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Landslides pose a significant risk for developmentin South Asia, the
home of the Hindu Kush and Himalayan mountains. Out of all the
landslides that occur across the globe, around 60% occur in South
Asia. Sustainable development needs ways to identify, monitor,
and mitigate landslide hazards. The traditional methods to monitor
landslides with onsite equipment are costly and prohibitive for
large-scale infrastructure projects.

Remote sensing using satellite and aerial platforms provides an
alternative to deliver a broad assessment of a vast region and
quantitative measurements. The technology is useful, especially in
a region such as the Himalayas, where the terrain is very hilly and
difficult to access for field inspection. In this World Bank Project
(hereafter, the WB Project), we applied a type of remote sensing
analysis called satellite-based interferometric synthetic aperture
radar (InSAR) for landslide monitoring in parts of India, Bhutan,
and Nepal. The study areas in India, Bhutan, and Nepal were
1,404 square kilometers, 379 square kilometers, and 268 square
kilometers, respectively.

We used images taken by Sentinel-1 satellite and applied an
analysis called persistent scatterer interferometry (PSI). First, the
analysis provides a large number of persistent scatters that could

be used to measure ground displacement. Second, we filtered out
less important points (i.e., small displacements or low coherence)
and focused on high priority points where the changes were
happening fast with high confidence. Third, the filtered points
were clustered based on the velocity and proximity of points. The
clustering enabled us to find a group of points that showed the
same behavior and further refine our attention to critical locations
having large displacement in the region. Fourth, by plotting
the displacement time series of these clusters, we visualize the
pace of ground movement over time at different clusters. We
observed some clusters show constant fast movements, which
could eventually cause massive displacements and failure. To
identify high-risk clusters, we used the displacement information
obtained from the analysis and combined with slope information
based on elevation data to give hazard weighting. Lastly, this
hazard weighting was combined with an exposure rating, which
considered the presence of houses and roads nearby that would
be destroyed in the case of a failure. The combination of hazard
weighting and the exposure rating helped us to figure out which
clusters needed the most attention. The critical locations identified
are near Rudraprayag in India, Reotala Bridge in Bhutan, and in
Sharada along the Rapti Highway in Nepal. The analytical process
applied in this report is visualized below.
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The Sentinel-1 satellite images were
used for the study. The PSI analysis of
the Sentinel-1 data provided a large
number of persistent scatterers (PS)
that could be used to measure ground
deformation.

Subsequent filtering was applied to the PS using
high velocity and high coherence as the filtering
criteria. The filtering enabled a reduction in the
number of points to be analyzed and allowed the
analysis to focus on the points of higher priority.
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showed constant velocity displacements at these sites.
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is good news, it certainly is a concern that these constant
velocity movements can, in the long term, lead to massive
displacements and failure.

The velocity obtained from the InSAR was combined with
the slope for the hazard weighting with velocity being
weighted as twice as important as the slope.

The percentile of the slope and velocity was used to create
three weight classes: > 90th was weighted the highest,
followed by 50th-90th, and then < 50th.

The hazard weighting was combined with

WEIGHTED
HAZARD &
FIELD TOTAL RISK
EXPOSURE RATES
INSPECTION SCORE RANKED

Conduct field inspection
or field monitoring of the
identified high priority
sites

The combination of hazard weighting and
the exposure rating provided the total risk
score that enables us to rank the clustered
velocities for identifying priority sites.

an exposure rating, which considered the
presence of houses and roads.

RESULTS & FINDINGS

In Bhutan, rainfall-induced landslides along the road near Reotala
have been recurring for many years and causing frequent and long
road closures for repairs. The analysis identified that some clusters
were persistently moving with constant speed and prioritized three
high risk sites where onsite investigation is recommended. Based
on the analysis result, Japan International Cooperation Agency (JICA)
selected sites for instrumentation and piloted rainfall threshold-
based early warning systems. The system included rain gauges and
tilt sensors and was installed at two sites in 2019. The tilt sensor
data from the early warning system successfully monitored the
precursors and the timings of occurrence of slope failures. The
remote sensing-based InSAR work (WB Project) and the early
warning system (JICA Project) demonstrates how the Department
of Roads (DoR) and other government agencies can utilize these
techniques for macro-and micro-scale monitoring of landslide
hazard and disaster risk reduction. The report also demonstrates
the complementarity of the remote sensing-based and in onsite
landslide monitoring techniques in disaster risk reduction.

Similarly, the InSAR analysis was conducted for roads near
Rudraprayag in Uttarakhand, India, which have a long history of
landslides. The area experienced rainfall-triggered landslides in

2012, 2013, and 2014 killed many and disrupted traffic. In Nepal,
the target site is along the Rapti Highway which stretches about
200 kilometers and crosses variety of landscapes in western part
of the country. High slopes and intense or prolonged rainfall have
been causing frequent landslides. Recent landslides blocked and
damaged the highway. This InSAR analysis identified 10 highest risk
scored clusters each in India and Nepal as well.

This study's main findings are that the INSAR method can be valuable
to screen large areas for slope movements. Such information can
help plan future investments, identify sites for onsite monitoring
or further field investigation, and manage risk to infrastructure
and communities. When large infrastructure investments such
as building a new road are made in the landslide-prone area,
traditionally, landslide susceptibility analysis is performed based on
spatial information such as topography, soil, land use, etc. to provide
info on spatial locations that could potentially fail due to landslides.
This can be cross-checked or complemented by the INSAR analysis
providing historical or current displacement information. Such
information can help agencies make safer investments, prioritize
slope stabilization and hazard mitigation efforts, and reduce
community risk of landslide hazards.
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INTRODUCTION

02

Landslide risk represents one of the most severe
problems related to natural hazards on a global
scale (equivalent to over 4,500 deaths each year),
particularly in areas with high relief (Highland and
Bobrowsky 2008).

There have been new developments such as the Satellite-based interferomet-

ric synthetic aperture radar (InSAR), which measures ground displacement

on a millimeter scale and produces time series data of such high-precision
measurements by applying image stacking techniques (Bouali, Oommen, and
Escobar-Wolf 2016, 2018). Using lessons from applying the INSAR method

to landslide-prone areas in India, Bhutan, and Nepal, this report highlights a
blueprint of the hazard planning that can be very effective for roads in hilly areas
across the region.

Transportation corridors (roads, railroads, etc.) traversing landslide risk-prone
regions are particularly exposed to such hazards (Klose, Damm, and Terhorst
2015; Winter et al. 2016). Further, landslides directly endanger people and their
livelihoods, directly threatening populated centers as well. Improper design and
execution of development projects such as roads in mountainous terrains can
increase slope instability and result in landslides. To mitigate the risk from land-
slides, it is necessary to characterize and monitor the hazard based on sound
scientific and technical methodologies—see, for example, Corominas et al. 2014
and references therein for a compilation, as well as Fell et al. 2008 for guidelines
on behalf of the JTC-1 Joint Technical Committee on Landslides and Engineered
Slopes. There are a plethora of different mapping methodologies that can assess
the spatial distribution of the landslide-prone areas, but to plan for hazards in
areas that may be exposed to the landslide hazard, it is crucial to monitor how
the hazard evolves through time.

Slope instability may progress in a way that could give opportunities to warn of
the imminence of collapse, especially when the instability develops over long
periods of time and is driven by a steady and relatively slow process. Landslides
triggered by external factors that include seismic forces, water infiltration from
intense and prolonged rainstorm events, and so on may not show precursory
displacement. In some cases, however, the hazard monitoring for such land-
slides can be included in monitoring the triggering events—for example, in the
case of rainfall by tracking storm systems that could pose such a threat. This
study focuses on the slopes that depict a long-term behavior which can be used
as a precursor to forecast the occurrence of landslides (Highland and Bobrowsky
2008), more specifically the relatively small-scale displacement or movement of
the slope. Surface movement potentially indicates two factors: (i) that the slope
is becoming unstable and (ii) that a landslide may be likely to happen sometime
in the future. Although it is difficult to infer an exact timing from the displace-
ment data, general conclusions about the likelihood of different slopes to fail can
be made based on the velocity at which the slope is moving; whether the slope



movement is accelerating, decelerating, or moving at a
constant speed; and other slope characteristics (e.g., the
slope angle, etc.).

Slope movement can be very subtle, only a few millimeters
per year, but this small movement can still be significant

in relation to slope stability. Measuring displacements and
velocities on such a small scale can be challenging, particu-
larly over extensive areas that may be prone to landslides
in rugged terrain. In situ measurement methods, including
geodetic and topographic surveying, have the tendency to
be very labor-intensive expensive and maybe practical only
for limited high-priority areas. A good alternative is remote
sensing methods that offer synoptic, large coverage data
acquisition and processing capabilities. Satellite-based
interferometric synthetic aperture radar (INSAR) provides a
very sensitive method of measuring ground displacement
at the millimeter scale and produces time series of such
high-precision measurements by applying image stacking
techniques (Bouali, Oommen, and Escobar-Wolf 2016,
2018). Such methods give information of the deformation
at a large number of points (tens to hundreds of thou-
sands) over hundreds of square kilometers and over time
periods of several years, with a temporal resolution of only
a few days to weeks.

Another shortcoming of the in situ instrumentation is that
it can be really challenging when several locations have

to be monitored. Besides, in some regions with rugged
terrains, the installation and maintenance of in situ instru-
mentation itself is a difficult task owing to the site's inacces-
sibility as well as vandalism concerns. In such situations, in
situ measurements can be made only at select locations,
and remote sensing is the only viable alternative for con-
tinuously monitoring critical slopes. This is where synthetic
aperture based (SAR)- based remote monitoring of slopes
can help collect crucial data. The benefit of using (SAR)-
based remote monitoring of the slopes is that the SAR sen-
sors can obtain data during either day or night and are not
impacted by cloud cover. The anytime and all-weather data
acquisition capabilities of SAR make it a suitable choice for
slope stability analysis which can in turn enable and inform
policy makers to make timely decisions.

An added benefit for this methodology is that it makes it
possible to rank different slopes according to their poten-
tial hazard level as inferred from the displacement, velocity,
slope angle, and so on in a way that prioritizes which
slopes require more attention in a hazard mitigation effort
- making it an impactful tool for policy makers. The exact
physical interpretation (the cause of slope movement) of
the displacement data obtained from remote sensing re-
quires a more in-depth knowledge of the characteristics of
the slope in question, which would require collecting field
data and samples to characterize that slope. Nevertheless,
using just the displacement and velocity data, along with
some general characteristics of the slope that can also be
obtained from remote sensing (e.g., the slope angle),

Hazard alone is not the only relevant factor to consider

when planning to mitigate risk; it is the risk itself— the
actual combination of hazard and vulnerability (or at least
exposure)—that is relevant for decision-making about pro-
tecting life and avoiding loss. In its most basic form, the
vulnerability can be roughly quantified by the exposure of
the population, infrastructure, and other valuable assets
to the hazard. Using exposure as a proxy for vulnerability
may be a valid first-order approximation In the case of
landslides, that typically are intensely destructive phenom-
ena.

This report is an effort to equip hazard planning agencies
and policy makers in mitigating the risks associated with
landslides. It does so by describing the results of success-
fully applying the INSAR method to test areas prone to
landslides in India, Bhutan, and Nepal. The landslide hazard
for multiple sites in the study area was characterized and
ranked based on criteria derived from the displacement
and velocity data obtained from the InSAR study. The
exposures of populations (via identified populated areas)
and roads were used as a proxy for vulnerability and were
assessed and ranked for each of the considered sites.
Hazard and exposure rankings were combined in a single
risk ranking for each site in the study area, which allowed
prioritizing areas that may be chosen for intervention or
risk mitigation efforts. All the ranking methods, including
the weights used for each category, were also assigned to
make the methodology transparent and allowing the user
to provide their inputs and be able to change the weighting
values according to their criteria and needs.

In Bhutan, the priority sites identified as part of the WB
Project were utilized by Japan International Cooperation
Agency (JICA) to select sites for instrumentation to develop
rainfall threshold-based early warning systems. The in-situ
slope monitoring results are also presented in the report as
field verification.

2.7 PROJECT

Apply InSAR stacking methods to three selected
road corridor sites in India, Bhutan, and

Nepal, to identify and track slope movements
associated with potential slope instabilities and
future landslides, over a period of several years,
depending on the availability of radar imagery.

Analyze the slope movement data and interpret
them in the context of potential slope instability
and land sliding process in both a written report
and a set of GIS dataset outputs.
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Figure 1.
Google Earth map showing the general outline of site 1, 3.1SITE 1.

Road near Rudraprayag, India, June 22, 2018 RO AD N EAR RU D RAP RAYAG A I N D |A

The Rudraprayag district in India has a long history of landslide
occurrences. Bist and Sah (1999) reported a series of landslides

STU DY that occurred in August of 1998. The landslides were explained
as a consequence of the local geology and relief, but they were
SITES triggered by extreme rainfall. Road construction in the area

was also recognized as a slope-destabilizing factor. These
events left 101 people dead and a large number of houses and
infrastructure damaged or destroyed. More recently, the area
has also experienced rainfall-triggered landslides: in 2012 (Islam,
Chattoraj, and Ray 2014), 2013 (Bhambri et al. 2016), and 2014
(Gupta et al. 2016). The September 2012 landslides caused many
deaths, property damage, and road traffic disruption; they were
triggered by heavy and prolonged rainfall in an area of landslide-
susceptible terrain (weak rocks and soil on steep slopes). The June
2013 events killed a large number of people, and the May 2014
events blocked the Tilwada-Guptkashi route (Jagran Post 2014).
Landslides triggered by heavy rainfall again blocked a road—this
time the Srinagar-Rudraprayag National Highway in June of 2017
(Times of India 2017).
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Figure 1 shows a Google Earth map of the area of interest. The area
is set in a very steep topography related to a north-south trending
valley. A series of roads runs parallel to the valley and connects several
smaller villages. The river at the bottom of the valley could also be a
factor contributing to slope instability if slope undercutting occurred as
a consequence of riverbank erosion.




Trongsa Q

e

i Image, ©2015 GNES Airbus f‘\‘ 3

©2018 Gaogle N

Imagery Date: 10/18/2017 lat 27.217305° lon 90.6°

Fioriro 2
rigure Z.

Goagle Earth map showing the general outline
of site 2, October 18, 2017

3.2. SITE 2:
ROAD NEAR REOTALA, BHUTAN

3.3. SITE 3:
ALONG THE RAPTI HIGHWAY
(ROAD H11 NEAR SHARADA) NEPAL

The Rapti Highway (H11) in Nepal stretches about 200 kilometers
and crosses a variety of landscapes, including a long segment
located along mountainous and steeply sloped terrain. As with
many areas in Nepal, the conjunction of high slopes and intense or
prolonged rainfall (Upreti and Dhital 1996) tends to cause frequent
landsliding events along the Rapti Highway. In October 2009,
landslides disrupted traffic along the Rapti Highway (The Himalayan
Times 2009). Landslides in October 2013 blocked the Rapti

~ Highway, stranding at least nine vehicles (Kathmandu Post 2013).

In August of 2014, the highway was again blocked by landslides
(Nepal Monitor 2014). As recently as August 7, 2018, parts of the
road had collapsed as a result of landslides associated with heavy
rainfall (Kathmandu Post 2018; Reliefweb 2018).

Figure 3 shows a Google Earth map of the general area for site 3.
The area is characterized by many smaller valleys cut by a complex
network of streams. Although the slopes are not very long, they can still
be very steep. The main roads follow river valley bottoms to connect a
series of small towns dispersed over the rough topography.

Landslides along the road near Reotala have been a recurring >

problem for many years. Rainfall-induced landslides at the
Reotala road have been recurring for many years. In July 2013,
several landslides blocked the road (BBS 2013). The Reotala road
was again reported to be blocked in September 2015 (BBS 2016;
KuenselOnline 2015). The Reotala bridge remained closed for

almost five months following damage from landslides in 2016 f'

(KuenselOnline 2016). In July 2017 landslides again blocked the

road near Reotala (BBS 2017; KuenselOnline 2017). And as recently

as August 4, 2018, the Reotala road had again been blocked by
landslides (KuenselOnline 2018).

The road is located on steep, mountainous terrain, close to a river,

and potentially subject to the riverbank and slope undercutting "

due to erosion. The population, or at least the density of villages, in
this area seems to be less than in site 1.

Figure 2 shows a Google Earth map of the area identified for site 2.
A system of valleys running from southeast to northwest and from
southwest to northwest intersect at right angles, resulting in this rugged
topography. Main roads run parallel to valley floors not very far from
the river contained by these valleys.

Fioyre 3.
Figure 3.

Google Earth map showing the general outline
of site 3, December 25, 2016
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METHODS

4.1 SATELLITE-BASED RADAR
DISPLACEMENT MONITORING

Persistent scatterer interferometry (PSl) is a remote sensing
technique that measures geophysical and geometric
changes of ground targets using radar image stacks
(Ferretti, Prati, and Rocca 2000, 2001). Coherent points,
known as persistent scatterers (PS), are identified in every
image to produce a point cloud, and each PS within the point
cloud includes sufficient data to create a displacement-
time series. PSI has been widely used for the long-term
monitoring of dynamic processes, with many recent studies
focusing on landslides (Bianchini et al. 2015; Bouali et al.
2017; Rosi et al. 2018; Xue et al. 2015).

Sentinel-1C SAR antenna captures radar images in the
interferometric wide-swath mode. Data relevant to PSI
processing are Level-1 Single Look Complex (SLC) products.
Images were acquired at a central frequency of 5.405
GHz—the corresponding wavelength of 5.6 centimeters
(C-band)—with an incidence angle broadly between 26°
and 44.28°, depending on swath and burst numbers, and
a spatial resolution of 20 meters across a 250 kilometer
swath (see figure 4 for Sentinel-1 operation modes).

Flight Direction

Sub-Satellite Track

Orbit Height
~700 km

= Extra Wide Swath
Mode

Mode

nterferometric Wide Swath
Mode

Sentinel-1 images are acquired by the European Space
Agency (ESA). Images were provided free of charge by the
ESA through the Copernicus Open Access Hub. Level-1 SLC
products arrive as focused data in slant range, complex
form with no Doppler projection, and include the following
pre-processing steps (performed by ASI from Level 0 RAW
products): gain receiver compensation, internal calibration,
data focusing, statistical estimation of the output data, and
data formatting into the output.

All Sentinel-1 radar images were processed with the ENVI
SARscape PSI software package (Sarmap 2017). ENVI
+ SARscape PSI Workflow (figure 5) contains five main
steps: (1) composing the connection graph; (2) using
the interferometric process that comes from the digital
elevation model (DEM); (3) performing the first step of the
inversion; (4) performing the second step of the inversion;
and (5) geocoding the results.

Figure 4:

Sentinel-1 operation
modes



Figure 5: Data: Level 1A

PSI workflow
Connecti;n Graph
DEM b Inteﬁerom;trit Process
Inversion:'First Step
Inversion: ;econd Step
Geot:)ding
PS Poi;t Cloud

Spatial and temporal baselines were calculated between
all image pairs to determine the master image in a time-
position plot. Lines connecting the master image to other
images in the time-position plot represent interferograms
that were generated and flattened after image pairs were
co-registered, all of which occurred in the interferometric
process step and required a DEM (e.g., 30-meter Shuttle
Radar Topography Mission digital elevation model). The
first step of the inversion runs the model inversion to
derive residual height and deformation velocity used to re-
flatten, unwrap, and refine complex interferograms only at
locations with coherent radar signal reflectors (coherence
threshold = 0.60). The second step of the inversion
estimated and removed atmospheric phase components
from the model. An atmospheric low-pass filter accounted
for the spatial distribution of noise using a two-dimensional
moving window (smaller window results in a stronger
filter). An atmospheric high-pass filter accounted for
temporal distribution of noise using a temporal window

. . . )
1 Co-registration & Flattening

Residual Height &
Deformation Velocity

Atmospheric Phase
Reduction

over each area within an image (a shorter window corrects
for short-term, drastic atmospheric changes). Geocoding
converted phase shift into ground displacement for all PS
within each Sentinel-1 radar image relative to the earliest
acquisition date. The result is a PS point cloud. Every PS
in the point cloud contains the following information:
displacement (in millimeters) at each acquisition; average
velocity (millimeters/year); coherence; location within a
three-dimensional, geocoded coordinate system (X, y, z);
line-of-sight incidence angle and azimuth direction of the
radar signal; original location within slant range coordinate
system (azimuth, range); and precision estimates of height
(meters) and velocity (millimeters/year).

Interferogram Generation
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4.2 PS POINTS:
FILTERING AND CLUSTERING

The PS InSAR technique can produce a large number of
points (> 1,000,000); the actual number depends on the
choice of a coherence threshold. All the points, however,
convey the same amount of information, and each point
is also affected differently by random noise and the
strength of the signal being measured. To identify and
isolate only those points that convey the maximum amount
of information and to avoid potential noise and artifacts,
we selected those points with a high signal-to-noise ratio
and a high signal quality. To do this, we use two criteria
for our filtering algorithm: the coherence of the PS InSAR
processing and the minimum velocity.

The coherence of the PS InSAR processing gives us a
measure of how high the correlation is across the set of
PS points. In other words, coherence is a measure of
data quality. The higher the coherence, the better the
displacement and velocity data quality, and the lower the
possibility that a PS point is showing noise instead of an
actual displacement signal. The second criterion used was
the velocity of the PS points. The velocity is derived from the
cumulative displacements over time by linear regression of
the displacement with respect to time—so the velocity is

equivalent to the slope of the linear regression trend line.
A higher velocity can be used as a proxy for a less stable
configuration of a slope, although the stability obviously
depends on many other variables (e.g., slope inclination,
material strength, loads, water pore pressure, etc.). In the
next section, we include one more criterion for our hazard
estimation (ranking), which is also easy to assess from
remote data: the slope angle.

The PS points at site 1 can be used as an example to
illustrate the coherence and velocity filtering process.

Figure 6 shows a map with the original 606,075 PS points
processed for site 1.

Figure 7 shows the two-dimensional point density map of the
two parameters (velocity and coherence) for all the PS points
analyzed for site 1. The higher coherences are observed for the
lower velocities; this poses a challenge when trying to choose
points with both high coherence and high velocity. However,
the relatively uniform distribution of velocities means that
there will still be enough points at the higher end of the velocity
range that also show relatively high coherence values.

Point density of correlation (log10)
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Two-dimensional point density map for velocity
and coherence of PS points processed for site 1

The entire set of original PS points processed
forsite T'in India




Cutoff velocity (95 percentile) of 23 mm/y T

Figure 8 shows the PS points selected from the total PS points
set for site 1 based on two criteria: that they have velocities
larger than the 95th percentile (23 millimeters/year) shown in
the left panel, and that they have coherence values larger than
the 95th percentile (0.65) shown in the right panel.

Choosing points based on individual criteria produces a
large dataset. Instead, we decided to combine both the
criteria and select those data points that fulfill both criteria
simultaneously. Figure 9 shows the points that fall in that
category—that is, that have a velocity (> 23 millimeters/

points processed for site 1, chosen according
{0 two individual criteria: having velocities
above the 95th percentile (> 23 millimeters/
year), shown in the left panel, and having a
coherence also above 95th percentile (> 0.65),
shown in the right panel.

- " Figure 8.
Cutoff coherence (~95 percentile) of 0.65 k PSpo/n[subse[sfmm the entire set OfPS
3 i * witoa s - 4

igure 9

PS point subsets from the total set of PS points
processed for site 1, chosen according to the
same criteria as described in figure 8 but
considered simultaneously: having velocities
above the 95th percentile (> 23 millimeters/
year) and having a coherence also above the
95th percentile (> 0.65).

year) and coherence (> 0.65) that are both above the 95th
percentile. The joint filtering of the PS points gives us a much
more meaningful dataset that satisfies both information
and quality criteria.

Once the data have been filtered, the physical meaning of
the displacements and velocities must be interpreted in
terms of the potential slope instability and landslide hazard.
We do a first-order analysis and interpretation of the
velocities by attempting to cluster them based on spatial
proximity and similar velocities. The goal of clustering the
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Figure 10.

(lusters of points extracted from the PS points
dataset shown in figure 11. The clusters have
a similar velocity (shown on the left panel),
and all the points within each cluster are
assigned a common identification attribute
(shown on the right panel, with each color
representing a cluster).

data is to identify spatial patterns in the velocity, where
multiple points showing a similar velocity, which indicates
a consistent slope motion. The clustering will also help to
isolate individual points that behave differently from their
nearby points, which could potentially reflect random or
spurious displacements of the surface terrain.

Figure 10 shows the clusters obtained by this method for
the same dataset shown in figure 11. Clusters show similar
velocities, shown by the scale bar colors in the left panel, and
are assigned a common identification attribute, shown by
different colors indicating the clusters in the right panel.




Figure 11.

When interpreting the data, it is important to
consider the meaning of the sign of the velocities Diagram illustrating the polarity (sign) of the
and displacements. Figure 11 shows how the slope displacement and velocity vectors in relation
orientation and the satellite position (the look angle of

to the slope orientation and the satellite view-

. . . : ing angle. It is also important to remember
the satellite) can affect the interpretation of the signs that the displacement and velocity valves are

(+ve and -ve displacement). Although the absolute only the vector component in the line of sight
values of displacement and velocity are the most of the satellite.

important pieces of information, the polarity (sign)

also conveys information about slope orientation and

movement direction.

Line of sight (LOS) inclination (o) and slope inclination (B)
for East and West facing slopes, for a > B.

A East facing slope B West facing slope

— e

wc)

s\ogﬁefﬂeﬁt

C East facing slope D  West facing slope

LOS parallel
component of
displacement
(positive value)

LOS parallel
component of
displacement

(negative value)




4.3 HAZARD SCORING

Once the PS points have been chosen as representative of
larger slope displacement potentially associated with slope
instabilities and landslide hazard, we need to prioritize
which areas pose the highest relative hazard to further
extend the analysis to exposure (as a proxy of vulnerability)
and risk. To determine these priorities, we consider
the slope displacement velocity as a critical indicator of
potential instability. Because of a lot of other variables also
play a role in determining such a stability state (e.g., slope
inclination, material strength, loads, water pore pressure,
etc.), itis advisable to attempt to incorporate those that are
relevant. In most scenarios, data are not available for most
of these variables; the exception is terrain slope, which can
easily be derived from DEMs that are available globally.

Slope inclination is one of the main variables governing
slope stability and land sliding and, because of this, is
used as an independent context variable to aid in ranking
the hazard level for each cluster. In particular, we chose a
hazard ranking method that relies on weights selected from
the average velocity and slope values measured from each
point cluster. Because the ranking is relative, we chose the
cutoff values between weighing categories also based on
percentiles. Table 1 shows an example of the criteria used
for site 1.

But the relative weights of the different criteria also need
to be considered, and table 2 shows the weights chosen for
the clusters at site 1. In this weighting scheme, the velocity
is twice as important as the slope (twice the weight), but
users can choose different weights according to the site
conditions. The velocity score was calculated as the velocity
weight from table 1 multiplied by the relative hazard weight
from table 2. The slope score was calculated similarly, as the
slope weight from table 1 multiplied by the relative hazard
weight from table 2. The hazard score for each cluster was
then calculated as the sum of the velocity and slope scores.
This is shown in equations (1) through (3).

SLOPE INCLINATION IS ONE
OF THE MAIN VARIABLES

GOVERNING SLOPE STABILITY
AND LANDSLIDING

TABLE 1.
HAZARD WEIGHTING
CRITERIA USED FOR
CLUSTERS IN SITE 1
Velocity
Weight Percentile (mm/yr) Slope (°)
1 < 50th 234 1.6
Between 50th
2 23.41t030.0 11.6t018.3
and 90th
3 > 90th 30.0 183
TABLE 2.
RELATIVE WEIGHTS OF THE

DIFFERENT CRITERIA USED
FOR SCORING HAZARDS

Weight Criteria
2 Velocity
1 Slope

EQUATIONS 1-3

1. velocity score = velocity weight x relative hazard weight

2.slope score = slope weight x relative hazard weight

3. hazard score = velocity score + slope score



4.4 EXPOSURE SCORING

Although risk properly defined would consider human
vulnerability to be a critical variable, the data necessary to
estimate such vulnerability are usually challenging to collect,
and for this project were not available. Instead, we used
physical exposure through the location as the first-order
proxy for vulnerability. Locations of houses/buildings and
roads near each cluster were identified visually on satellite
images. Exposure of the population via the relative location
of buildings and houses and the exposure of transportation
infrastructure via the relative location of roads is the basis
for such exposure rankings. Table 3 shows the exposure
weights for different location relationships between the
cluster points and houses/buildings and roads.

As with hazards, the relative weights of the different
exposure criteria also need to be defined, as shown in
table 4. Houses and buildings have been given twice as
much weight because of their importance as places where
the human population is often gathered, in comparison
with roads. The houses/buildings score was calculated as
the houses/building weight from table 3 multiplied by the
relative exposure weight from table 4. The road score was
calculated similarly, as the weight of the road from table
3 multiplied by the relative exposure weight from table 4.
The exposure score for each cluster was then calculated as
the sum of the velocity and slope scores. This is shown in
equations (4) through (6).

TABLE 3.

EXPOSURE WEIGHTING
CRITERIA USED FOR
CLUSTERS IN SITE 1

EQUATIONS 4-6

Weight __Criterion 4. houses/buildings score =
0 No houses/bulldings or road downsiope or upsiope houses/buildings weight x relative exposure weight
’ Point cluster downslope from houses/buildings or
road 5. roads score =
2 Point cluster upslope from houses/buildings or road roads Welght x relative exposure WEIght
3 Point cluster on houses/buildings or road
6. exposure score =
houses/buildings score + roads score
TABLE 4. 4.5 RISK PRIORITY RANKINGS
RELATIVE WEIGHTS OF THE *

DIFFERENT CRITERIA USED
FOR SCORING EXPOSURE

By combining the hazard and exposure ranking, a total risk
ranking score was obtained. This score was calculated as
the product of the hazard and exposure scores. After that,

the values of all the risk scores were sorted in descending

Weight Criteria R .
£ order, and a priority level was assigned to each one based
2 Houses/buildings onits position in the sorted table. This is shown in equations
7) and (8).
1 Roads ) ®)

EQUATIONS 7-8

7. risk score =
hazard score exposure score

8. risk priority ranking =
sort from larger to smaller (risk ranking score)
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DETAILED ANALYSIS OF

5.1 RESULTS FOR SITE 2:
ROAD NEAR REOTALA, BHUTAN

The analysis of site 2 considers four elements: persistent
scatterer interferometry (PSI) processing; the results of an
analysis of persistent scatterer (PS) points; the site’s hazard,
exposure, and risk rankings; and, finally, an evaluation of
the relationship of these PS points with possible landslide
areas. We present the analysis of site 2 first because it is
for this site that we provide a detailed description of the
relationship between the PS points and possible landslides.

Within each study area, we looked at specific landslides that
occurred during or after the time period covered by the remote
sensing data that were used for the project (i.e., synthetic aper-
ture radar, or SAR, images and high- and intermediate-resolution
visible images). For such landslides, we tried to identify and
measure any precursory deformation as a hindsight analysis of
whether this monitoring technique could have been used at the
time to forecast the potential occurrence of those landslides. The
success of this approach will depend on what data are available
for different periods of time and whether they coincide with
particular landslides in the study areas.

Time - Position Plot
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Time-position plot of all 29 Sentinel-1 images used for PSI processing. This plot
shows the temporal extent of radar images (acquisition date, x-axis) and relative
position (y-axis) of the Sentinel-1 satellite along its orbit track in space while
acquiring these images.



5.1.1 PSI PROCESSING

Twenty-nine Sentinel-1 images (figure 12) were first
imported into ENVI SARscape (required for PSI processing).
These reformatted Sentinel-1 images span 21,987 files in 60
folders and require 572 gigabytes of storage space. Since
the computing time and power required to process full-
sized Sentinel-1 images would require a supercomputer,
these images were cut down to a smaller study area.

NASA's Shuttle Radar Topography Mission (SRTM) 30-meter
digital elevation model (30-m DEM) (version 4) was
downloaded over the full Sentinel-1 image areal extent and
used for all Bhutan PSI processing (figure 13).

PSI processing was conducted for site 2, the road near
Reotala, Bhutan, over the spatial area shown in figure
14: a polygon with an approximate area of 1,404 square
kilometers. The largest city in the processing area is Trongsa

(population of 19,960);' other smaller towns and villages
include Kungarapten, Changra, Lamti, and Zhemgang.

PSI processing involves a connection graph, interferometric
process, inversion, and geocoding. The processing is
computationally intense and can take significant time, and
it is a function of the available computing capabilities. The
processing time required for each step can be defined
as the amount of time elapsed between the first and last
files generated for that step. The processing of site 2, the
road near Reotala, Bhutan, took 26 days, 20 hours, and 12
minutes and generated 486.77 gigabytes of data. Results
from this PSI processing were used as the basis for all
further PSI analyses for this site.

1 This Trongsa, Bhutan, population estimate is based on the 2017 total
population of Bhutan as reported by the National Statistics Bureau,
http://www.nsb.gov.bt/publication/publications.php?id=2.

Google Earth

Geocoded radar amplitude image covering study area with 1,404 km2 spatial extent.
The black outline shows the full extent of the image.

Shuttle Radar Topagraphy Mission (SRTM) 30-meter digital elevation model DEM
used for Bhutan PSI processing
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5.1.2 PS POINTS:
FILTERING, CLUSTERING, AND
DISPLACEMENT TIME SERIES

Figure 15.

The total set of PS points obtained from the InSAR processing (left) and a subset of PS points

obtained from the 95th percentile criteria for velocity and coherence, shown with colors
corresponding to their velocities (right)

Figure 15 shows the full PS points dataset (left panel) and
the points extracted by the velocity and coherence filtering
procedure (right panel). The clustering of the filtered PS
points produced 45 different clusters, which are shown in
figure 16. The clusters are spatially concentrated in specific
locations of the study area.

The majority of the displacement time series show a linear
trend without significant higher-order contributions, as
shown in figures 17 through 19. The lack of accelerating
trends is good news from the hazard perspective—but at
the same time, the persistent displacement at a roughly
constantvelocity for some of the clusters should be a reason
to keep monitoring those areas. The linear displacement
trends also show some variability in some cases, in which
a few points seem to be moving at a different speed (e.g.,
faster, or slower than the rest of locations). This could
be caused by distinct areas that are moving somewhat
independently from the rest of the slope.

Figure 16.

PS points clusters for site 2
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PS displacement data for cluster 44

PS displacement time series
and linear regression for site 2,
cluster 44
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SIGNIFICANT
PORTIONS OF THE

POPULATION AND ROAD
INFRASTRUCTURE MAY
BE EXPOSED TO THE
HAZARDS.

5.1.3 HAZARD, EXPOSURE, AND RISK
RANKINGS

In this section, we examine and discuss the hazard,
exposure, and risk rankings in graphical format. The full
hazard, exposure, and risk ranking values are given in the
corresponding electronic appendix at the end of the report.
Figure 20 shows the unweighted hazard scores for the 45 PS
point clusters. Only a few have a high hazard score (score
= 3) in the velocity or slope fields, and only one has a high
score in both (cluster 23). The weighting of the velocity
and slope hazard components has a strong effect on a few
clusters in the case of the velocity score, as seen in figure
20. The total combined hazard score, which is the sum of
the weighted velocity and slope scores can also be seen
graphically in figure 20. Not surprisingly, cluster 23 has the
highest hazard score, although the highest hazard score
may not imply the highest risk.

Exposure scores are shown graphically in figure 21.
Individual (unweighted) and weighted scores for houses/
buildings and roads are plotted against the cluster number,
indicating that the proportion of areas with high exposure
to the hazard for both houses/buildings and roads (score
= 3) is less, reflecting perhaps lower population densities.
However, from a total of 45 clusters, 10 share the highest
exposure score, which shows that significant portions of the
population and road infrastructure may be exposed to the
hazards.
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Hazard scores for
velocity and slope for
all the clusters
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Figure 21.

Exposure scores for
houses/buildings and
roads for all the clusters




Total Risk
Hazard, exposure, and iso-risk curve scores for site 2 (Bhutan) Cluster  Score
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TABLE 5.

Total risk scores for all the clusters. The numbers correspond to the RISK SCORES
cluster number and the squares represent their hazard and exposure FOR THE 10
scores. The darker gray line represents the iso-risk curve and shows the HIGHEST
relative position of each cluster to the iso-risk curve. SCORED

CLUSTERS

The combined risk score obtained from the multiplying
the hazard and exposure scores is shown in figure
22. The cluster numbers are given next to the square
symbols and the gray lines represent curves with the
same risk score value.

The numerical results for the 10 highest risk scores are
shown in table 5.

The three highest risk ranking clusters are shown
in figures 23 through 25 overlaid on high-resolution
satellite images.
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Figure 23.

Cluster 44, which has
the highest risk rank

Figure 24,

Cluster 45, which

has the second highest
risk rank

Figure 25.

Cluster 12, which
has the third highest
risk rank

27
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5.1.4 RELATIONSHIP WITH POSSIBLE
LANDSLIDE AREAS

This section evaluates the relationship between the PS point
clusters and landslides that occurred in the area during the
period of monitoring. Although there seem to have been
landslides in the area, most of the ones recognized in high-
resolution satellite images seem to be associated with roads
or road construction. The observed mass wasting processes
may also be just the dumping of cut or fill material from the
road construction process, or erosion associated with these
processes. Figures 26 and 27 demonstrate that near the PS
clusters, several recent landslide features are observed in
November 2014 and October 2017 images from Google
Earth. To detect these potential landslides along the roads,
continuous monitoring using INSAR data will be required.
Figure 28 compares an area close to the PS clusters for
three different dates from 2006 to 2017. It is evident in the
2017 images that several landslide features have formed
in this area. Some development activities in the area are
also evident, including new roads and road widening. It is
not clear whether these recent landslides are related to the
development activity or whether they were triggered by
other external triggering events.

TO DETECT THESE POTENTIAL
LANDSLIDES ALONG THE
ROADS, CONTINUOUS
MONITORING USING INSAR
DATA WILL BE REQUIRED.

Figure 26.

Clusters near the north end
of the study are shown in a
satellite image




Clusters near the north end
of the study are shown in

a high-resolution satellite
image
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A comparison of an area
close to the PS cluster for
three different dates from
2006 to 2017. Several
landslide features are seen
in the 2017 image.
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5.2 RESULTS FOR SITE 1:
ROAD NEAR RUDRAPRAYAG,
INDIA

5.2.1 PSI PROCESSING

PSI processing was conducted for Site 1, the road near
Rudraprayag, India. Twenty-nine Sentinel-1 images were
processed from India. NASA's SRTM 30-m DEM (version 4)
was downloaded over the full Sentinel-1 image areal extent
and used for the PSI processing of India data over a polygon
with an approximate area of 268 square kilometers (figure
29). Villages in the processing area include Jola (population
2,503); Temriya (population 2,772); Chandrapuri (population
201); Agastmuni or Rudraprayag (population 242,285), and
almost as far north as Tarsali (population 26,709).2

5.2.2 PS POINTS: FILTERING,
CLUSTERING, AND DISPLACEMENT
TIME SERIES

Figure 30 shows the full PS points dataset (left panel) and
the points extracted by the velocity and coherence filtering
procedure (right panel). From an initial 606,075 PS points,
only 2,765 were selected after velocity and coherence
filtering. Those points were subjected to the cluster analysis
procedure, which produced 28-point clusters (see figure
31) with relatively high velocities and compact grouping,
representing a final total number of 1,831 points in those
clusters. The majority of the displacement time series show
a predominantly linear trend, as can be seen in the example
shown in figure 32.

2 India population figures are based on the country’s 2011 census,
https://censusindia.gov.in/

hangi Khod

Figure 29.
Geocoded radar amplitude image. PSI processing spatial extent, approxi-
mately 268 km’. The black outline shows the full extent of the image.

THE MAJORITY OF
THE DISPLACEMENT

TIME SERIES SHOW
A PREDOMINANTLY
LINEAR TREND
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Figure 30. Figure 31.

Complete PS points (left panel) PS points showing the
and extracted PS points (right displacement value
panel) after velocity and coher-

ence filtering

Figure 32.

PS displacement time series
ond linear regression for B o ' .
site 1
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5.2.3 HAZARD, EXPOSURE,
AND RISK RANKINGS

Combining the final hazard and exposure scores gives the
risk scores that are used to rank and prioritize the clusters
by their risk status. Figure 33 shows the final risk scores for
all clusters as a function of both the hazard and exposure
scores. The cluster numbers are given next to the square
symbols, and the gray lines represent curves with the same
risk score value.

The numerical results of the risk scoring can be seen in
table 7 for the 10 highest hazard scores. The full list of all
values is given in the electronic appendix. Figure 34 shows
the three highest-ranking clusters over a high-resolution
satellite image from Google Earth.

rve scores for Site 1 (India)

Exposure score

0 o26

3 4 5 6 7 8

Hazard score

Figure 33.

Individual risk scores for all
the clusters

Hazard, exposure and iso-risk cu
I I

9

K

10

o4

11

12

L @
o o o

~

Total
Risk
Cluster Score
1 108
5 Cr)
11 81
6 72
9 72
23 70
13 66
15 63
16 63
19 63
TABLE 6.
RISK SCORES FOR
THE 10 HIGHEST

SCORED CLUSTERS
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5.3 RESULTS FOR SITE 3:
ALONG THE RAPTI HIGHWAY
(ROAD H11 NEAR SHARADA)
NEPAL

5.3.1 PSI PROCESSING

Twenty-seven Sentinel-1 images were processed from
Nepal. NASA's SRTM 30-m DEM (version 4) was downloaded
over the full Sentinel-1 image areal extent and used for all
Nepal PSI processing.

PSI processing was conducted for Site 3: Along the Rapti
Highway (Road H11 near Sharada) Nepal over the spatial
area shown in figure 35, a polygon with an approximate
area of 370 square kilometers. Towns and villages in the
processing area include Sharada (population 23,730);
Saijuwal Takura (population 3,137); Kajeri (population
3,998); and Syanikhal (population 3,711).3

5.3.2 PS POINTS: FILTERING,
CLUSTERING, AND DISPLACEMENT
TIME SERIES

From a very large initial dataset, the 95th percentile velocity
and coherence filtering produced a subset of points. PS
points clustering further reduced the filtered PS points into
a set of 70 different clusters, as shown in figure 36.

3 Population numbers are taken from the Nepal Census data for the
population as of 1991, https://unstats.un.org/unsd/demographic-social/
census/documents/Nepal/Nepal-Census-2011-Vol1.

Kanda

Laxmipur

Kalimati Rampury

Figure 35.

Geocoded radar amplitude image covering study area with 370 km? spatial
extent

The regression of cumulative displacement with respect
to time for one cluster is shown in figure 37. Linear trends
dominate the cumulative displacement time series, which
suggests a broadly constantvelocity. The lack of accelerating
trends (upward concavity) in the time series is good from the
risk perspective, as an accelerating slope would be much
more concerning than a slope showing constant velocity
movement. For the most part, the velocities remain similar
for different points within a cluster. Still, some exceptions
deviating from the rest of the points in the cluster and
having different regression lines (different velocities) are
observed. Such points may correspond to portions of the
slope moving somewhat independently from the rest of the
slope.
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5.3.3 HAZARD, EXPOSURE,
AND RISK RANKINGS

Taking the combined scores of the hazard and exposure
variables, a total (combined) risk score can be assigned to
each cluster, as shown graphically in figure 38. The cluster
numbers are given next to the square symbols, and the gray
lines represent curves with the same risk score value. The
risk scoring results for the 10 highest scores can be seen in
table 6. The map for the cluster with the highest risk scores
are shown in figure 39.

Total
Risk
Hazard, exposure and iso-risk curve scores for Site 3 (Nepal) Cluster Score
T I I | I
2 7 49
- 25 49
38 49
— 45 49
14 45
61 45
65 45
— 10 42
17 42
= 53 42
| | | | 1
2 3 4 5 6 7 8 9 10 11
Hazard score
— TABLE 7.
Exposure scores for houses/ RISK SCORES FOR
buildings and roads for all THE 10 HIGHEST
the clusters.

SCORED CLUSTERS



TAKING THE COMBINED
SCORES OF THE HAZARD
AND EXPOSURE VARIABLES,
A TOTAL (COMBINED) RISK
SCORE CAN BE ASSIGNED TO
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6.1 INTRODUCTION

The Project for Capacity Development on Countermeasures of Slope Disaster on
Roads in Bhutan implemented by the Japan International Cooperation Agency
(hereafter, the JICA Project) utilized the outcomes of the WB Project. Primarily, the
JICA Project employed the critical sites identified from the WB Project’s remote

sensing for the pilot site selection.

The JICA Project has been ongoing since December 2018 to
develop the road disaster prevention capacity of the Ministry
of Works and Human Settlement, the Department of Roads
(DoR), in Bhutan. In the JICA Project, Japan's technology for
structural and non-structural countermeasures against
slope disasters is being transferred to Bhutan. Among
the non-structural countermeasures being transferred is
Japan’s method of ex ante traffic control based on rainfall.
At present, on Japanese expressways and national roads, a
rainfall threshold is established for ex ante traffic control
for each set section, rainfall is monitored in real-time, and
a system is established in which ex ante traffic control can
be implemented immediately after the rainfall threshold is
exceeded (West Nippon 2015; Ministry of Land 2020). These
rainfall thresholds are determined based on past disaster
history and rainfall at the time of disaster occurrence.

After establishing a rainfall threshold, critical slopes are
identified, countermeasures are designed, and slope
monitoring systems are established (Ministry of Land 2002).

In Bhutan, disaster history recording, and rainfall
monitoring are limited. Therefore, it is important to start
by boosting the capacity for such monitoring in order to set
the rainfall threshold for ex ante traffic control. In order to
record disasters and observe rainfall, the JICA Project has
installed automated rain gauges and slope tilt sensors to
detect slope failures on road slopes in Bhutan. This slope
monitoring has been implemented since April 2019. This
chapter introduces the methods of slope monitoring
implemented in the JICA Project, the monitoring results
obtained during the rainy season in 2019, and the future
plan of the JICA Project.

6.2 METHOD OF SITE SELECTION AND SLOPE MONITORING

6.2.1 SELECTION OF THE PILOT SITES

In the JICA Project, pilot sites for conducting slope
monitoring were selected for Primary National Highway No.
1(PNH 1), which is the key to east-west traffic in Bhutan, and
for Primary National Highway No. 4 (PNH 4), which is one of
the main roads leading to India. The selection procedure
and results are detailed here.

1 In the JICA Project, a long list of potential pilot sites
for slope monitoring was created with reference to
high-risk priority points identified in the WB Project.
In the WB Project, from 2014 to 2017, the amount
of deformation of houses/buildings and the ground
surface was measured by satellite monitoring using PSI
(Oommen 2019) in mountainous areas, including PNH
1 and PNH 4 in Bhutan. Points with a high deformation
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Figure 40:
Figure 41:
Location map of the pilot sites. The circles on the map indicate the

PS (persistent scatterer) points. The color bar at the left shows the
deformation velocity of the PS points.

Location map of the pilot study sites

velocity and a relatively steep slope were selected as
high-risk priority points. PSl is excellent for observing the
deformation of a location such as a house/building or a
bedrock, where the coherence does not decrease for a
long time and reflects a stable signal. On the other hand,
it is not suitable for observing points where the shape
of the surface tends to change, such as trees change by
season. At such points, accurate deformation may not
be observed. Therefore, in the JICA Project, locations
near historic landslide blocks—including the high-risk
priority points identified from the WB Project—were
selected under the assumption that there is a higher
hazard for slope disasters in the area near the high-risk
priority points. The selection was made with the results
of an interpretation that used a satellite image and a
topographical map created from NASA's Shuttle Radar
Topography Mission (SRTM) 30-meter digital elevation
model (30-m DEM) (version 4), which was used for the
persistent scatterer interferometry (PSI) procedure in
the WB Project. After this procedure, a site survey was
conducted with the DoR staff and the JICA Project team,
which resulted in selecting eight road slopes (shown
in red letters in figure 40) as a long list, where slope
disasters occurred recently in the landslide blocks.

2 Road slope disaster inspection (Shigeki and Toshimi
2006) was conducted for the selected slopes to evaluate
the potential impact of landslide on road traffic based on
the slope width, slope height, slope inclination, status of

the unstable soil, and status of the countermeasures of
mitigation work done to stabilize the slope. Furthermore,
a shortlist was created after a comprehensive evaluation,
including the results of the road slope disaster inspection,
and the following conditions were confirmed on each
site:

* There is space on the slope to safely install the slope
tilt sensor.

* There is an access route that can safely reach the
installation location.

* Thereis space to install a rain gauge and base station.
As a result of this narrowing down process, four slopes

were selected: Bumthang Highway, Dzongkalom,
Dangdung, and Reotala.

3 The shortlisted sites were discussed with DoR. The

discussion focused on the information on the disasters
that have occurred frequently in recent years in these
sites and the urgent measures that are required
according to DoR. Based on the DoR information and
its priorities, Dzongkalom and Reotala were selected as
pilot sites for slope monitoring. The locations of the two
chosen slopes, Dzongkalom and Reotala, are shown in
figure 41.
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Figure 42:

Flow chart of the early warning system

6.2.2 BUILDING A SLOPE
MONITORING SYSTEM

In the JICA Project, an early warning system has been built
that—when the observed rainfall exceeds the rainfall
threshold—can automatically observe rainfall, detect
slope failure, collect data, and give alerts for ex ante traffic
control (figure 42).

This system transmits the data acquired by the automated
rain gauges and slope tilt sensors for slope failure detection
to the data server installed at DoR headquarters every 10
minutes over a mobile phone connection; these data are
automatically analyzed every 10 minutes. The rainfall
threshold is determined based on the rainfall data and the
slope tilting angle of the slope surface and is set to issue an
alert 30 minutes or more before a slope failure occurs. If a
slope failure is detected or the observed rainfall exceeds
the rainfall threshold, a warning is issued to the responsible
party at the operation center. The responsible party directs
the person in charge at the site to putin place a roadblock
so that the ex ante traffic control is enforced. The system
can issue an alert 30 minutes or more before the expected
time of the slope failure so that ex ante traffic control can
be completed before the slope failure occurs.

Atipping bucket type rain gauge was used as an automated
rain gauge because it has high-resolution and accurate data
can be acquired with it. The measurement unit of this rain
gauge is 0.5 millimeters/tipping, and its precision is within
+/- 0.5 millimeters when rainfall is 20 millimeters or less

Alert !l
Slope tilt data . |
Rainfall data JESSEEESEy
ol 5 e
Every [ | [ |
10 minutes ] |
] t] [
Operation Center
‘ (DoR Headquarters)
\\ 7

and +/- 3 percent when rainfall is more than 20 millimeters
(figure 43).

For the mass movement observation, slope tilt sensors
were used. Equipment and tools for installing slope tilt
sensors are available in Bhutan, and their installation is
easy because the sensors are installed on the ground's
surface. In addition, since the price is relatively low, DoR can
easily cope with further installations in the future. When a
strain occurs on the slope, it is estimated that the angle
of the slope surface will change to a considerable extent
as the strain increases. If the slope change on the slope
surface is the result of a mass movement, the slope tilt
sensor can be used to determine the timing of the start of
the mass movement and slope failure. The slope tilt sensor
is installed at a depth of 50 centimeters from the surface,
tied to an L-shaped angle, and fixed, in order to observe
the vertical inclination. The slope tilt sensor is a 2-axis tilt
sensor of Xand Y, the measurementrangeis -30 °to + 30 °,
and the resolution is 0.003°.

In the JICA Project slope monitoring, slope tilt sensors were
installed at the angle considered to be optimal for observing
the maximum tilting angle of the slope surface, which is
x-axis + direction in the downward slope and - direction in
the upward slope (figure 44). Moreover, the sensors were
installed at the toe of the slope (besides the roads), where
the slope failure would have an impact on the road.
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6.3 RESULTS AND DISCUSSION

As a result of monitoring during the rainy season in 2019,
it was possible to obtain a number of observations at the
Reotala site showing that, before the occurrence of slope
failures, the tilting angle gradually increased with rainfall
and then resulted in slope collapse. The trend of the tilting
angle before the slope failure at R3 and R4 (figure 44),
and 1-hour rainfall and accumulated rainfall at that time,
are shown as examples in figures 45 and 46. The 1-hour
rainfall indicates the amount of rainfall that occurred one
hour immediately before a certain time. The accumulated
rainfall indicates the total amount of rainfall since the rain
began. If no rainfall has been observed for 12 consecutive
hours, the accumulated rainfall is reset to 0 millimeters.
The explanation of the graphs shown in figures 45 and 46
and the results are described below.

Figure 45A shows the tilting angle on the vertical axis of
the slope tilt sensor R3, and the horizontal axis shows the

date and time. Assuming that the changes in tilt angle are
a function of mass movement, it is thought that this result
indicates that mass movement started at 1:40 on July 7,
then stopped once and, after that, mass movement started
again at 20:20 on July 7. After that, since data were no longer
acquired after 3:20 on July 8, it was judged that the slope tilt
sensor was broken because of slope failure, and data could
not be acquired. Therefore, the timing of the slope failure is
inferred to have been at 3:10 on July 8.

Figure 45B shows the 1-hour rainfall and accumulated
rainfall on the vertical axis, and the horizontal axis shows
the same date and time as figure 45A. As a result of the
observation, the accumulated rainfall (117.5 millimeters)
at 3:10 on July 8, which was considered to have caused
the slope failure, and the 1-hour rainfall at 3:00 on July 8
immediately before the slope failure was 10.0 millimeters/
hour. Also, it can be seen that at the time of the start of
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Figure 45:

Rain gauge and slope tilt
sensor data from R3 site
at Reotala




Rain gauge and slope tilt
sensor data from R4 site
at Reotala
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the mass movement shown in figure 45A, the accumulated
rainfall had increased.

In figure 46A, the vertical axis shows the tilting angle of the
slope tilt sensor at R4, and the horizontal axis shows the
date and time. This result indicates that mass movement
started at 1:40 on May 28 and that the tilting angle rapidly
increased from 18:40 on May 28. The slope failure was
observed at 8:40 on May 29.

In figure 46B, the vertical axis shows the 1-hour rainfall
and accumulated rainfall, and the horizontal axis shows
the same date and time as figure 46A. As a result of the
observation, the accumulated rainfall at 8:40 on May 29,
which was thought to have caused the slope failure, was
94.0 millimeters, and the 1-hour rainfall at 8:00 on May 29
immediately before the slope failure was 0.0 millimeters/
hour. In addition, it can be seen that, at the time of the start
and increase in the velocity of the mass movement shown
in figure 46A, the accumulated rainfall had increased.

It is observed that the tilting angle of the slope surface
increases at an accelerated rate as a precursor
phenomenon before slope failure occurs (Saito 1960). From
the results shown in figure 45A and figure 46A, it is thought
that the slope tilt sensor succeeded in observing the timing
of slope failure occurrence and its precursors, which are
mass movements. Besides, from the results of figures 45B
and 468, it is inferred that the rainfall caused the start
of mass movement or an increase in the velocity of the
mass movement. However, concerning the setting of the
rainfall thresholds for ex ante traffic control, it is difficult to
determine from just two cases, R3 and R4, whether lower
accumulated rainfall or 1-hour rainfall also needs to be
considered.




6.4 SUMMARY AND FUTURE PLAN

In selecting pilot sites for slope monitoring, the JICA Project
utilized the results of satellite monitoring implemented
by the WB Project, which conducted macro-scale slope
monitoring away from the sites. Slope monitoring for ex
ante traffic control—the first attempt in Bhutan at the
selected pilot sites—has been carried out since April 2019;
these sites continue to be monitored. As a result of slope
monitoring during the rainy season in 2019, multiple slope
tilt sensors successfully monitored the precursors and the
timings of the occurrence of slope failures, demonstrating
that the results of the monitoring of the WB Project could
be fully utilized even in the micro-scale work on site.

Slope monitoring using the automated rain gauges and the
slope tilt sensors will be implemented continuously to set
and review the rainfall thresholds for ex ante traffic control.
In January 2021, the accumulated monitoring data will be
analyzed and evaluated, and the first rainfall thresholds for
ex ante traffic control will be determined. From February
2021 to March 2021, drills will be conducted on ex ante traffic
control from February to March 2021 to start the operation
of ex ante traffic control based on rainfall in Bhutan from
July 2021. Moreover, a system will be established with the
objective in which the DoR can take the initiative and mainly
perform the necessary procedures by themselves, from
issuing warnings to implementing roadblocks.

AS A RESULT OF SLOPE MONITORING DURING

THE RAINY SEASON IN 2019, MULTIPLE SLOPE

TILT SENSORS SUCCESSFULLY MONITORED THE
PRECURSORS AND THE TIMINGS OF THE OCCURRENCE
OF SLOPE FAILURES, DEMONSTRATING THAT THE
RESULTS OF THE MONITORING OF THE WB PROJECT
COULD BE FULLY UTILIZED EVEN IN THE MICRO-SCALE
WORK ON SITE.
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The analysis of interferometric synthetic aperture radar (InSAR) data produced a
series of products, some of which can be considered intermediate products and
some of which can be regarded as final products that can be used by an end-user
(Department of Transportation, Disaster Management agency, etc.). The useful
products of interest are listed and described in this section and are available

online.

7.1 GIS FILES: ESRI SHAPEFILES
AND GOOGLE EARTH .KMZ FILES

The primary output of the persistent scatterers (PS) INSAR
analysis is the set of PS points containing information on
their displacement through time, the calculated velocity
(from linear regression of displacement vs. time), the INSAR
processing coherence, and some other output parameters
from the processing that are not discussed here. This output
is given in an electronic file in the ESRI shapefile (.shp)
format to be used in a geographic information system (GIS)
platform (e.g., ArcMap, QGIS, etc.). Additional processing
of this dataset produced the 95th percentile velocity and
coherence filtered dataset, from which the clustering
analysis further produced the point cluster datasets. This
cluster dataset was further processed to compute the
hazard score and the exposure score for each point cluster,
and from that, the risk score and ranking was obtained.

This information was then incorporated into the dataset,
and this dataset can be considered the final analysis
product in GIS format, which we have kept in the original
ESRI shapefile format. One shapefile was produced for each
of the three sites. The attribute table for these files contains
the following information for each PS point: a field named
“Vel_mm_y,” which contains the displacement velocity. A
field named “Coherence,” which contains the coherence
values for each PS point. A series of fields with names that
start with the “D_" characters and are followed by the date
in the format YYYYMMDD, where YYYY is the year in four-
digit format (e.g., 2018), MM is the month in two-digit format
(e.g., 01 for January), and DD is the day in two-digit format
(e.g., 07 for the seventh day in a month), which contain the

cumulative displacement values for each PS point, starting
from the date of the first SAR image used for the analysis
(the displacement for that images is always equal to zero).
A field named “cluster,” which contains the cluster values
to which each PS point belongs. A field named “risk_score,”
which includes the combined risk scores for each PS point,
as defined from this document and the accompanying Excel
spreadsheet data. And a field named “risk_rank,” which
contains the ranking, from the largest to the smallest risk
score, for all the clusters.

7.2 ARCGIS ONLINE WEBMAPS

In addition to the GISfiles provided as electronic appendixes
and in the online Google Drive repository, we have also
created three ArcGIS online webmaps, one for each test
site, that allow the users to interactively visualize maps with
the GIS data without the need of a separate GIS platform:
only a web browser and access to the internet is required
to access these files.

The map contents are explained in an accompanying ASCII
text (.txt) file also included in the online Google Drive
repository, but for the most part, the maps should be self-
explanatory.

Links to the maps can be accessed here:

Site 1 (India): https://arcg.is/uQyr1i

Site 2 (Bhutan): https://arcg.is/1G8emG

Site 3 (Nepal): https://arcg.is/rrLqy
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GENERAL DISCUSSION AND
CONCLUSIONS

8.1 PS INSAR DATA GENERATION
AND INTERPRETATION WITHIN
THE CONTEXT OF SLOPE
STABILITY AND LANDSLIDES

The persistent scatterers interferometric synthetic
aperture radar (PS InSAR) analysis undertaken for the
three test sites shows a wide range of displacement
behaviors.

The processing at each site gave a large number of PS
points—on the order of hundreds of thousands to more
than a million. Extracting useful information from such
vast datasets requires careful consideration of the goals of
the project, the possible products that can be generated,
and the analysis necessary to make these products.

Using the inSAR method it is likely to reflect the real
ground surface displacement and velocities with substan-
tial confidence. The primary measure of data quality is
the coherence value, also reported as an output by the
processing software. Based on these values, it is possible
to select the highest-quality data points, which guaran-
tees that the INSAR output is most likely to reflect real
ground surface displacements and velocities. Because of
the relative or comparative nature of our analysis (i.e., we
find and identify the locations more likely to have unsta-
ble slopes and to have produced landslides) we chose a
statistical criterion to select only the data with the best
quality—that is, those data points with a coherence above
the 95th percentile for the whole dataset at each site.
Such a filtering criterion allowed us to select only the data
points most likely to show real ground displacement. At
this time, it is essential to clarify that such displacements
would not necessarily reflect a broader behavior of the
slope in a geological or geotechnical context and would
warrant further considerations of the significance of these
measured displacements.

Even though a premise driving our analysis is that
displacement and velocity correlate inversely with slope
stability (i.e., the more displacement/velocity, the less

stable the slope), it is important to recognize that the
highest amount of displacement or velocity does not
necessarily imply that the particular slope will become
unstable and produce landslides. The ground displace-
ment and velocity measurements can have a complex and
not always straightforward relationship to the potential for
slope instability and land sliding. The opposite is also true:
the absence of measured displacement or a low velocity
does not guarantee that the slope will be stable in the
long run. Considering geological, geotechnical, and other
technical criteria are necessary to draw conclusions from
the data and provide a contextualized and more sound
interpretation of the measured displacement fields. In

our analysis, we have attempted to include many of those
criteria as possible to make a broad analysis of the hazard
implications of such displacements by considering other
independent criteria—such as slope inclination and spatial
and velocity clustering.

Our findings indicate that the vast majority of those

points showed relatively low displacements over time
(e.g., velocities < 5 millimeters/year); for such low values,
distinguishing between real ground movements from
random and spuriously induced values (i.e., the signal vs.
the noise) can be very difficult. Such low-velocity values are
also less relevant for the slope stability problem that we
are analyzing, under the assumption that higher displace-
ments and velocities are correlated with less stable slopes.
This leads to the consideration of focusing our analysis

on the higher velocities (velocities above the 95th percen-
tile for each site). This is a rather high value to use as a
cutoff, the process generated a large enough set of points
to review (given the vast amount of data). It is, however,
essential to recognize that points with lower velocities may
also be associated with slope instabilities in the future. If
an area was to show possible signs of slope instability in
the field (e.g., ground cracking and deformation) but was
not included in our selection of points above the 95th
percentile of velocities, such a location should be assessed
for potential slope instability and landslide hazards and
monitored accordingly.

Due to image decoherence, the inSAR technique would not
work effectively in terrain areas moving at high velocities
(> 25 millimeters/year) Therefore, such an approach was




also applied to locations for which we did not obtain even
a single PS point.. Such cases, however, may be more likely
to be identified and noticed in the field, as large deforma-
tions may cause more visible signs (e.g., ground cracking,
structural damage, infrastructure deformation, smaller
subsidiary slides, etc.) related to the movement and poten-
tial slope instability.

Further, clustering such points based on proximity and
velocity is an effective criterion used for identifying
potentially unstable slopes. From a slope instability

and landslide hazard perspective, it is also important

to consider the slope as a finite geotechnical entity that
extends over some area. An unstable slope that is moving
and may collapse to form a landslide may tend to show

a coherent pattern of movement over the extent of the
area becoming unstable—that is, all the points in that area
may be moving in a similar direction, and they may tend
to move at a similar velocity. This consideration allowed us
to establish our second criterion for identifying points that
could be relevant to the slope instability and landslide haz-
ard problem: points that are close in space and are moving
in the same direction and similar velocities are more likely
to reflect an unstable slope.

To analyze individual points, it is important to note that
the absence of clustering does not necessarily imply the
absence of unstable slopes, and that any other indication
in the field that a slope may become unstable should not
be ignored. The clustering criterion is used only to assess
what areas are more likely to become unstable but does
not exclude all other regions that do not exhibit clusters
from such consideration. The clustering analysis then
allows us to focus on broader slope areas that, on the
whole, show relatively high displacement velocities over
a given number of points, with a consistent pattern of
direction and velocity, and that have already been selected
from the INSAR dataset because of their high quality
(coherence values). It is with this dataset that we do the

hazard, exposure, and risk scoring and ranking analysis.

8.2 TRANSLATING INSAR
DISPLACEMENT AND VELOCITIES
INTO A MEASURE OF HAZARD
AND COMBINING IT WITH
EXPOSURE INFORMATION TO
PROVIDE A FIRST-ORDER RISK
ESTIMATION

One of the major goals of our project is to produce a land-
slide risk prioritization of sites indicating specific landslides
that have the highest risk to roads and buildings. Prioriti-
zation of the sites allows for effective hazard planning that
can be utilized by relevant agencies and policy makers to
make crucial decisions. Further, the relative risk ranking
may provide not only a way to prioritize sites for risk
mitigation but this information can be utilized for timely
interventions as well.

The terrain displacement and velocity information were
extracted from the PS InSAR analysis, which was further
refined by coherence filtering, velocity filtering, and clus-
tering analysis, which together do not provide a hazard
estimation by themselves. Ideally, this information would
be used in a physically based geotechnical slope stability
model that would allow us to estimate a factor of safety of
the slope or some other similar metric aimed at assess-
ing how stable or unstable the slope is. However, such a
modeling effort would require a vast amount of data on
the slope material properties and slope conditions (e.g.,
water table depth, etc.) at each of the points under consid-
eration, a task that was beyond the scope of this project.
Instead, we used a somewhat subjective, weighting-based
hazard-scoring method. Although the process is subjec-
tive and relies on the weight given by the expert to the
different hazard variable categories, the methodology is
transparent and open to modifications by the user, should
they have different criteria to weight the different input
variables.

But hazard alone does not present the full picture of
the problem; it is the risk, the interaction of the hazard
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with some form of vulnerability, that is the core of the problem of
landslide losses. The vulnerability can be conceived of as a very
complex set of characteristics of the system that is exposed to
losses as a result of a hazard, and, therefore, to characterize the
detailed vulnerability, it would also be necessary to assess a multi-
dimensional set of variables, including socioeconomic and physical
characteristics of the exposed population and infrastructure. As
with the hazard, such an undertaking would be beyond the scope
of the project, but to generate actionable insights from our analysis
we used a similar subjective weighting-based method to determine
risk. We also chose to consider only one aspect of vulnerability,
perhaps the most obvious one: physical exposure. Although phys-
ical exposure is a necessary condition, it is not a sufficient one, as
proximity does not imply vulnerability. Still, it is perhaps the most
important variable in many cases of landslides, and it is also one of
the easiest to assess. This led us to consider exposure as our proxy
for vulnerability and to perform our scoring analysis. The combi-
nation of the hazard and exposure scores into a risk score allows
us to do a relative ranking of the point clusters based on the risk
scores. This is the final aim of the project: to produce a landslide
risk prioritization of sites indicating which landslide has the highest
risk to roads and buildings. This is the main product, provided as a
series of GIS files with those cluster priority data.

In conclusion, our analysis shows a large number of locations
where potential ground displacement could be related to slope
instability at three testing sites in India, Bhutan, and Nepal. Further
refinement and filtering of the data, considering the data coher-
ence and minimum velocities, isolate only those points that are
more likely to show terrain displacement that could be significant
for slope stability and landslide hazard assessment purposes. A
subset of the points is then selected to also include the spatial geo-
technical context as a criterion in our analysis of the hazard.

Based on an additional assessment of houses/buildings and road
exposure and on the velocity and slope characteristics of the point
clusters, a weight-based scoring method is applied to assign hazard
and exposure score to all the clusters. From that estimate, a com-
bined risk score is obtained. From the relative ordering of the risk
scores (largest to smallest), a risk ranking is achieved. The hazard
scores strongly influence risks ranking, but exposure also plays a
key role, highlighting the important fact that risk is not simply equal
to hazard. The relative risk ranking may provide a way to prioritize
site selection for risk mitigation or other intervention purposes.

THE REMOTE SENSING-
BASED APPROACH
PROVIDES AN EXCELLENT
ALTERNATIVE FOR
MONITORING VAST
SLOPES.

8.3 SYSTEM SETUP AND WORK FLOW

This report highlights the application of satellite-based SAR data
and in situ measurements for slope stability monitoring. Imple-
menting the SAR-based monitoring system, requires inhouse
capability for image processing with SAR processing software. Rele-
vant agencies involved in hazard planning can outsource SAR data
processing to consulting firms and universities. In case in-house
capabilities are not sufficient. Several SAR satellites are available
for data acquisition through the European, Canadian, German,

and Japanese space agencies. While some of these data sources
are paid, many others are available free of cost. An important

SAR dataset that is available for free is the Senitel data from the
European Space Agency. Typically, 15-20 images from a site are
required to perform PSinSAR. The processing of the SAR images
needs high-end computing capability. The SAR image processing
involves a line-of-sight measurement of displacement over time. In
situ measurements (rain gauge and slope tilt sensors), as discussed
in chapter 6, can be used to verify or to compliment the SAR-based
displacement measurements. The rain gauge can help confirm
whether rainfall is the trigger for the slope movement.




8.4 BENEFITS OF INSAR
AND /N SITU-BASED SLOPE
MONITORING

The InSAR-based approach provides an all-weather and all-
day monitoring solution for landslide hazards. The remote
sensing-based approach provides an excellent alternative
for hazard planning agencies, and policy makers to mon-
itor vast slopes in mountainous areas that are faced with
issues such as access, lack of power for instrumentation,
vandalism of instruments in remote locations, and so on.
As climate change affects communities through the likely
increase in weather- and climate-related hazards such as
landslides, development activities need careful monitor-
ing for disaster risk reduction. Development activities in
mountainous terrains are highly vulnerable to landslide
hazards. In-situ monitoring of landslide hazards in these
mountainous areas can be challenging because of the
vastness of the asset that needs to be monitored (e.g., all
along the road corridors), access issues, lack of power for
instrumentation, vandalism of instruments in remote loca-
tions, and so on. The remote sensing-based approach pro-
vides an excellent alternative for monitoring vast slopes.
Notably, the INSAR-based approach provides an all-weath-
er and all-day monitoring solution for landslide hazards.
The InSAR images can be used to detect millimeter-scale
ground movements, which could indicate early signs of
landslide hazards. The limitation of the InSAR- based
approach is that, in highly vegetated areas, the increased
noise could impact the data. In summary, the InSAR-based
remote-sensing approach can be extremely valuable in
screening large areas for landslide hazards.

In highlight vegetated areas, the increase noise can
impact the data, which is a limitation of the InSAR-based
approach. However, even with its limitations, the InSAR-
based remote-sensing approach can be extremely valuable
tool in screening large areas for landslide hazards.

Our cases studies indicate that, the PS point densities

are commonly tens to hundreds of points per square
kilometer. The cost to acquire and process InSAR-based
PS points ranges from US$2 to US$20/ point compared
to in situ instrumentation that would cost US$1,500 to
US$6,000/point (Escobar-Wolf et al. 2015; Yang et al.
2017). Considering the cost of INSAR and in situ-based
slope monitoring, the InSAR-based method can be a cost-
effective approach for screening large area.

To achieve a more focused, data-driven disaster risk reduc-
tion, the in situ monitoring can be employed once an area

is screened for landslide hazard, and particularly for the
critical slopes that show signs of distress as detected from
the remote sensing.. The advantage of in situ monitoring is
that it provides much higher temporal resolution (min-
ute-to-minute detection of movements) compared to satel-
lite-based INSAR monitoring (weekly to biweekly monitor-
ing). Further, by acquiring a high temporal resolution early
warning systems can be developed to notify communities
before a landslide occurs, making the satellite-based InSAR
monitoring and in situ measurements are complementary
technologies that can be used for landslide disaster risk
reduction.

8.5 CHALLENGES AND LESSONS

This report demonstrates the promise of the PSI approach
for slope displacement monitoring and the complementa-
ry nature of in situ monitoring. The PSI technique allows
measuring displacements on the order of just a few
millimeters for a point on the ground that consistently
scatters the radar signal back to the satellite. For those
persistent scatterers, it is possible to achieve precision;
the number of persistent scatterers that can be effectively
measured depends on the terrain conditions (e.g., how
much vegetation and how many human-built structures
there are). Even though the methodology is very precise,
several important limitations must be considered, mainly
related to how much the terrain may have been displaced
between two INSAR image acquisitions. When the displace-
ment is too large, the images cannot be correlated, and
displacement cannot be calculated. In other words, if the
displacement between two INSAR images is more than
half the wavelength, or a few to 10 centimeters depending
on the band type, then such displacements cannot be
measured using PSI. Therefore, a very fast-moving slope
movement or landslides may not be suitable for monitor-
ing with INSAR, but such landslides are more likely to be
identified through other means (e.g., field observations)
because they will be much more noticeable (e.g., through
the crack formation and structure deformation).

One of the significant lessons learned from this project is
that that the PSI approach can be valuable for evaluating a
large landslide-prone area for planning new infrastructure
or monitoring existing infrastructure. When a region is
monitored using PSI, it is not possible to know upfront
where the persistent scatterer points will be obtained. This
can be a challenge when a specific location needs to be
monitored. However, when PSI processing is completed,
we often get a large number of persistent scatterer points
in an image scene, which makes it highly likely that you
would have points on locations of interest or in its vicinity.
Another challenge is that in heavily vegetated areas, the
persistent scatterer points density can be significantly
reduced.




8.6 FUTURE OPPORTUNITIES

@ Planning and Policy. The PSl-based analysis
can aid in cases where the historical record of
vulnerabilities is limited or sparse. Land use planning
and policy development need an understanding of
the vulnerabilities within the region of interest. Often,
documentation of these vulnerabilities is not available
in developing countries. In such situations, planning and
policy decisions have to be made with limited or no data.
The PSl-based analysis could aid in such cases where the
historical record of vulnerabilities is limited or sparse. The
availability of historical archives of radar data provides
the opportunity to analyze how the region of interest has
performed in the past. This allows policy makers to identify
areas within the region that are vulnerable to land sliding
or subsidence and make an informed decision for planning
and policy development. Such informed planning and policy
development can lead to significant risk reduction, cost
savings, and safer communities.

Infrastructure  Routing.  Understanding the

vulnerabilities at the site is essential for planning
the route of a transport corridor or locating the site of
critical infrastructure. The vulnerability assessment is
often accomplished by modeling the hazards. The PSI-
based analysis could complement the hazard analysis by
providing a perspective on how the vulnerabilities have
performed over time. This information could be valuable
in deciding between alternate routes or multiple sites.
Such decisions can have long-term implications in terms
of the maintenance cost, safety, and sustainability of the
infrastructure.




@ Infrastructure Monitoring. Aging infrastructure
and extreme weather events are straining our

infrastructure globally. This strain calls for improved
monitoring of our infrastructure to ensure safety and
security. The traditional approach of in-situ monitoring
can be tedious and costly. This approach could also lack
the spatial resolution to monitor massive infrastructure.
The PSl-based analysis could provide a valuable
alternative to monitor the condition of infrastructure
and alert communities that are within the zone of risk in
the case of any unusual activity. These alerts could also
be valuable in implementing corrective measures before
the conditions at a site become dangerous.

O Prioritizing ~ Hazard  Mitigation.  Mitigating
geohazards is important for the safety of
infrastructure. However, limited resources require
prioritizing mitigation activities. In some cases, these
priorities are evident because of visible damage or
destruction from the geohazard, but in some other
cases, it may not be so apparent. In such situations, the
PSl-based ground displacement measure can help to
proactively identify the sites that need to be mitigated
or prioritized for mitigation. The rate of displacement at
a site can indicate how vulnerable that site is and enable
it to rank the sites.

" Past Failure Investigation. Understanding past
failures can be important to ensure those mistakes
are not repeated. The PSl-based method can be used to
investigate the causes of failure of infrastructure or a
site. Particularly, a forensic investigation can be carried
out to identify when the displacements begin at a site.
Knowing the time when it started and at what rate it
progressed can hint to the processes occurring in the
region and identify the factors that influenced the failure
to occur.

& i

Countrywide or Regionwide Hazard Monitoring.

Large-scale monitoring of geohazards (countrywide
and at the regional scale) is becoming more prevalent
and accessible as the satellite-based radar data become
freely available. Currently, Norway is doing countrywide
PSI monitoring of landslides. Such an approach can
be valuable for countries or regions that are highly
vulnerable to landslides and other ground displacement
hazards. It can also be used for large-scale asset
management.




I
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APPENDIX

APPENDIX. KEY QUESTIONS AND ANSWERS
FROM THE ONLINE WEBEX PRESENTATION
TO THE NEPAL AND BHUTAN TEAMS ON
APRIL 3, 2019

An online presentation was given on April 3, 2019, by the
Michigan Technological University Team. The audience
included the Nepal and Bhutan technical teams. The
presentation lasted 2 hours. Following is a summary of
the main topics raised after the presentation during the
questions and answers that followed.

A.1 PRECISION OF THE MEASUREMENTS AND
LIMITATIONS OF THE METHOD

Some of the questions asked by the audience touched
on the issue of measurement precision: how precise
are the displacement and velocity measurements of the
ground? As explained after the presentation, the PS INSAR
technique allows measuring displacements on the order
of just a few millimeters for a point on the ground that
consistently scatters the radar signal back to the satellite.
For those persistent scatterers, it is possible to achieve
such precision; how many of those persistent scatterers
can be measured depends on the terrain conditions
(e.g., how much vegetation and how many human-built
structures there are). Although the method can be very
precise, several important limitations must be considered,
mainly related to how much the terrain may have been
displaced between two INSAR image acquisitions. When the
displacement is too large, the images cannot be correlated



and displacement cannot be calculated. Therefore, very fast
moving landslides may not be suitable for monitoring with
INSAR, but such landslides are more likely to be identified
through other means (e.g., field observations) because they
will be much more noticeable (e.g., through crack formation
and structure deformation).

A.2 RESOLUTION TO MEASURE
DISPLACEMENTS AND VELOCITIES

Although related to the previous discussion, the question
is: what is the spatial resolution of the displacement and
velocity information that can be retrieved from the InSAR
technique? Although the original data from Sentinel 1 will
have a spatial resolution of ~ 20 meters (pixel size), the
persistent scatterer technique relies on finding points
(pixels) for which the signal is persistently scattered (in a
similar way) repeatedly over many image acquisitions, and
the density of such points can vary considerably depending
on the terrain conditions. Over heavily forested areas, the
point density will be very low, but over non-vegetated or
human structure-covered areas, the density can be very
high. Many active landslides show low vegetation coverage
as a result of the landslide movement, and sometimes this
is an advantage from the perspective of using the PS InSAR
technique. The clustering processing also tries to exploit
the spatial association of the points to find areas where the
movement is consistent and, in that way, to predict how the
whole terrain mass may move during a landslide. For the
clusters analyzed in this project, the PS point densities were
commonly on the order of tens to hundreds of points per
square kilometer.

A.3 RELATIONSHIP OF MEASURED
DISPLACEMENT AND VELOCITIES WITH
POTENTIAL SLOPE FAILURES

The relationship between the terrain displacement or
velocity, as measured with the PS InSAR technique, and
the slope stability is complex. At the most basic level,
a slope that shows movement will, in general, be more
likely to become unstable than a slope that does not
show movement—but how exactly that movement is

linked to the instability is a more difficult question to
answer. We looked at certain movement characteristics,
such as accelerating and decelerating trends, as these
would indicate increasingly unstable or increasingly stable
slope conditions, respectively, but our data, in general,
did not show any of these trends in a significant way. A
more sophisticated approach to the problem would be
to try to model the slope stability for the areas that show
movement, but this would require collecting field data and
samples to assess the slope material properties, which is
far beyond the scope of a general monitoring program and
would be practical only at particular sites, once it has been
established that they are the most critical or important (e.g.,
they present a direct risk for people or infrastructure).

A.4 EXPANDING THE TOOLS FOR FURTHER
SLOPE MONITORING

Finally, the question of how this methodology can be
applied or further expanded to allow monitoring in the
future was also brought up. The technology to do this
kind of monitoring seems to be here to stay: in addition
to the satellites we used in our study (Sentinel 1 from the
European Space Agency, ESA), other agencies and countries
are planning to launch their own SAR satellites and sensors.
The availability of data from these sensors could contribute
to making this technique more accessible and effective.
Some countries, such as Norway, already have nationwide
monitoring programs using this kind of method.

In terms of requirements for doing this kind of analysis,
there are two main resources other than the SAR data:
expertise in processing the data and computational
resources. To build the expertise would require training
in the processing software as well as in the fundamental
knowledge of the methods theory to understand and
interpret the results. The computational resources are the
main processing power (e.g., a computer with enough CPU
and GPU capacity) and large memory storage for the files
and intermediate products (several hundred GB at least), as
well as the internet bandwidth to download the data.
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