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Abstract: Regional early warning systems for landslides rely on historic data to forecast future
events and to verify and improve alarms. However, databases of landslide events are often spatially
biased towards roads or other infrastructure, with few reported in remote areas. In this study, we
demonstrate how Google Earth Engine can be used to create multi-temporal change detection image
composites with freely available Sentinel-1 and -2 satellite images, in order to improve landslide
visibility and facilitate landslide detection. First, multispectral Sentinel-2 images were used to map
landslides triggered by a summer rainstorm in Jolster (Norway), based on changes in the normalised
difference vegetation index (NDVI) between pre- and post-event images. Pre- and post-event multi-
temporal images were then created by reducing across all available images within one month before
and after the landslide events, from which final change detection image composites were produced.
We used the mean of backscatter intensity in co- (VV) and cross-polarisations (VH) for Sentinel-1
synthetic aperture radar (SAR) data and maximum NDVI for Sentinel-2. The NDVI-based mapping
increased the number of registered events from 14 to 120, while spatial bias was decreased, from
100% of events located within 500 m of a road to 30% close to roads in the new inventory. Of
the 120 landslides, 43% were also detectable in the multi-temporal SAR image composite in VV
polarisation, while only the east-facing landslides were clearly visible in VH. Noise, from clouds and
agriculture in Sentinel-2, and speckle in Sentinel-1, was reduced using the multi-temporal composite
approaches, improving landslide visibility without compromising spatial resolution. Our results
indicate that manual or automated landslide detection could be significantly improved with multi-
temporal image composites using freely available earth observation images and Google Earth Engine,
with valuable potential for improving spatial bias in landslide inventories. Using the multi-temporal
satellite image composites, we observed significant improvements in landslide visibility in Jelster,
compared with conventional bi-temporal change detection methods, and applied this for the first
time using VV-polarised SAR data. The GEE scripts allow this procedure to be quickly repeated in
new areas, which can be helpful for reducing spatial bias in landslide databases.

Keywords: multi-temporal image composite; change detection; Jelster; landslide database; Sentinel-2;
Sentinel-1; Google Earth Engine; NDVI; glacial landscape
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1. Introduction

The frequency and intensity of severe precipitation events are expected to continue
increasing as a result of climate change [1,2]. In turn, precipitation-triggered disasters,
including landslides and floods, are also becoming more frequent [3]. Landslide early
warning systems (LEWSs) aim to reduce loss of life and damage, by giving people advanced
warning so that emergency responders may prepare resources and warn the public to
avoid high-risk areas [4]. Existing LEWSs rely on knowledge of past events in order to
improve the understanding of landslide triggering processes, develop warning thresholds
and prediction models, and finally verify warnings issued and evaluate performance [5].
Landslide inventory data are also needed to produce landslide susceptibility and hazard
maps used for spatial planning, and emergency responders need detailed information to
assess damages and save lives [6].

However, for operators of LEWSs, collecting landslide data and verifying warnings
is a difficult and tedious task [7]. Generally, the registration of events and preparation
of landslide inventories are not performed systematically [8]. Presently, single-landslide
event data are collected mainly from ground observations, including reports from road
and rail authorities, and to a lesser degree from the public, or mined from social media
and news reports [9,10]. For triggering events (e.g., extreme precipitation or earthquake)
with multiple resulting landslides, mapping using aerial or satellite optical images may be
undertaken on a case-by-case basis, depending on motivation and resources [11-13]. Such
mapping is most commonly limited to areas that are already known to have been affected
by landslides (e.g., [14-16]), or to verify the exact location of landslides that may have
been reported without precise coordinates, for example, in media reports [17]. Systematic
mapping is generally not yet carried out over large areas or to identify previously unknown
landslides in remote areas.

The resulting landslide databases, however, tend to show clusters of observations
around linear infrastructure and populated areas, thus not giving a realistic representation
of the true spatial distribution of landslides, as can be seen in Figure 1. Additionally,
landslide inventories tend to be rather incomplete. For example, in Europe, a comparison
between landslide density based on landslide records from the Geological Surveys of
Europe and the European landslide susceptibility map (ELSUS 1000 v1) reveals that only
three countries (Poland, Italy, and Slovakia) have inventories considered to be over 50%
complete [18]. These issues with spatial bias and missing data limit how the landslide data
can be used for predictive models [19].

Using earth observation images (EO images) to detect unknown single landslide
events is akin to finding a needle in a haystack. Hence, such surveys tend to focus on
mapping landslides within areas that are known to have multiple landslides, due to a
specific triggering event [20]. However, the ongoing and rapid developments in the fields
of computer vision and cloud computing, as well as in the quality, range, and availability
of EO images, mean that continuous, automated landslide monitoring may soon be feasible.
Today, deep-learning models enable machines to accomplish image recognition tasks that
were not possible a few years ago. Such a system is being developed for monitoring changes
in forests and land cover (e.g., Global Forest [21], and Continuous Change Detection
and Classification (CCDC) of land cover [22]). These operate at a global scale, using 30
m resolution Landsat images and the processing power of Google Earth Engine (GEE).
Globally trained (also known as generalised) models for detecting landslides from EO
images have begun to emerge recently [23,24], building on the results of locally trained
models (e.g., [25,260]). These are not yet capable of outperforming humans in the tasks
of landslide detection or mapping, and preliminary trials have found that they did not
perform well in a glacial landscape [27]. With the exception of two landslides occurring in
Fiordland, New Zealand [24], the globally trained models for landslide detection mentioned
above have not, for the most part, included events from fjord landscapes. Based on the
progress being made in other image recognition tasks, with additional training data and



Remote Sens. 2022, 14, 2301 3 of 25

62°N

61°N

development, there appears to be good potential for computers to outperform humans in
these tasks in the near future.
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Figure 1. Historic landslide events in the former county of Sogn og Fjordane (now part of
Vestland county), as registered in the Norwegian national landslide database (NLDB) on www.
skredregistrering.no (accessed: 18 November 2019). Spatial bias is evident, as the events appear
clustered along major roads, instead of being evenly distributed across susceptible areas (source:
Norwegian Geological Survey, NGU). The location of the study area, Jolster, is shown with the
red square.

While research continues on fine-tuning machine-learning model architectures and
classifiers, other options for improving landslide detectability using EO data are immedi-
ately available. Google Earth Engine (GEE) is a cloud-based platform, designed to simplify
geospatial analyses, by improving the process of accessing and processing data. With a
free researcher account, GEE provides instant access to 37 years of satellite images, with
a plethora of publicly available geospatial datasets, including optical image collections
(e.g., MODIS, Landsat, and Sentinel-2), synthetic aperture radar (SAR) data from Sentinel-1,
land cover classifications, and precipitation data, to name a few. Analysis of large areas
while detecting changes over time can be performed very efficiently, using Google’s cloud
infrastructure [28].

Several researchers have begun to use GEE for improving landslide detection. HazMap-
per is a GEE app designed to facilitate the mapping of natural hazard events [29]. For
landslides, images showing the relative difference in the normalised difference vegetation
index (rdNDVI) calculated from cloud-free composites using Sentinel-2 or Landsat im-
ages can be used to map landslides for an event of interest (e.g., earthquake, or extreme
precipitation event) [29]. SAR data can also be used for landslide detection [30]. SAR
data have an advantage over optical images for rapid landslide detection, as the sensor is
cloud-penetrating and measures the earth’s surface independently of lighting conditions.
However, it is rather underutilised due to the level of expertise needed to pre-process
SAR data [31] and generally lower visibility of landslides. GEE opens doors for more
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Pre-event image

widespread exploration of SAR data, as the Sentinel-1 GRD image collection has already
accomplished much of the pre-processing [32]. A method for landslide detection using
SAR data on GEE has been proposed by [31] using VH-polarised Sentinel-1 data to detect
changes in radar backscatter that could be associated with landslides.

One aspect that both these methods have in common is the use of multi-temporal
image stacks from pre- and post-events that are used to create difference images, from which
landslides can be identified (Figure 2). Outside of GEE, such analysis would generally
require downloading, storing, and locally processing vast quantities of data that could
easily exceed the storage capacity of a personal computer (e.g., [33]). Hence, most change
detection methods for landslide detection have used a single set of pre- and post-event
images to make a difference image [34]. The advantage of multi-temporal images for change
detection is that they reduce noise, compared with bi-temporal images, thus allowing for
clearer visualisation of changes on the earth’s surface. For optical images, the greenest-pixel
method accomplishes this by selecting the maximum value NDVI pixel within the stack
to produce an aggregate image. This effectively removes cloudy pixels and smoothens
over temporarily reduced NDVI signals from agricultural activity. In comparison, for
SAR images, speckle noise is reduced by aggregating across multi-temporal stacks. This
is achieved without loss of spatial resolution, as occurs in the more common practice of
speckle filtering across spatially neighbouring pixels from a single date image [35].

Post-event image Pre-event stack Post-event stack

Image
collections

Composite
images

ch.ange image change image
(bi-temporal) (multi-temporal)

Figure 2. Approaches for creating bi-temporal and multi-temporal change detection images.

The main objective of this study was to investigate how multi-temporal image-
composite approaches can be used to improve landslide visibility in change detection
images, thereby improving spatial bias and completeness of landslide databases. As part
of this study, a landslide inventory for Jelster was created from Sentinel-2 images, then
verified with fieldwork, drone images, and helicopter observations. Then, we explored the
difference in landslide visibility between bi-temporal and multi-temporal change detection
approaches, with Sentinel-1 images with VV- and VH-polarised data, and with NDVI in
Sentinel-2 images. We also aimed to improve knowledge of how these approaches perform
in a glacial landscape, considering the role of local vegetation. We used the Jolster case
study as an example of a multiple landslide event occurring in a glacially formed landscape,
at a northern latitude.

The main questions involved are as follows:

1. To what extent can spatial bias in the NLDB be improved using EO images and change
detection approaches to detect landslides?

2. How can multi-temporal, image-composite change detection approaches using GEE
improve landslide visibility, compared with bi-temporal change detection approaches?

3. Inwhich data types (52-NDVI, S1-VV, S1-VH) are the landslides most visible?
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This study focused on the performance of manual approaches. Results of tests of the
globally trained landslide detection models for the Jolster case study will be presented
in a separate paper [27]. The term landslide is applied generally throughout, to refer to
rapid landslides that occur in soil, i.e., debris flows and debris avalanches. However, the
techniques discussed could potentially also be used for deeper landslides occurring due
to bedrock failure, so long as there is a removal of surface vegetation. Details on triggers,
landslide classification, and failure mechanisms in Jolster are available in [36].

2. Case Study: Joelster Rainstorm Event on 30 July 2019, Western Norway

On 30 July 2019, the town of Vassenden, west of Lake Jolster, in western Norway,
was hit by a heavy summer rainstorm. The maximum recorded rainfall of the event was
113 mm in 24 h, exceeding the 200-year event magnitude at the two nearest precipitation
weather stations, Botnen and Haukedalen [37]. This resulted in numerous landslides and
floods, causing severe impacts on infrastructure, damage to private property, and one
fatality (Figures 3 and 4). The majority of landslides occurred on open slopes, initiating as
debris avalanches [36]. Some of these developed downslope into channelised or partially
channelised debris flows, including the large landslide in Vassenden, shown in Figure 3D,E.

Over 150 people were evacuated from the area, and Highway E39—the main transport
route between the capital city Oslo and the city of Bergen—was closed in six places due to
flooding and debris. Works to remove debris and secure the area following this event cost
17 million kroner (ca. 1.65 million euro) [38].

The study area shown in Figure 5 extends 22 km W-E from Ferde to Arnes and
18 km N-S. The landscape consists of steep glacial valleys, lakes, and mountains over
1500 m.a.s.l. The bedrock geology in the area is predominantly relatively competent
Precambrian basement orthogneiss, affected locally by the Caledonian orogeny (400 Ma).
Geomorphologically, the study area is strongly altered by the glacial history of the region.
The Scandes mountain range is composed of very varying bedrock types but in all areas
has been subjected to repeated hard physical erosion by ice sheets, stripping almost all
sediments (including weathering residuals) from the bedrock. At the last glacial maximum,
ice sheets reached over 1800 m a.s.l. [39]. The area was likely deglaciated around 12-11
ka [40], with much of the moraine in the region formed during this period, although there
may have been a remnant ice sheet in the valley for some time after.
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Figure 3. Photo collage of the largest landslides in the study: (A) the fatal Arnes debris avalanche
(length 850 m); (B) evidence of historic debris with avalanche deposits (buried humus layers) in the
western-most eroded debris flow channel at Slatten (NGU); (C) overview of the Slatten debris flows
(lengths between 850 and 1100 m); (D,E) the compound debris avalanche/flow at Vassenden (length
1500 m), in July 2019, and following remedial work in June 2020 (Source: Hallstein Dvergsdal/Firda
Tidend, 2019, and Oddleif Leset/NRK, 2020, in [38], used with permission).
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Figure 4. Selection of photos of ‘shallow’ landslides triggered by the 30 July 2019 extreme precipitation
event: (A) Novabakken overview on the northern side of Tindefjellet mountain; (B) superficial
landslide deposits from landslide in thin soil; (C-E) shallow landslides in the Svidalen valley with
erosion of grass-bound topsoil and thin soil profiles, down to bedrock in places and superficial
deposits; (F,G) small landslide scarps on Tindefjellet mountain, west of the main Vassenden landslide.
These occurred at higher elevations, in areas with thin soil cover, and sparse vegetation. In many
cases, the erosion is limited to grass-bound topsoil that has eroded right from bedrock, and only a
thin layer of material is deposited over vegetation, partially covering but not burying it. The landslide
naming system stems from the landslide inventory based on detailed field mapping [36].
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Figure 5. Study area showing landslides mapped with Sentinel-2 ANDVI images (orange polygons),
registered landslides (triangles; source: NLDB, 18 December 2019), and ground-truth locations,
including drone survey areas (shaded light blue) and helicopter and field visit GPS tracks (green and
black dashed lines, respectively). Background: Sentinel-2 image.

The landscape consists of U-shaped valleys with flat, angled, polished bedrock surfaces
that are favourable for the formation of sliding planes. Other signatures of the strong linear,
glacial erosion in competent rock are visible in the area, including roche moutonnée, crag,
and tail features. These types of bedrock features are exposed in the upper half of the Jolster
landscape. A few remnant small-scale brittle faults are visible in the landscape [41]. Most of
the study area has a surface cover of glacial moraine sediments [42]. The moraine is often
highly consolidated on slopes overlying the bedrock. At high altitudes in the mountains,
small pockets of moraine can be found within depressions in the exposed bare bedrock.
A'loose veneer of colluvium extends downslope on the valley sides, increasing to several
metres thick at the valley bottom.

Buried hummus layers show evidence of previous landslides, seen in the stratigraphy
exposed by a debris flow at Slatten (Figure 3B). There are at least 40 historical landslide
events registered as points in the Norwegian national landslide database (NLDB, at www.
skredregistering.no, accessed on 18 January 2022, hence referred to as registered events) in the
study area, and several instances of rock falls. Registered events are dated from 1625 to 2019.
The majority of the registered events in the NLDB are derived from observations along the
road network.

The modern climate of the study area is temperate, with relatively mild winters and
wet summers due to the proximity to the coast. Glaciers are still active in the region, with
Jostedalsbreen National Park, located 30 km east of the study area. Vegetation in the study
area ranges from sparse moss and shrubs or light birch forest at high elevations, to spruce
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forest and agricultural fields lower in the valleys. Roads and built areas are mainly located
in the flatter main valleys.

3. Data Used

The main input data were satellite images from Sentinel-1 and -2 missions of the
European Space Agency (ESA), acquired either by downloading from Copernicus Open
Access Hub (COAH, https:/ /scihub.copernicus.eu/dhus/#/home, accessed 10 August
2019) or used directly within the GEE code editor (https://code.earthengine.google.com/,
accessed 10 August 2019). Sentinel-1 SAR data are dual-polarised (VV and VH), with
C-band (5.405 GHz), and available in Level 1 single-look complex (SLC) or ground-range-
detected (GRD) scenes. We used data acquired in interferometric wide (IW) acquisition
mode. Terrain corrections were applied using a 10 m resolution digital terrain model
(DTM), downloaded from Hoydedata, as shown in Table 1. For Sentinel-2, we used the
Level 2A product, bottom of atmosphere (BOA) reflectance images, pre-processed from
Level 1C products using sen2cor. In addition, historic landslide data from the NLDB and
road data were used in the analysis of spatial bias, with source details shown in Table 1.

Table 1. Additional data used for pre-processing and geospatial analyses.

Data ID/Description/Source Link Source

6800_1 to 6800_4, accessed 10 August 2019,
raster: https:/ /hoydedata.no/LaserInnsyn/

DTM, 10 m Hoydedata

‘Skredhendelser’, accessed 18 November
Registered landslides 2019, point data with attributes: NVE, RegObs
https:/ /nedlasting.nve.no/gis/

‘Vbase’, accessed 10 August 2019, polyline

Roads data: https:/ /kartkatalog.geonorge.no/

NMA

DTM—digital terrain map. NVE—Norwegian Directorate of Water and Energy. NMA-—Norwegian
Mapping Authority.

4. Methods

This section describes the approaches used to produce change detection images for the
Jolster case study, from which new landslides were manually mapped or detected. These
are summarised in Table 2. Broadly, these are split according to the following features:

e  Technique: bi-temporal or multi-temporal (Figure 2);
e Input data: Sentinel-1 SAR backscatter intensity values using either cross (VH) or
co-polarised (VV) data, or Sentinel-2 optical data using NDVI values.

Table 2. The four change detection image composites used for manual landslide detection.

Image Value Pre-Image Dates Post-Image Dates
S2-BT NDVI 28.07.2019 02.02.2019
S2-MT Max NDVI 01.07.2(()7119:%3.)07.2019 31.07.2(()71192—2(;.)08.2019
S1-BT VV & VH 25.07.2019 31.07.2019
01.07.2019-29.07.2019 31.07.2019-30.08.2019

S1-MT Mean VV & mean VH (n = 25) (n=27)

Sentinel-2 (S2), Sentinel-1 (S2), bi-temporal (BT), multi-temporal stack (MT), normalised difference vegetation
index (NDVI), vertical-vertical polarisation (VV), vertical-horizontal polarisation (VH).

Bi-temporal approaches refer to change detection images produced by subtracting
a single pre-event image from a single post-event image. By contrast, multi-temporal
methods refer to change detection images produced in Google Earth Engine, using one
month of images from before and after the events, composited into a single set of pre-and
post-event images, prior to the difference being calculated.
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In order to avoid introducing noise from the seasonal effects occurring in September,
we used a relatively short time period to filter images. One month of images was deemed
appropriate for our case study, due to the following reasons:

a.  There was a relatively high frequency of image acquisition at a northern latitude
location;
. The optical images were not all cloud-covered in this period;
c. With the coming of fall, the conditions changed significantly between August and
September in the study area, including more shadows on north-facing slopes and a
reduction in green vegetation at high altitudes.

For repeating this study in other locations, a longer time period could be used, for
instance, when there is persistent cloud cover or lower frequency of image acquisition, so
long as the vegetation and lighting conditions do not vary significantly.

4.1. Methods for Producing the Change Detection Images
4.1.1. Sentinel-2 Bi-Temporal (52-BT) Image

Level 2A tiles from the closest dates before and after 30 July 2019, with less than 50%
cloud cover, were downloaded from COAH. The acquisition window between the pre-
and post-event tiles used for the ANDVI map was five days (28 July and 2 August), with
cloud covers of 0.64% and 27.19%, respectively. The difference images were produced
using SNAP 7.0 software as follows: first, the pre- and post-event images were cropped to
the area of interest using a spatial subset. These image pixels were then aligned using the
collocation raster tool. Finally, the band math tool was used to calculate the ANDVI using
the following equation:

BSgm — B4r  BSg — Bds

dNDVI =
BSg + Bdgx  B8s + Bdg

)

where B8 is the near-infrared band, B4 is the red band, and the subsets R and S correspond
to reference (post-event) and secondary (pre-event). The result is a raster with values from
-2 to 2, where negative values show a loss of vegetation. The results are displayed as a
single-band, black-and-white image. For display purposes, the colour scale was stretched
across a range including 90% of the values [—0.6, 0.1].

4.1.2. Sentinel-2 Multi-Temporal (S2-MT) Image

In GEE, first, separate pre- and post-event image collections were produced by filtering
the entire Sentinel-2 level 2A collection, by location and date. Next NDVI bands were
added to all images in the filtered collection. Then, ‘greenest-pixel” pre- and post-event
composite images were created by taking the maximum NDVI value for each pixel, within
the image collection, using the quality mosaic function. Finally, a difference image (ANDVI)
was produced by subtracting the pre-event composite from the post-event composite.

4.1.3. Sentinel-1 Bi-Temporal (S1-BT)

Pre- and post-event scenes were downloaded from COAH. The selected scenes were
acquired in interferometric wide (IW) acquisition mode, with Level 1 single-look complex
(SLC) format, dual polarisation (VV and VH), and from ascending paths. The pre-event
scene was from 25 July 2019, i.e., five days before the event, while the post-event scenes
were from 31 July, 6 August, and 12 August, respectively, i.e., 1,7, and 13 days after the onset
of the event (cf. Table 1 for scene IDs). Three composite images were produced with the
different post-event images using the steps outlined below. The downloaded SLC products
were in slant-range geometry and geocoded prior to further analysis. Pre-processing steps
included orbit-state vector refinement and atmospheric noise removal. Then, the scenes
were multi-looked to suppress speckle noise and geocoded using a 10 m resolution digital
terrain model (DTM). The final images were radar backscatter images, with a spatial ground
resolution of approximately 10 m x 10 m, stored in GeoTIFF format. In order to facilitate
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the visual interpretation of the imagery, we applied multi-temporal change detection using
enriched colour composites, which display changes in backscatter as red-green-blue (RGB)
composites, following an approach developed for snow-avalanche detection [43,44]. These
RGB composites include the pre-event scene in red and blue bands, and the post-event
scene (with landslide activity) in the green band: (R, G, B) = (pre, post, pre). Finally, the
composite was stretched from its full dynamic range [—35, 10] dB to [—25, 5] dB in order
to enhance the dominant intensity ranges. The best of the three composite images was
selected for further analyses, and the remaining two were discarded.

4.1.4. Sentinel-1 Multi-Temporal (51-MT)

Using GEE, Sentinel-1 GRD scenes were used. These are available as pre-processed im-
ages, in which steps such as calibration and ortho-correction have already been performed
using the Sentinel-1 Toolbox [32]. Again, two separate image collections, one pre-event
and one post-event, were created by filtering the entire Sentinel-1 collection by location,
date, polarisation (VV, and VH), satellite acquisition geometry (the mean of ascending and
descending images were calculated separately, then combined into a single image using
a median) and acquisition mode (IW). Next, a topographic correction function [45] was
applied to all images within the collections, using a 10 m resolution digital terrain model
(DTM) that was uploaded as a GEE asset (details Table 1). Then, the two image collections
were reduced to two single mean images. Finally, RGB composites were created for each of
the VV, and VH polarisations, with the pre-event image in the red and green channels, and
the post-event image in the blue channel. For visualisation, the S1-MT image was displayed
with a stretch range of [-21, 0.5], with a gamma value of 0.65.

4.2. Analyses of the Different Approaches
4.2.1. Preliminary Landslide Mapping S2-BT and Spatial Bias Analysis

Preliminary landslide mapping was conducted using the conventional S2-BT approach.
This was completed within a week of the landslide occurrences and took approximately
three hours. Polygons delimiting assumed landslides, typically represented by dark elon-
gated clusters of pixels, were drawn manually in SNAP. In analysing spatial bias, a compar-
ison was made of the minimum distance between landslides and roads, between the S2-BT
landslide inventory, and the landslides reported in the national database, RegObs. The
Vbase roads dataset was used. The minimum distance was estimated using the Near (anal-
ysis toolbox) tool in ArcMap, using the reported landslide points from RegObs, and points
generated from the centre of the mapped landslide polygons using the Feature-to-Point
(data management toolbox) tool.

4.2.2. Preliminary Field Mapping and Verification

Verification of the preliminary map was conducted through field visits (in August
and October 2019) and a helicopter flight (October 2019). The preliminary map was then
updated to include several small landslide scarps observed during the helicopter flight,
which were visible in the image but had not been included in the preliminary mapping
due to uncertainty. Finally, a comparison was made with a detailed map of the landslides
produced by co-author D. Riither. The detailed field map by Riither was initially produced
by visual comparison of pre- and post-event Sentinel-2 images, then updated based on
extensive field investigations (in August and September 2019, and May, June, and August
2020), along with drone orthophotos. A selection of photos from this fieldwork is shown in
Figure 4, and a detailed report of field observations is also available [36]. This inventory
shows the landslides divided into release, transport, and deposition zones and has a much
higher resolution than the S2-BT inventory outlines.

4.2.3. Comparison between the Four Manual Mapping Approaches

The verified landslide inventory produced from the S2-BT image was used as a baseline
for comparing the three other approaches. The other images were first visually inspected
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for visible landslides. Then, the S2-BT landside inventory was used to systematically
search for traces of the prior known landslides in each of the other images. Following the
classification system used by [46], the prior known landslides were classified into one of
three sets—namely, in Set 1, landslides were not visible in the SAR-RGB image; in Set 2,
landslides were hardly visible, recognisable only given prior knowledge of the location; in
Set 3, landslides were clearly visible.

4.2.4. Landslide Visibility in VV and VH Polarisations and Effect of Local Incidence Angle

To analyse the difference in landslide visibility in VV and VH polarisations, first, a
qualitative approach for comparison was used, by examining a selection of individual
landslides in subplots in detail. Next, time-series data showing the backscatter intensity
values of two landslides, with low and high local-incident angles were analysed.

5. Results
5.1. Analysis of Spatial Bias with Preliminary Landslide Mapping Using Sentinel-2 ANDVI

Figure 5 shows the spatial distribution of landslides mapped from the S2-BT image
and registered landslides from the NLDB, available at www.skredregistrering.no (down-
loaded from NVE, 18 December 2019), that occurred on 30 July 2019 in Jelster, Norway.
During verification, minor differences were found between the two inventories due to the
coarset, 10 m resolution of the S2-BT image (e.g., clustering small landslides into one large),
compared with the higher-resolution inventory of Riither; however, overall, they were
relatively consistent.

It also shows the locations that were investigated in more detail, using helicopter
or drone, or by foot. Based on the consistency of the observations, along with the short
acquisition window (five days) between pre- and post-event images, the authors have
high confidence in the results of the Sentinel-2 mapping, within the limits of the 10 m
spatial resolution. A total of 120 landslides ranging from <0.01 km? to nearly 1 km? in area
(Figure 6) were mapped across the area, over an eightfold increase from the 14 registered
landslides. The majority of these (>80%) were small landslides (<0.01 km?). The results of
the spatial bias analysis are presented in Figure 6. It is seen that nearly all of the registered
landslides were located within 500 m of a road (100% of events from Jolster and 94.9%
of all landslides for the whole county), while only one-third of the mapped landslides
were within 500 m of a road. While detailed analyses of trigger and failure mechanisms
are beyond the scope of this paper, we note again that the majority of the landslides
occurred on open slopes and shallowly eroded till overlying polished bedrock. The spatial
distribution of landslides appeared to be strongly controlled by the location of the highest
rainfall intensities of the highly localised thunderstorm [27], with minor local topographic
variations (submetre scale) determining exact initiation zones [36].

5.2. Comparison of Landslide Visibility between the Approaches

Figure 7 shows the dNDVI images, S2-BT, and S2-MT, covering the study area. The
landslides are very clear in both images; however, the cloud-free greenest-pixel composite,
52-MT, had less noise from clouds, high water levels in rivers, and agricultural fields. The
co-polarised (VV) SAR-RGB composite images, S1-BT and S1-MT, are shown in Figure 8.
Again, a significant improvement in landslide visibility is observed in the multi-temporal
image, S1-MT, as well as significantly less background noise and reduced terrain artefacts
(mainly foreshortening), compared with S1-BT. However, other signals that appear bright
green must still be differentiated from landslides. These include changes in agricultural
areas and snow cover, as well as some topographical features and general speckling.
Different types of vegetation can also be seen in this image. Commercially planted spruce
appears as bright areas at lower elevations in the valleys, while birch and alpine scrub
vegetation are darker, typically at higher elevations. Farmland and grass appear as darker
green or purple patches in the lower valleys. Landslides must be distinguished from other
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bright green areas, for example, due to new snow cover on the mountain tops (Figure 8,
52-MT, SE corner), or reaping of grass fields.

To quantitatively compare the detectability of landslides between these images, the
landslide inventory produced using the S2-BT image was used as a baseline for comparison.
The landslide visibility in S2-MT was not significantly different, compared with S2-BT, so
this was not included in the following results. Each landslide was searched for systemati-
cally within the Sentinel-1 images and classified in an adaptation of the system used by [46],
according to their detectability. As shown in Table 3, the detectability of landslides was
improved significantly using the S1-MT image, compared with the S1-BT image; however,
the landslides considered detectable, respectively, represent only 7.5% and 43% of the
120 landslides mapped with the S2-BT image.

Table 3. Results of landslide detection using the S1-BT and S1-MT images, with respect to the 120
landslides mapped with the S2-BT image.

. 3—Detectable
Set: 1—Undetectable Z—Petectable with without Prior
Prior Knowledge

Knowledge
S1-BT 111 5 4
S1-MT 68 41 11
100
ro—\°| o0 90
§ S 80
g & Mapped landslides (S2) 2 70
17 0
g 70 <
-':. 60 B Registered landslides, :; 60
R 50 Jolster g 50
g Registered landslides, ;
= ogn og Fjordane county &
g 30 g 30
Pt
=20 S 20
s
10 § 10
0 & 0
N AN >
RN @”\ 3 @f"\ > @?"\ o @5"\ v [0, (0.01, (0.02, (0.04, (0.08,
4 N Q M 3 2 N2 el >°
NSO S AR G AR 0.01] 0.02] 0.04] 0.08] 0.1]

Distance to roads [km] Landslide area [km?]

Figure 6. Left: Histogram showing size distribution of the landslides mapped with Sentinel-2 images.
Right: Histogram and cumulative percentage, showing the shortest distance between a landslide
to a road, for landslides mapped with Sentinel-2 images (n = 120), and landslides registered in the
RegObs database for Jolster (1 = 14), and Sogn og Fjordane county (1 = 392, see Figure 1).
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Figure 7. Sentinel-2 dNDVI images of study area: (Top) S2-BT, a single set of pre- and post-event
images; (Bottom) S2-MT, cloud-free greenest-pixel composite, created using Google Earth Engine,
with all images from within one month before and after the landslide events. Black corresponds to
areas with vegetation loss, i.e., negative NDVI.
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Figure 8. Sentinel-1 SAR RGB composite images of study area: (Top) S1-BT, a single set of pre- and
post-event images; (Bottom) S1-MT, median composite, created using Google Earth Engine, with
all images from within one month before and after the landslide events. Fresh landslide debris is
characterised by an increase in backscatter in green. The numbered squares show the locations of
subplots used in Figure 9—(A) Vassenden, (B) Slétten, (C) Arnes, and (D) Tindefjellet.
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Figure 9. Comparison of landslide visibility in S2-BT, S2-MT S1-MT-VV, and S1-MT-VH images.

Locations of subplots include (A) Vassenden, (B) Sltten, (C) Arnes, and (D) Tindefjellet. The red
markers show the locations of time-series data in Figure 10.
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Figure 9 shows a subset of the landslides that were detectable in the S1-BT image,
including, from top to bottom, S2-BT, S2-MT, and S1-MT in VV polarisation, and S1-MT in
VH polarisation. A short description of the landslide visibility in the S2 images is given,
followed by more detailed observations for the S1 images. In the S2 images, it is seen that
the landslides are clearly distinguishable from the background, and even the small, shallow
landslides on Tindefjellet (column 4) stand out rather clearly.

Overall, the S2-MT image was considered the best for detecting landslides. The differ-
ence in landslide visibility, compared with BT, is not significant; however, the reduction in
noise from clouds and agriculture shows improvement over the BT image. There is some
noise from agriculture visible in the S2-BT subplot of Vassenden, which is significantly
reduced in the S2-MT image. In true colour Sentinel-2 level 2A images (not shown), dis-
tinguishing new landslides from older landslides is difficult. Landslide visibility is also
limited by shadows, particularly on the north-facing slopes, although this is improved
significantly in the Level 2A image, compared with the Level 1C image. Furthermore, the
smaller landslides in Tindefjellet are not as easily distinguishable from the background
vegetation as they are in the dNDVI image.

5.3. Landslide Visibility in VV and VH Polarisations

In the lower two rows of Figure 9, SI-MT images are shown, using VV and VH
polarisations. The landslides shown in the subplots are described in more detail as follows:

A.  The Vassenden landslide appears clearly in VV polarisation from top to tail; however,
it is barely visible in the VH polarisation. In VH polarisation, the landslide is not
easily distinguishable from surrounding vegetated areas, especially grass. The upper
section is slightly visible in the VH image; however, this would not be picked out
without prior knowledge.

B.  Apart from an area with image distortion due to terrain correction at the initiation
zone of the landslides, the large Slatten landslides are mostly visible in the S1-MT
VV image. However, the boundaries between the separate landslides are less clear
than those in the S2 images. The smaller landslides to the west of the large ones are
barely visible. Again, in the VH image, the deposit areas of the landslides are barely
distinguishable from the surrounding grass. However, some of the eroded channels
are slightly visible within the landslide area in the western and centre of the large
landslides.

C. At Arnes, the landslide appears clearly in the VV polarisation aside from the dis-
tortion in the initiation zone, while in the VH polarisation, again only some of the
channelised areas are visible.

D. At Tindefjellet, the small landslides are visible in both VV and VH polarisations,
although appear brighter in VV.

The difference in visibility is shown quantitatively in Figure 10 and Table 4. Figure 10
shows a general increase in backscatter intensity as the land cover changes from vegetated to
non-vegetated. Overall, the backscatter intensity at Tindefjellet is higher than at Vassenden.
It is seen that, for the landslide sampled on Tindefjellet, there is a clear difference between
the mean backscatter intensity in both VV (5.8 dB) and VH (6.4 dB), with the greatest
change within VH. For the landslide sampled at Vassenden, the differences in means are
lower than those at Tindefjellet, for both VV (2.2 dB) and VH (1.2 dB); however, the largest
difference is in VV.

Table 4. Mean, standard deviation, and difference in means, from the data shown in Figure 10.

Landslide Tindefjellet Vassenden
Polarisation VH Vv VH Vv
Surface Type Veg. Landslide Veg. Landslide Veg. Landslide Veg. Landslide
Mean —20.7 —14.0 —11.0 -5.0 —14.3 —129 -7.0 -5.0
std. dev 22 1.6 34 24 2.3 2.8 13 3.5
Diff. Mean 6.7 6.0 14 2.1
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Figure 10. Sentinel-1 data time-series plots from pixels within landslides that changed from alpine
scrub and birch to bare soil on 30 July 2019. VV refers to the co-polarised backscatter and VH
to cross-polarised backscatter. Tindefjellet (6.129393, 61.514124); Vassenden (6.105213, 61.500352).
Dashed lines show the mean for the month, also shown in Table 4.

6. Discussion
6.1. Improving Landslide Visibility with Multi-Temporal Composites and Decreasing Spatial Bias

Detection of landslides in remote areas is a necessary step in creating non-spatially
biased landslide inventories, from which predictive models used in landslide early warning
systems are tuned and verified, and which inform landslide risk and hazard evaluations.
The results from this case study showed great potential for using freely available, medium
resolution (10 m) Sentinel-2 images for landslide mapping. S2-dNDVI images could be pro-
duced from both Level 1C and Level 2A products, and landslides could be easily mapped
at a 10 m resolution, regardless of slope orientation, vegetation type, and erosion depth.
Using this approach, the number of landslides detected was increased by over 8 times, and
size information could be quickly obtained. Furthermore, the spatial bias was significantly
reduced in this case study, with only one-third of landslides located within 500 m of a road,
compared with 95% for the region. The additional information needed for the verification
of landslide warnings (type and consequences) was not determined in this study. How-
ever, such information could possibly be added to the remotely mapped landslides, by
comparison with reported landslides or building maps to determine consequences, or by
investigating the proximity to channels and landslide shape for determining types.

The multi-temporal image composites produced with GEE significantly improved the
clarity of S1 and S2 images, compared with bi-temporal images, by reducing noise from
speckle and clouds, respectively. Furthermore, the code is fast to run, images can easily be
reproduced for different dates and locations, no software is required, and there is no need
to download and store large quantities of data. For the Jolster case study, the detectability
of landslides in the S2-MT images was greater than that in the S1-MT images. However,
the 52-MT approach is very seasonally dependent. Changes in snow cover, darkness, lack
of green vegetation, loss of vegetation due to non-landslide processes, and long periods of
cloudy weather are the main limitations of this method.

On the other hand, the visibility of landslides in the S1-MT (VV) image for Jolster
exceeded our expectations. The large landslides in the study area were clearly visible and,
in some cases, could be mapped with reasonable accuracy. Furthermore, even some of
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the small shallow landslides that were not in the NLDB were visible, although mostly
on east-facing slopes. This method has considerably more potential for rapid detection
of landslides that occur outside of the summer season than the S2-MT approach, due to
the lack of green vegetation needed for effective ANDVI results. Some quick tests beyond
the study area (e.g., the event shown at https://www.regobs.no/Registration /278548,
accessed 18 January 2022) showed that this method could be used to detect landslides
that occurred in winter, i.e., when there is no cloud-free data available. However, due to
noise from changes in snow cover, this approach seems more useful for verifying reported
landslides where only approximate locations are given (e.g., from news reports), rather
than for mapping landslides over large areas.

6.2. How the Approaches Differ to Similar Methods

Our approach for creating the S2-MT images is very similar to that used in the HazMap-
per GEE app [29], with one difference: the HazMapper app uses a normalised percentage
value of ANDVI, while we used the conventional ANDVI. Additionally, with the HazMap-
per GEE app, the results are visualised using a red-to-blue colour scale, while we used black
and white. Both work well for detecting landslides. However, an advantage of HazMapper
over the approach in this paper is that HazMapper tools are available in an app format,
which is useful for those who are not comfortable using scripts.

With regard to Sentinel-1, our approach for creating the S1-BT image was inspired by
the method in [46], with some differences in the pre-processing and visualisation. However,
our results were in stark contrast with those of the study in ref [46], according to which
83% of landslides (n. test cases = 27/32) were considered detectable. By comparison, in
this study fewer than 10% of the S2-BT mapped landslides were considered detectable in
the S1-BT composite (9/120). This discrepancy is largely explainable due to the size of
landslides included in [46] where the majority of successful cases were over 0.05 km? in
area, and only four examples of landslides smaller than this were included. The Jolster
landslide inventories, by contrast, have a majority of landslides with less than 0.01 km?
in size. The largest landslides from the Jolster study (over 0.03 km?) were also all at least
partially visible in the S1-RGB composite. The smaller landslides did not have any direct
consequences for the local population, so taking this into account, these findings do not
disaffirm the conclusions of [46], i.e., that Sentinel-1 data have the potential as sources to
identify rapid landslides in emergency situations when there is cloud cover.

With further regard to [46], a major limitation of their method was the speckle filtering;
they discussed that better results could have been obtained with parameter tuning on a
case-by-case basis. In our S1-MT image, no specific speckle filtering was applied; however,
we found that averaging pixel values over time effectively eliminates the need for this step.
Indeed, aside from the time saved by using the GEE data catalogue, this is the greatest
advantage of the S1-MT approach, compared with using single images—the speckle is
significantly reduced by averaging across time instead of space, without compromising
spatial resolution and losing detail on object boundaries.

A caveat, however, remains, in that this method is most appropriate when pixel reflec-
tivity can be assumed to be temporally homogenous. Where seasonal changes significantly
affect the scattering properties of the ground cover over time, e.g., from loss of leaves or
snow cover, then better results may be obtained by using pre-event images from the same
month in the previous year, instead of the previous month. This was also observable in [31],
in which the accuracy of predictions generally increased, by averaging across an increasing
number of images (with the rate of increase showing exponential decay with an increasing
number of images), except for when fall and winter images are included.

The generation of the S1-MT image was relatively similar to the method presented
by [31]. The differences between the methods included slightly different terrain correction
calculations (a tutorial covering SAR basics in GEE by Dr. Eric Bullock is available: https:
/ /www.youtube.com/watch?v=]ZbLokRI8as&t=1213s, accessed 18 January 2022) and
visualisation of results. We found the RGB-composite provided more contextual terrain
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information for visual identification of landslides than the single-band difference results.
However, as input for automatic change detection, the single-band format is possibly
more appropriate.

Finally, we note that the SAR approaches appeared to work particularly well in the
glacial landscape in Jolster. Most of the landslides occurred on open slopes and, therefore,
are relatively visible in relation to their surroundings. The smoothly eroded valley sides
also likely resulted in better terrain corrected SAR images than areas with younger, more
tectonically complex, faulted bedrock morphology. Additionally, the globally available
DEMs in Google Engine are currently only available at 30 m resolution, so areas with more
frequent angular ridges and valleys may have reduced performance, compared with our
results. The few faults in our study area do not appear to have any effect on landslide
distribution; rather, their location appears to be strongly related to the distribution of
heavy precipitation, with initiation influenced by very localised bedrock variations [36].
In tectonically active landscapes, narrower, angular valleys, and fault-controlled sliding
planes, it could be more difficult to see landslide occurrences. This may be improved in the
near future with higher resolution DTMs and SAR data.

6.3. Polarimetric Scattering Properties of Vegetation and Landslides

Perhaps the most interesting difference from [31], however, was that we tested land-
slide visibility in both VV and VH polarisations and found much better results using VV
(Figure 9), while they tested only VH. Their reason for using VH was that cross-polarisations
are more sensitive to biomass forest structure and would, therefore, be useful for identifying
landslides in vegetated areas. They encouraged other studies to explore the use of other
polarisations. Similarly, from a forestry perspective, ref [47] wrote “cross-polarised [VH]
observations are essential for identifying changes from volume to surfaces”. On the other hand,
ref [46] also tested landslide detection with both VV and VH, stating, “we noticed a better
definition of the changes in the VH polarisation when landslides occurred in previously deeply
vegetated areas, while V'V offers sometimes more definition and contrast in presence of glaciers
or snow”.

In order to better understand the discrepancy between our results and the expectations
that VH would be more useful for landslide detection, we present a conceptual model
in Figure 11 and discuss some key elements affecting SAR backscatter intensity response.
Backscattering intensity in VV and VH polarisations depends on the reflections of surface
(bare soil) and volumetric (vegetation) scattering mechanisms. For landslides with planar
scarps, the angle of the landslide surface relative to the plane of the radar determines the
relative density of the signal received, and the degree to which the signal is reflected toward
or away from the sensor. For channelised landslides, with high LIA, changes in vegetation
on the side of the channel that faces towards the sensor are more likely to be detected.
VH backscatter intensity is less affected by the LIA due to the 3D scattering behaviour
of vegetation. The difference between VV and VH is more pronounced at smaller local
incidence angles (up to 30°), while it becomes difficult to distinguish between forest and
landslides at higher incidence angles (over 60°).

The surface scattering mechanism and local angle of incidence are most relevant in
determining the intensity of backscatter in co- and cross-polarisation. Dielectric properties,
including surface water content, are also relevant [48]. However, we assumed that this did
not vary significantly between the locations being compared.

Landslides and vegetation both showed components of surface and volumetric scat-
tering mechanisms (Table 4). The landslides behaved as expected [47], as predominantly a
rough surface with some volumetric scattering, reflecting a strong co-polarised (VV) signal
and a low to moderately low cross-polarised (VH) signal back to the receiver. However,
for vegetation, instead of a predominantly volumetric scattering response, we observed
that the vegetated areas also gave a stronger signal in VV than in VH polarisation. This
is considered to be due to the sparseness of vegetation, allowing more reflection from the
ground surface.
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Figure 11. Conceptual model showing how local incidence angle (LIA) affects the visibility of
landslides in VV and VH polarisations.

The intensity of backscatter was reduced at a higher angle of incidence in the Vassenden
example, compared with the Tindefjellet landslide. This is due to the landslide receiving a
lower density of energy across the surface. The difference in backscatter intensity was most
pronounced in vegetated areas, both in VV and VH polarisations, while bare soil produced
similar strength signals in both polarisations. This is presumably because the very rough
surface of fresh landslides provides an abundance of reflective surfaces, while the reflective
strength of backscatter from vegetation seems to be more affected by the initial density of
energy received.

These findings, however, are opposite to the conclusions of a study on the polarimetric
scattering properties of landslides in forested areas [49], where it was found “ ... in
landslide areas, polarimetric indices ps [VV], pv [VH] change drastically with the local incidence
angle, whereas in forested areas, those indices are stable regardless of the local incidence angle
change”. Nevertheless, the difference could be due to the use of L-band PALSAR-2 data,
with longer wavelengths (A~25 cm) that penetrate deeper into the canopy than the Sentinel-
1 Cband (A = 5.6 cm). Furthermore, the forested areas referred to by [49] in Japan appear
to be much denser and woodier than the vegetation areas in our comparison. Thus, more
investigation is needed on the influence of vegetation type and wavelength on the visibility
of landslides in cross- and co-polarised SAR data.

6.4. Recommendations and Future Research Directions

The change detection images using S1 and S2 can be easily reproduced for different
date ranges and locations using GEE. For manual landslide detection, the S2-MT approach
is recommended when green vegetation is present, and a combined S1-MT and S2-MT
approach is recommended in other cases, or when a satisfactory cloud-free composite
cannot be obtained. Further research is needed to understand how well these methods
can be applied in different vegetation and seasonal conditions. However, it is likely that
the SAR-RGB composites could be used to detect landslides when the S2-dNDVI image
does not yield good results, i.e., when clouds, snow, or darkness obscure the vegetation, or
due to a seasonal lack of green vegetation. Alternatively, for mapping purposes, S2-MT
images can be created using images from summer periods in consecutive years, in order to
detect landslides that occurred outside of the summer months. However, the longer time
interval introduces additional negative dNDVI signals that can make detecting landslides
more difficult.
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Ongoing developments in data availability and pre-processing of images will provide
many more options to explore. These include a harmonised optical collection combining
Sentinel-2 and Landsat images [50], and the NISAR satellites due to be launched in 2023
with L- and S-band SAR capabilities [51].

In working towards developing a system for continuous detection of landslides over
large areas, the most appropriate platform is GEE, as multiple datasets (e.g., optical, SAR,
soil moisture, precipitation, slope, land cover type) can be combined and analyses per-
formed quickly over large areas. Furthermore, there is a possibility to run the full process
of image pre-processing, classifier training, and running the classification model within
this platform. We are currently creating a database of verified landslides visible in satellite
images across Norway, and we hope that the landslide inventory produced in this study
will be included in training datasets in the future development of globally trained landslide
detection models.

7. Conclusions

This study sought to investigate satellite-image-based change detection approaches
for landslide detection, in order to improve the spatial bias and completeness of landslide
inventories. A preliminary landslide inventory was produced using a conventional NDVI-
based change detection approach, subsequently verified by helicopter, drone, and field
observations. We demonstrated how spatial bias and inventory completeness could be
improved using this method, compared with current practice. We then compared how
landslide visibility in change detection images could be further improved with multi-
temporal image composites instead of bi-temporal (i.e., pre- and post-event pair of images)
methods, using both Sentinel-1 and Sentinel-2 images within Google Earth Engine. Finally,
we examined in detail how the effect of polarity on landslide visibility in SAR images. The
main findings are summarised as follows:

1.  The landslide event inventory for Jelster produced in this study consists of 120 landslides
mapped from the Sentinel-2 bi-temporal change detection image with a 10 m resolu-
tion. This represents a significant improvement in inventory completeness, with the
initial 14 landslides reported in the NLDB for this event.

2. Spatial bias towards roads was also significantly reduced, with the percentage of land-
slides located within 500 m of a road reduced from 100% in the NLDB from ground-
based landslide reporting to ca. 30% in the remotely mapped landslide inventory.

3. Landslide visibility was improved for both Sentinel-1 and Sentinel-2, using multi-
temporal image composites instead of bi-temporal composites. For Sentinel-1, this
was due to noise reduction from speckle and the removal of clouds for Sentinel-2.

4.  Landslides appeared most clearly in the S2 dNDVI images. For this case study, as
a relatively cloud-free image was available very soon after the event, there was not
a great advantage improvement in landslide visibility observed in using the MT
approach, compared with the BT approach for Sentinel-2 data.

5. On the other hand, significant improvements in the clarity of the Sentinel-1 image
were achieved by applying this method, with the number of detectable landslides
increasing from 9 in the S1-BT image to 52 in the S1-MT image. The MT image
composites were also significantly faster to produce than the BT images, without
the need for downloading large quantities of data. In the S1-MT and S1-BT images,
respectively, 52 and 9 out of the 120 mapped landslides were considered detectable.
We note that, although the rates of landslide detection using S1-MT images were
lower than that in other studies using BT methods (e.g., 83% in [46]), the average size
of the landslides in our set was significantly smaller than those investigated in the
aforementioned study, and several of these were visible in the S1-MT image but not
the S1-BT image.

6.  Contrary to other studies, landslides in our investigation area appeared much more
clearly using VV polarisation, compared with VH polarisation. We presented a
conceptual model to help explain these results.
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Our results indicate that (a) manual or automated landslide detection could signifi-
cantly be improved by analysing multi-temporal image composites, using freely available
earth observation images and Google Earth Engine, and (b) a systematic application of these
methods could significantly improve spatial bias and landslide inventory completeness.
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