. The 

cumulative LOS displacement for orbit 174 is ~30 mm. Orbit 101 shows a trend towards the 

satellite since 2017 and a cumulative displacement of ~35 mm.  

 

Figure 24 The StaMPS visualizer results for the Taku Landslide orbit 174 on the left and 101 on the right. Positive values indicate 
movement toward, and negative values movement away from the satellite. The orange circle highlights the PS before the 
landslide, and the orange arrow denotes possible acceleration onset. 

3.6.3 Canoe Glacier 

 

Both orbits display movements away from and towards the satellite (Fig. 25). Orbit 28 shows 

stability over 2017-2019, but the 2020 movement away from the satellite is detected. The 

cumulative LOS displacement for orbit 28 is ~60 mm over four years. Orbit 108 shows stability 

from 2017-2019 a trend of movement towards the satellite since 2020 and a cumulative 

displacement of ~40 mm. The sparse data from the early summer of 2021 shows movement away 

from and toward the satellite. 
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Figure 25 The StaMPS visualizer results for the Canoe Glacier Landslide with 108 on the left and 28 on the right. Positive values 
indicate movement toward, and negative values movement away from the satellite. The orange circle highlights the PS before 
the landslide, and the orange arrow denotes possible acceleration onset. 

3.6.4 Ecstall River 

 

Both orbits display movements away from the satellite (Fig. 26). Orbit 6 shows stability over 

2018-2020, but in 2021 movement away from the satellite is detected. The cumulative LOS 

displacement for orbit 6 is ~40 mm. Orbit 108 shows a movement trend away from the satellite 

since 2018 and a cumulative displacement of ~70 mm. The acquisitions in the late summer of 

2021 show movement away from the satellite in both orbits.   

 

Figure 26 The StaMPS visualizer results for the Ecstall River Landslide with orbit 108 on the left and 0rbit six on the right. 
Positive values indicate movement toward, and negative values movement away from the satellite. The orange circle highlights 
the PS before the landslide, and the orange arrow denotes possible acceleration onset. 
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3.6.5 Elliot Lake 

 

Both orbits display movements away from and towards the satellite (Fig. 27). Orbit 137 shows 

stability over 2017-20, but in 2020, movement away from the satellite is detected. The 

cumulative LOS displacement for orbit 137 is ~40 mm. Orbit 86 shows a trend towards the 

satellite since 2017 and a cumulative displacement of ~30 mm. 

 

Figure 27 The StaMPS visualizer results for the Elliot Lake Landslide with orbit 137 on the left and 86 on the right. Positive values 
indicate movement toward, and negative values movement away from the satellite. The orange circle highlights the PS before 
the landslide, and the orange arrow denotes possible acceleration onset. 

3.7 Inverse Velocity Plots 

 

Identifying the data points accelerating before the landslide event is the key to plotting the 

inverse velocity. The results of the Canoe Glacier site were not of sufficient quality to be used in 

the study, and as such, only two interferograms were created before the failure. However, inverse 

velocity plots were created for the other four sites, and a forecasted failure time was established. 

The forecast time was extrapolated from the best-fit line as to when the line would reach zero on 

the Y-axis. The plotting of the acceleration was determined by analyzing the StaMPS visualizer 

results and calculating the displacement velocities once the onset of acceleration was determined. 
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The inverse velocities are plotted on the Y-axis with the date of the interferogram on the X-axis. 

The R2 value represents the best-fit line’s linearity and is displayed on the graphs. 

3.7.1 Koidern River 

 

The StaMPS visualizer results showed displacement trends over three years (Fig. 23). The study 

looked at the summer results and months preceding the failure. The inverse velocity plot for 

Koidern River had an R2 value of 0.9002. The best-fit line forecasted failure on January 30, 

2020, roughly five weeks after the landslide event (Fig. 28). 

 

Figure 28 The Inverse Velocity Plot for Koidern River. The red line demotes the date of the landslide failure. 

3.7.2 Taku River 

 

The StaMPS visualizer results showed displacement trends over four years (Fig. 24). The study 

used the results of the two months preceding the failure. The inverse velocity plot for Taku River 
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had an R2 value of 0.9477. The best-fit line forecasted failure on January 26, 2021, roughly four 

weeks after the landslide event (Fig. 29). 

 

Figure 29 The Inverse Velocity Plot for Taku River. The red line demotes the date of the landslide failure. 

3.7.3 Ecstall River 

 

The StaMPS visualizer results showed displacement trends over four years (Fig. 26). The study 

used the results of the summer months preceding the failure. The inverse velocity plot for Ecstall 

River had an R2 value of 0.9225. The best-fit line forecasted date of September 22, 2022, roughly 

3 weeks after the landslide event (Fig. 30). 
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Figure 30 The Inverse Velocity Plot for Ecstall River. The red line demotes the date of the landslide failure. 

 

3.7.4 Elliot Lake 

 

The StaMPS visualizer results showed displacement trends over four years (Fig. 27). The study 

used the results of the summer months preceding the failure. The inverse velocity plot for Elliot 

Lake had an R2 value of 0.9712. The best-fit line forecasted date of October 18, 2020, roughly 

four weeks before the landslide event (Fig. 31). 
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Figure 31 The Inverse Velocity Plot for Elliot Lake. The red line demotes the date of the landslide failure. 

 

3.8 Weather 

 

The weather conditions that may have triggered to the catastrophic failures were varied and site-

specific. The Ecstall River and Elliot Lake sites had cumulative precipitation of 81.8 mm and 

108.4 mm, respectively, in the two weeks preceding the landslides. An unseasonable hot air mass 

preceded the Canoe Glacier event termed the 2021 heat dome. The Taku River site had a 

precipitation event followed by below-freezing temperatures. The Koidern landslide had no 

precipitation beforehand and seasonal temperatures for December in the Yukon (Table 8). 
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Table 8 Weather from the closest weather station to each landslide displaying the average temperature and cumulative 
precipitation two weeks before the failures. 

Site Station Climate ID Average temp (C˚) Precipitation (mm) 

Koidern Burwash A 2100181 -12.1 0.4 

Taku River Teslin (AUT) 2101102 -18.8 15.1 

Canoe Glacier Stewart A 1067748 22.4 0 

Ecstall river Kitimat hatchery 106D289 24.7 81.8 

Elliot Lake Fanny Island 1022795 7.9 108.4 

 

3.9 Seismicity 
 

The Koidern River, Ecstall River, and Elliot Lake sites had seismicity in the two weeks 

preceding the landslides and the Canoe Glacier and Taku River sites had no seismicity detected 

(Table 9). The Koidern site had a 2.3 ML earthquake 13 days before the slide. The Ecstall River 

site had a swarm of five earthquakes the day of the slide, as well as many less than 2 ML that are 

not shown in Table 9. Elliot Lake had three earthquakes on the day of the landslide, ranging from 

2.1 to 2.3 ML.  

Table 9 Seismicity above 2ML within 50 Km two weeks preceding the landslides in the study. 

Site Date Depth 
(km) 

Magnitude (ML) Distance of earthquake from 
landslide event 

Koidern 2019-12-07 1 2.3 45 km SW of event 

Taku NA NA NA NA 

Canoe NA NA NA NA 

Ecstall 2020-08-30 10 2.5 200 Metres W of event 

Ecstall 2020-08-30 10 2.1 10 Km N of event 

Ecstall 2020-09-01 5 2.0 17 Km N of event 

Ecstall 2020-09-01 5 2.1 7 Km N of event 

Ecstall 2020-09-01 5 2.4 19 Km SW of event 

Elliot 2020-11-25 40 2.3 30 Km SE of event 

Elliot 2020-11-28 20 2.3 650 Metres NW of event 

Elliot 2020-11-28 20 2.1 2 Km W of event 
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3.10 Discussion  

 

Based on the study, it appears that InSAR technology has the potential to detect ground 

movements before a catastrophic event occurs. The analysis at each site revealed movement 

before the landslide, and some even detected the onset of acceleration. However, the occurrence 

of landslides is influenced by various factors, such as precipitation, temperature, and ground 

creep, which all impact the inverse velocity plots and make it challenging to predict such events 

precisely. Unfortunately, interferograms produced during snowy seasons resulted in degraded PS 

detection, rendering a year-round landslide forecasting detection system infeasible. Furthermore, 

the 12-day repeat time of the Sentinel-1 satellite may not be adequate to detect accelerations that 

cause landslides within days or hours. Nonetheless, InSAR results can still help identify hazard-

prone slopes currently or recently in motion. 

3.10.1 Displacement Velocities  

 

Through the InSAR results over multiple years, precursory movement was observed at all 

landslide study sites, with some sites displaying accelerated movement the year before failure. 

Even at three low snow accumulation sites, PS and movement were detected, indicating that 

Sentinel-1 InSAR data can identify precursor ground movement on slopes before catastrophic 

failure. However, interferograms created during the winter months of Canoe Glacier were found 

to be unusable. Carlà (2019) concluded from the Bosmatto landslide study that InSAR could 

penetrate dry, cold snow to a 20-meter depth. Therefore, the effectiveness of a year-round 

landslide early warning system would depend on the amount and consistency of accumulated 

snow.  
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Displacement data can be unreliable due to seasonal changes in hydrological conditions that 

cause the ground to swell or subside. Determining whether the ground moved due to seismic 

activity, precipitation, or temperature changes during summer is difficult. The graphs show that 

the ground subsides during the summer as it dries out and releases pore pressure. Similar 

seasonal trends have been observed in InSAR studies conducted in permafrost regions (Rouyet et 

al., 2019; Wang et al., 2020; Liu et al., 2022). Therefore, in this study, the best-fit lines were used 

to accurately measure any movement and overcome the noise caused by seasonal variability in 

the data. 

3.10.2 Weather Data 

 

The weather dramatically impacts freeze and thaw cleaving, fracturing, erosional and 

hydrological processes at work on mountain slopes (Cloutier et al., 2017; Crosta et al., 2017). 

Weather events impacted all the sites in the study before their catastrophic failures. The Elliot 

Lake and Ecstall River sites were affected by sizeable cumulative precipitation before the 

landslides. The high temperatures associated with the heat dome event of June 2021 also 

contributed to accelerated snowmelt processes and may have thawed permafrost, adding to slope 

instability before the Canoe Glacier event. Conversely, temperatures colder than minus thirty 

Celsius were recorded before the landslides at the Koidern and Taku Rivers. The Taku River site 

had also recorded precipitation before the cold snap. The property of water to swell by 10% 

when frozen would impact the cleaving and fracturing processes at the site (Cloutier et al., 2017). 

Overall, each site had a unique weather event that that can be interpreted to have affected the 

slope integrity preceding the catastrophic failure. 
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3.10.3 Seismicity 

 

It has been observed that earthquakes can cause landslides either immediately or days to weeks 

later, as reported by Cappa (2004) and Delgado (2019). Although no seismic activity was 

detected at the Taku River and Canoe Glacier sites, the other three sites had seismic activity 

before the landslide event. Two of the three seismically active sites had earthquakes on the same 

day as the catastrophic failure, while the Koidern River site had seismic activity a week before 

the landslide. Studies conducted in Greenland, Norway, and Iceland have also found seismic 

activity related to glacial melt and the movement of glaciers from degradation, as reported by 

Ekstrom (2006), Bungum (2010), and Lacroix (2020).  

The landslides at Ecstall River and Elliot Lake happened after a hot summer that would have 

contributed to glacial melt and retreat. Both sites also experienced significant precipitation 

events before the landslide. The cumulative impact of a hot summer followed by heavy rainfall 

possibly triggered the seismic activity from the glacial recession. The sites recorded seismic 

activity on the same day as the landslide. Extreme precipitation and heat caused by climate 

change create a feedback loop that leads to glacial retreat, followed by an isostatic adjustment 

initiating seismic activity, and increasing landslide activity in the western Canadian Cordillera. 

However, currently the InSAR technique does not acquire imagery quickly enough to detect 

ground acceleration from same-day seismic activity. 

3.10.4 Feasibility of Forecasting with Sentinel-1 

 

Although the inverse velocity plots failed to predict the catastrophic landslides with enough 

warning time, the study found that sites with notable acceleration data could forecast failures 

within two months of the actual event. This emphasizes the challenge of precisely predicting 
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failures resulting from destabilizing factors such as weathering, hydrological erosion, glacial 

loss, seismicity, and tertiary creep for years. Therefore, it is evident that a single event cannot be 

held responsible for such failures. 

It is possible to use Sentinel-1 InSAR findings to monitor landslides in the western Canadian 

coast mountains utilizing snow-free summer imagery. The outcomes of winter stacks must be 

adequate to constitute an effective early warning system. Identifying the acceleration of the 

landslide before the failure is imperative to alert the inhabitants of an impending catastrophic 

failure. If InSAR provides unsatisfactory results from winter acquisitions, identifying the 

acceleration through InSAR is impossible. The seasonal method reveals areas of movement and 

stability. Therefore, the InSAR method can recognize unstable regions from space and guide 

geotechnical surveys on the ground. Additionally, the study's outcomes provide a foundation for 

future InSAR research to identify changes in stability. 

3.11 Conclusion 
 

All the sites in the study had precursor movement on the slopes detectable by the InSAR results. 

Each site was also impacted by recent extreme weather events preceding the catastrophic failure. 

The Elliot Lake and Ecstall River sites had same-day seismicity possibly linked to glacial loss 

and retreat. The results collected while the snow was on the ground were degraded and less 

robust than the seasonal approach. Unfortunately, the Sentinel-1 repeat window every 12 days is 

not a short enough temporal resolution for a reliable real-time landslide early warning system. In 

the end, the results show that the InSAR results can be used as a hazard identification tool for 

slopes that are moving or slopes that have begun to move recently.  
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Chapter Four: Limitations and Feasibility of InSAR and Landslide monitoring. 

 

Chapters two and three explored the capabilities and limitations of InSAR for landslide 

monitoring and forecasting. This section will delve deeper into InSAR functionality's technical, 

methodological, and real-world aspects. Additionally, I will look toward the future of InSAR and 

its role in landslide monitoring. 

Here is a review of some critical limitations in analyzing the displacement results. The InSAR 

methodology used in the study area could not capture continuous movement due to the 

limitations of Sentinel-1's sensor. The wavelength used by the sensor cannot penetrate snow and 

vegetation. In western Canada, this leads to a knowledge gap in ground movement during winter 

(Ferretti et al., 2001). Additionally, the PS methodology cannot detect some fast-moving ground 

deformation exceeding 40 mm between acquisitions (Squarzoni et al., 2020). A contributing 

factor to this limitation is that the temporal resolution of 12 days is insufficient to detect such 

movement (Bar & Dixon, 2021). Despite these limitations, the study still produced results and 

qualified the ground movement in the study area. 

4.1 Technical Limitations 

 

The Sentinel-1 constellation provides free data with high spatial and temporal resolution, 

enabling the scientific community to explore ground deformation on Earth with millimetre 

precision. Researchers have been able to monitor landslides from space and predict such events 

in hindsight within weeks (Crossetto et al., 2016; Intrieri et al., 2018; Carlà et al., 2019). 

However, several technical limitations still pose challenges. 
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Generating time series displacement maps can be challenging, primarily due to the intricate 

software packages discussed in Chapter 2 and the required computer processing power. The 

SNAP-StaMPS workflow by Crosetto (2016) necessitates two hardware systems, one for 

Windows and another for Linux. Maneuvering through various software packages can also be 

complicated, potentially discouraging inexperienced researchers from attempting the task. 

Furthermore, the StaMPS software demands the installation and understanding of an AWS 

instance to adjust the computer's performance based on the complexity and size of the time-

series stacks. Additionally, due to hardware constraints, the SNAP software's processing 

capabilities are limited to only two S-1 IW SLC product bursts at a time, making it time-

consuming to analyze large regions.  

Another technical issue is that the displacement results from the StaMPS software cannot be 

viewed directly in the interface. Instead, the mean velocities compiled from the best-fit line 

methodology are exported as a .csv file. To track deformation for a single point over the 

monitoring period, Hoeser (2020) developed the StaMPS visualizer tool. However, this tool 

requires the user to have GIS software to view the average displacements and R studio to operate 

the visualizer. The introduction of two more software packages makes the processing chain even 

more complicated. 

4.2 Methodological Limitations 

 

The thesis focuses on how InSAR methodology intersects with landslide monitoring. It is worth 

noting that there are certain methodological limitations when dealing with radar images captured 

from space, especially in steep topography areas prone to landslides. Factors such as 

foreshortening, layover, and shadow may impact the accuracy of the findings. Shadows may 

obscure the signal source, while foreshortening and layover can limit the validity of the results 
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(Ferretti et al., 2007). The orientation of the landslide of interest is also a limiting factor. Since 

Sentinel-1 is a polar circular platform with a right-looking antenna slope, it is better suited for 

detecting movement towards and away from the satellite in an east-west direction. Therefore, 

slopes oriented in a north-south alignment may not be suitable for this approach. It is 

recommended to analyze the look angles of the satellite in relation to the slope of interest before 

proceeding with this methodology (Ferretti et al., 2007). 

Regarding the pixel phase signal, there is a methodological limitation regarding the PS criteria 

used to select PS candidates. Specifically, pixels with a high phase noise signal in the SAR image 

are excluded. The topography and land cover influence this noise, typically consisting of pixels 

that exhibit variability over time (Hooper et al., 2012). This excludes pixels with dominant 

vegetation, wetlands, snow cover, and human-induced ground disturbance. In addition, the PS 

methodology may interpret slope movement as noise and exclude it from the time series analysis 

(Necula et al., 2017). The SBAS method analyzes all the distributed scatterers and may be better 

suited for highly vegetated, snow-dominated, and wet areas such as Canada. The SBAS method 

was not performed in this thesis due to the software constraints of SNAP but is recommended as 

a future suggestion for incorporation. 

One significant drawback of using the StaMPS methodology for landslide forecasting is its 

tendency to primarily identify linear trends. To detect accelerating behaviour, the inverse velocity 

methodology is utilized. However, the analysis in StaMPS can sometimes filter out acceleration 

due to the phase signal being too unstable. According to a review by Osmanoglu (2016), 

SqueeSAR software can detect accelerating trends. Unfortunately, the review did not compare 

StaMPS to SqueeSAR due to financial limitations. Therefore, using the SqueeSAR methodology 
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for landslide forecasting and inverse velocity plotting may be more effective than the current 

implementation of the StaMPS software, however with a cost trade-off. 

To accurately assess slope movement, it's crucial to consider the distribution and quantity of PS 

that exhibit notable increases or decreases in range direction throughout the terrain. The findings 

of the study reveal that significant movement is observed across the maps not just where the 

landslides occurred. But in regions where glacial retreat is apparent, areas that past landslides are 

evident, and along river and stream beds. Nevertheless, the results of both studies found distinct 

trends of clustered PS and the identification of movement in multiple orbits. Consequently, 

utilizing InSAR as a means of identifying slow-moving slopes can be a site-specific and time-

intensive process.  

4.3 Real-World Contextual Limitations 

 

In my thesis, I presented two different applications of InSAR for monitoring landslides. The first 

approach focused on monitoring the slopes in Garibaldi Volcanic Complex (GVC) that were 

prone to landslides and assessed whether bedrock geology affected their stability. The second 

study examined the feasibility of using InSAR time series to predict landslide failures. However, 

both studies faced expected challenges in detecting PS in areas with dense vegetation and snow. 

Weather, seismic activity, and geological factors also influenced the likelihood of landslides. All 

these variables had a stochastic impact on slope stability, challenging accurate forecasting of 

failures. 

When examining the GVC slopes, the unpredictability of landslide occurrence does not hinder 

the capacity of the InSAR method to identify movement. However, determining the cause behind 

the movement is challenging. Without confirmation by ground truthing, it is not feasible to 



83 
 

determine if the movement toward the satellite is caused by erosional accumulation, alterations 

in pore pressure due to hydrological factors, ground uplift from the isostatic adjustment, or 

motion linked to volcanic activity and inflation within the mountain. Moreover, confirming 

whether the movement occurs throughout the year or during a particular season becomes 

challenging due to the absence of consistent data during the winter. Consequently, in Canada, 

InSAR is currently restricted to being a tool for identifying large-scale moving slopes and 

directing subsequent on-site exploration and examination. 

The landslides in chapter three followed their unique trajectory, influenced by site specific 

conditions. However, the practical challenge of using InSAR for landslide prediction is that each 

event is a complex product of its location and is influenced by multiple factors. To forecast 

landslides, the inverse velocity method relies on identification of distinct patterns of acceleration. 

This study found that the predicted failures occurred several weeks after (and in one case weeks 

before) the landslides actually occurred due to various climatic and seismic factors that quite 

likely triggered slope failures to occur prematurely. Ideally, daily InSAR acquisitions would 

provide a more nuanced monitoring of ground acceleration in landslide forecasting. 

On December 23, 2021, a significant and unforeseen problem occurred that heavily impacted the 

study. The instrument electronics power supply of Sentinel-1B experienced an anomaly, which 

caused the satellite to fail in delivering radar data (ESA, 2022). Consequently, only Sentinel-1A 

was operational, leading to decreased data availability and only one look angle. This problem 

had a direct impact on the findings from the Ecstall site, as only one orbit of imagery was 

available just before the landslide event. This highlights one of the drawbacks of relying on 

satellite data which is that researchers have essentially no control over the instrumentation's 
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operation, which can be a significant limitation in real-world applications, without purpose-built 

and test-focused orbital platforms.  

4.4 Future of InSAR and Landslide Monitoring 

 

It has been announced that in the coming year, the National Aeronautics and Space 

Administration of the United States and the Indian Space Research Organisation will launch an L 

and S-Band SAR satellite dedicated to ground movement monitoring. This satellite constellation 

is expected to provide valuable data for InSAR research in Canada, as the longer band 

wavelengths can penetrate tree canopies and snow cover. Furthermore, the Sentinel-1B satellite 

is set to be replaced by Sentinel-1C in early 2024. The Canadian Space Agency's RadarSat 

Constellation Mission also utilizes the C-Band wavelength and operates on a four-day repeat 

cycle. With these advancements in sensor technology and InSAR platforms, the future of 

monitoring is both feasible and exciting. 

The future looks bright for InSAR with advancements in geosynchronous SAR systems. High-

resolution images with a pixel size of 10 metres will be available every 8 hours, and SAR 

microsatellites with 1-2 hours revisit times are expected to launch soon (Monti et al., 2017; Paek 

et al., 2020). With multiple daily updates on hazardous slopes, the limitations of current satellites 

for InSAR identified in this work are likely to soon be overcome. The improved temporal 

resolution of the upcoming InSAR satellites will pave the way for real-time landslide early 

warning systems, utilizing satellite and ground-based monitoring tools to collect more data 

points characterizing the acceleration phase. 
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5.0 Conclusion 

 

The study aimed to determine if Sentinel-1 InSAR data could be used to detect precursor ground 

movement-associated landslides. The InSAR results showed that ground displacement occurred 

on the slopes of all three study sites in the GVC, which corresponded with previous landslide 

activity. However, the InSAR results collected during winter months were less detailed and 

frequent than those collected through the summer months. While a year-round monitoring 

system is possible with Sentinel-1 data, there may be gaps in data coverage due to snow 

conditions and site topography. The volcanic units showed more instability than the intrusive 

bedrock units, except for Mt Garibaldi. Ultimately, the study generated baseline maps of all three 

mountains' displacement movements for 2017-2021. 

The second part of the thesis examined the potential of InSAR results to identify accelerations 

preceding landslide failures. Analysis of data collected prior to landslides at 5 sites in the western 

Canadian cordillera analysis shows that all the sites displayed signs of movement on the slopes, 

which were detected by InSAR. Furthermore, each site encountered extreme weather conditions, 

which likely contributed to catastrophic failure. The Elliot Lake and Ecstall River sites 

experienced seismic activity on the same day as the landslide events, potentially connected to 

glacial loss and retreat. Results obtained during snowfall were less reliable than the seasonal 

approach. Unfortunately, the Sentinel-1 repeat window of 12 days is insufficient for a 

dependable real-time landslide early warning system. The study concluded that InSAR results 

could be valuable for identifying hazards on slopes that are moving or have recently begun to 

move. 

The Sentinel-1 mission's temporal resolution is inadequate for creating a real-time monitoring 

system for landslide-prone slopes in western Canada. Factors that trigger landslide acceleration, 
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such as precipitation, seismicity, and geological processes, can occur over seconds (in the case of 

earthquakes), hours to days to years. Hence, the primary role of Sentinel-1 in landslide 

monitoring is identifying large-scale moving slopes. This inventory can be further analyzed to 

determine the proximity to local communities, energy and transportation corridors, and sensitive 

wildlife habitats. However, future InSAR platforms could provide a promising solution with high 

temporal resolution, making landslide forecasting and monitoring a reality.  
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