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ABSTRACT:

Landslides are one of the most dangerous and disastrous geological hazard worldwide, posing threats to human life, infrastructures

and to the natural environment. Consequently, monitoring active landslides is crucial in order to reduce the risk of damages and

casualties. With this aim, this work proposes a way to compute landslide displacements through time, by exploiting the great

availability of high quality multispectral satellite images. The developed procedure produces maps of displacement magnitude and

direction by means of local cross-correlation of Earth Observation data from the Sentinel-2 and PlanetScope missions. The Ruinon

landslide, an active landslide in Northern Lombardy, Italy, was selected as a case study. The workflow of the developed procedure

is described, and the results are presented and discussed. Moreover, a validation of the analysis by comparison with UAV surveys

of the landslide is reported, along with a discussion on future developments and improvements of this technique. This work was

designed to be entirely based on free and open-source GIS software and to rely mainly on open data. These characteristics allow

the proposed analysis to be easily replicated, customized, and empowered.

1. INTRODUCTION

Landslides are a widespread geological hazard which often

deals serious damages to the environment and to anthropogenic

infrastructures, while also causing economic losses and casual-

ties (Guzzetti et al., 2012). It has also been shown that the pop-

ulation growth and the consequent expansion of settlements of

the last decades are magnifying the impact of such phenomena

(Guzzetti et al., 2012). Moreover, we are also witnessing a rise

in the extreme events that trigger landslides, as a consequence

of climate change (Machichi et al., 2020).

In particular, Italy is extremely affected by landslides, specific-

ally due to the geological and morphological characteristics of

the Italian territory, that consists for the main part of mountains

and hills. Indeed, Italy is the European country most affected

by landslides, and as of 2015, 2/3 of the landslides recorded in

Europe took place in Italy.

The growth of the availability of free and open multispectral,

multitemporal and global coverage satellite imagery plays an

integral role in studies focusing on detecting changes in the sur-

face of the Earth. By taking advantage of such images, scholars

have indeed carried out analyses with the intent of monitoring

various phenomena on Earth’s surface, such as glacier move-

ment (Berthier et al., 2005), land cover changes (Dewan and

Yamaguchi, 2009) and forest growth or deforestation (Coppin

and Bauer, 1996; Kennedy et al., 2010). Making archive data

and newly sensed images available with an open distribution

policy has also promoted the growth of the user community and

the development of applications in order to take advantage of
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such data (Oxoli et al., 2020). A notable example of the above

are the ESA Sentinel missions (ESA, 2022), which played a

fundamental role in the outlining of this work.

In view of the above, monitoring active landslides is crucial

when trying to mitigate the risk posed by these phenomena.

Hence, this work proposes a procedure for computing landslide

displacements through time by means of a cross-correlation of

multispectral satellite images (Amici et al., 2022). This ex-

perimental procedure was developed with the goal of receiving

as input an Earth Observation data stack and returning as out-

put pixel-level displacement maps; the output maps highlight

both the displacement magnitude and the displacement direc-

tion, therefore identifying a displacement vector.

The procedure was developed using solely Geographic Inform-

ation Systems (GIS) Free and Open Source Software (FOSS),

and it was tested over a single landslide in Italy (Ruinon land-

slide) using both Sentinel-2 and PlanetScope images (Planet

Team, 2022a). Details about the data and the area of interest

can be found in Section 2, while Section 3 illustrates the meth-

odology of the workflow. The obtained results are presented

in Section 4, and Section 5 outlines the conclusions and future

improvements of this work.

2. AREA OF INTEREST AND DATA

2.1 Landslide of interest

The developed procedure was tested on the Ruinon landslide,

situated in Northern Lombardy, Italy. This particular landslide

was chosen for a series of reasons: first, its monitoring is of
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great relevance, since it is one of the most active landslides in

the Alps; secondly, it has been particularly active in the last

years, facilitating the use of Sentinel-2 and PlanetScope satel-

lite images; and finally, its extension, movement typology and

velocity are optimal for the chosen analytical method. The Ru-

inon landslide is situated at the base of a Deep-seated Gravit-

ational Slope Deformation, that affects the entire slope up to

the summit at 3000 m a.s.l. The landslide is believed to extend

down to a depth of 50–70 m, for a total estimated volume of ap-

proximately 30 million m3. Furthermore, it can be subdivided

in two scarps: the upper one is a sub-vertical rock cliff of about

30 m in height, while the lower one is characterized by a more

widespread debris cover (Figure 1). Over the years, a large lobe

of chaotic debris has propagated towards the valley bottom, giv-

ing origin to secondary mass wasting processes in the form of

rockfalls, debris flows, and shallow slumps (Carlà et al., 2021).

Figure 1. Ruinon landslide © Esri World Imagery, Source: Esri,

Maxar, Earthstar Geographics, and the GIS User Community

2.2 Satellite data

The developed software is intended to work with multispectral

satellite images taken on the same area at different times. This

characteristic entails that the area to be considered must not be

covered by clouds, and that the terrain must be free from snow.

To achieve such results, the EO browsers for both Sentinel-2

and PlanetScope data were used to carefully inspect images

over the chosen Area Of Interest (AOI) and select the ones to

be downloaded.

2.2.1 Sentinel-2: Images collected by the Sentinel-2 satel-

lites were downloaded through the official portal of the Coper-

nicus programme, the Copernicus Open Access Hub (Coperni-

cus Programme, 2022). For this analysis, Top-of-atmosphere

Sentinel-2 Level-1C products were considered (Figure 2). In

the case of Sentinel data, the images were used for two differ-

ent purposes: an analysis of the activity of the landslide over the

last years, by selecting one image per year from 2015 to 2020,

and a focus on the summer months of 2019, which was a period

of intense activity for the Ruinon landslide. The downloaded

data are summarized in Table 1.

2.2.2 PlanetScope: Planet is a company that provides com-

mercial daily satellite data to businesses, governments and

journalists (Planet Team, 2022b). They also provide limited,

non-commercial access to PlanetScope and RapidEye imagery

to researchers and students as part of their Education and Re-

search Program. PlanetScope images were considered in the

Figure 2. Example of one of the downloaded Sentinel-2

Level-1C tiles, in True Colours visualization

Mission Date Used for

Y S V

S2A 08/03/2015 X

S2A 08/27/2016 X

S2A 07/09/2017 X

S2A 07/08/2018 X

S2A 07/23/2019 X

S2B 08/27/2019 X X

S2A 09/21/2019 X X

S2A 08/26/2020 X

S2A 09/15/2020 X

Table 1. Downloaded Sentinel-2 images and their application in

this work (Y = yearly analysis, S = summer 2019 analysis, V =

validation)

context of this work because they have a resolution of 3 m,

higher than the Sentinel-2 one, and thus could provide more

accurate insights about the movement of the landslide. In par-

ticular, the analyses done with Sentinel-2 data were replicated

with PlanetScope images, thus enabling a comparison between

different data choices. The downloaded data are summarized in

Table 2.

Date Used for

Y S

08/22/2016 X

07/07/2017 X

07/13/2018 X

07/10/2019 X

07/23/2019 X

07/24/2019 X

09/21/2019 X

08/27/2020 X

Table 2. Downloaded PlanetScope images and their application

in this work (Y = yearly analysis, S = summer 2019 analysis)

3. LANDSLIDE DISPLACEMENT ANALYSIS

3.1 Tools and technologies

The general strategy employed in this work for obtaining land-

slide displacements in terms of direction and magnitude is to
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apply a local Maximum Cross-Correlation (MCC) analysis on

a multitemporal images stack. MCC is a method for computing

pixel changes between two images; in the past this technique

was mainly applied to geophysical phenomena involving fluid

motion, such as the movement of clouds (Leese et al., 1971), sea

(Crocker et al., 2007) or glaciers (Ninnis et al., 1986). Concern-

ing terrestrial land-cover changes, techniques based on cross-

correlation have been generally applied by comparing pixels or

objects in two different images; these methods usually produce

maps that indicate if a pixel value has changed or not between

the two images, without being able to identify a movement vec-

tor. On the other hand, more recent studies have applied the

MCC method to identify directional changes, quantifying the

movement detected for every single pixel: You et al. (2017)

were the first to apply the MCC method to identify and quantify

the direction of land-cover changes in a river floodplain in

Bolivia using Landsat-5 Thematic Mapper images, while Ox-

oli et al. (2020) considered Landsat-8 and Sentinel-2 satellite

images to detect the movements of desert dunes using MCC.

The procedure was developed using GRASS GIS (OSGeo,

2022) and custom Python scripts. The reasoning behind the

preference of GRASS GIS among other GIS applications was

mainly the high synergy between GRASS and Python program-

ming, that allows to combine in a single Python script the func-

tionalities and image processing capabilities offered by GRASS

functions with the power and flexibility of the Python program-

ming language. In particular, a set of scripts was developed in

order to carry out each of the processing steps, which are illus-

trated in the next sections, in a standalone way.

3.2 Workflow

The process (Figure 3) starts with the download of the images

and the creation of a suitable images stack, ordered by ascend-

ing date of acquisition, that represent the input of the analysis.

After the preprocessing, which is carried out on each image in-

dependently from the others, the procedure iteratively considers

couples of images acquired at different times t and t + ∆t:

when this is the case, the image taken at time t will be referred

to as reference image, while the image successively taken at

time t + ∆t will be referred to as secondary image. In this

work, two methods are considered for establishing the refer-

ence/secondary relationship:

• Fixed reference, i.e. the reference is fixed to the first chro-

nological image and all the other images are coupled with

it;

• Moving reference, i.e. the reference is always the previous

chronological image with respect to the secondary one.

3.2.1 Preprocessing: Preprocessing steps are applied to the

downloaded satellite imagery with the aim to produce a suit-

able multitemporal stack. The preprocessing procedure is com-

posed of three main operations: cloud masking, atmospheric

correction in the form of Dark Object Subtraction (DOS), and

the creation of a single multiband output raster by combining

the preprocessed bands. It is important to note that for Sentinel

images not all the bands are preprocessed; in particular, the 60

m original resolution bands, i.e. aerosol (band 1), water vapour

(band 9), and cirrus (band 10) are excluded. For PlanetScope

on the other hand, the Red, Green, Blue and NIR bands are

considered for the whole process.

Figure 3. Schematic of the proposed workflow for landslide

displacement analysis using multispectral data

3.2.2 Co-registration: This step is crucial in analyses like

the one outlined in this work, in order to ensure that the images

become spatially aligned so that any feature in one image over-

laps as well as possible its footprint in all other images in the

stack. Some small misalignments, in the range from sub-pixel

to few pixels, can occur when images from different sensors

are used, but in some cases also between images with the same

sensor. In the case of the Sentinel-2 images the AROSICS

(Automated and Robust Open-Source Image Co-Registration

Software) package (Scheffler et al., 2017) was used. The ap-

proach is based on phase correlation to detect local/global shifts

at sub-pixel level. On the other hand, for the co-registration

step of the PlanetScope imagery the GeFolki package (Brigot

et al., 2016) was used, which is an optical-flow estimation tech-

nique based on Lucas-Kanade approach and optimization of the

eFolki (Plyer et al., 2015) approach for heterogeneous image

co-registration. Using the GeFolki algorithms has some ad-

vantages that are producing more robust image alignment –

the approach is working on an iterative local neighbourhood

principle but is also a multi-resolution, by adopting a pyramid

scheme for the images in a coarse-to-fine strategy (Plyer et al.,

2015), which allows to determine larger displacements despite

the local limitations. In addition, GeFolki adopts two filtering

steps that are dealing with matching image textures (Rolling

Guidance Filter) and contrast difference between two images

(Local Contrast Inversion). The co-registration for both of the

datasets (Sentinel-2 and PlanetScope) was following the previ-
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ously mentioned fixed/moving reference-secondary scheme.

3.2.3 Histogram matching: The images’ histograms are

matched, thus transforming the cumulative distribution function

(CDF) of values in each band of an image in order to match the

CDF of the corresponding bands in another image, for the sake

of improving comparability between the data. This operation

is carried out using the dedicated function of the scikit-image

Python library.

3.2.4 Processing: The displacement detection analysis

takes into consideration a couple of images at the time, and

applies the Maximum Cross-Correlation method to the two

scenes. The algorithm starts by defining a window of the same

size and in the same position for both images. The window

on the secondary image is then shifted in all directions (Figure

4(b)), and a cross-correlation coefficient (ρ) is computed con-

sidering each of the shifted windows and the reference window.

The position of the shifted window that maximizes the cross-

correlation coefficient is selected, and the direction and length

of the displacement (i.e. of the shift) are computed and saved

in output files. The algorithm then proceeds to center the mov-

ing window on another pixel and the whole process is repeated

for each pixel of the images. The cross-correlation computation

is performed using the phase cross correlation function of the

scikit-image Python library, which outputs the X and Y shifts

(in pixels) required to register two scenes. The cross-correlation

coefficient can be computed using the following formula:

ρ(i, j) =
cov[A(xr, yr), B(xs, ys)]

√

var[A(xr, yr)]var[B(xs, ys)]
(1)

where the subscript r indicates the reference image and the

subscript s the secondary image. Therefore, A(xr, yr) is the

set of pixels of the reference image inside the window centred

in (xr, yr), while B(xs, ys) is the set of pixels of the sec-

ondary image inside the window centred in (xs, ys), i.e. in

(xr + i, yr + j).

3.3 Limitations

The developed procedure is able to identify magnitude and dir-

ection of landslide displacements at pixel level, but it suffers

from two main limitations. Firstly, the minimum displacement

between two images that can be identified by this analysis is a

displacement of 1 pixel, i.e. a displacement of 10 m for the case

of Sentinel-2 and of 3 m for PlanetScope. Smaller movements

cannot be sensed by this procedure because of the native resol-

ution of input satellite data, and this entails that the procedure is

not suited for monitoring both smaller and slower mass move-

ments. Secondly, the procedure is highly influenced by errors in

terms of co-registration and histogram matching of the images,

since the whole process relies on the scenes to be as aligned and

similar as possible. The issue related to the pixel value differ-

ences (i.e. colour differences) could be solved by applying an

unsupervised classification to each scene in order to distinguish

landslide pixels from no landslide ones; this approach was ex-

plored but eventually not included in the procedure since along

the landslide body the trees and the bare soil usually merge and

the classification struggles to consistently classify them.

4. RESULTS

As stated before, in this work we chose to compute the displace-

ments of the Ruinon landslide in two different time intervals.

(a) Reference image

(b) Secondary image

Figure 4. Illustration of the Maximum Cross-Correlation

algorithm

Firstly, an analysis of the movement over the last years was car-

ried out, considering one image per year from 2015 to 2020;

since several mass movements originated on the surface of the

landslide in this period, it was considered of interest to inspect

the evolution of the landslide year by year. Secondly, since a

large debris slide was documented between July and August

2019, we decided to apply the procedure to that period.

4.1 Output maps

Figure 5 and Figure 6 illustrate an example of the output maps

obtained from the procedure. Both figures depict the reference

and secondary maps, from 2019 and 2020, and the resulting fea-

tures of the displacements computed between those dates. The

shown examples are computed with moving windows of sizes

7x7 pixels for Sentinel-2 and 21x21 pixels for PlanetScope data.

4.2 Result synthesis

The procedure outputs two maps, one for the displacement

magnitude and one for its direction, for each pair of images

analysed. This feature can be disadvantageous if the objective

is to globally investigate landslide movements in a given period,

since the maps only display movements between two epochs.

Thus, a strategy for summarizing the results was in need, and

windrose diagrams were considered and eventually chosen to

achieve result synthesis. A windrose diagram allows to plot the

obtained displacements as oriented histograms, therefore sim-

ultaneously giving information about the direction of the move-

ment, the quantity (percentage) of pixels moving in that dir-

ection and the magnitude of the displacements. In addition, for

producing the windroses only pixels that had a cross-correlation

error smaller than an arbitrary threshold were considered, there-

fore filtering out bad results. Windrose diagrams were therefore

generated for both the fixed and moving reference approach and

for each of the analysis periods using the windrose Python lib-

rary (Roubeyrie and Celles, 2018); the results for the yearly
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(a) 2019 image - reference (b) 2020 image - secondary

(c) 2019-2020 displacement magnitude output map

(d) 2019-2020 displacement direction output map

Figure 5. Sentinel-2 input and output maps for the analysis

between 2019 and 2020

analysis are reported in Figure 7 and Figure 8. From the win-

drose diagrams, we can see that the majority of moving pixels

is sliding towards South; this is partially consistent with the

(a) 2019 image - reference (b) 2020 image - secondary

(c) 2019-2020 displacement magnitude output map

(d) 2019-2020 displacement direction output map

Figure 6. PlanetScope input and output maps for the analysis

between 2019 and 2020

real movement, even though in reality the Ruinon landslide is

mostly moving along the South-West diagonal. On the other

hand, by comparing the windroses obtained with different data
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sources, their agreement is an indicator of the validity of this

technique.

Figure 7. Windrose for Sentinel-2 data yearly analysis with

moving reference approach

Figure 8. Windrose for PlanetScope data yearly analysis with

moving reference approach

4.3 Result comparison

As shown by Figure 5 and Figure 6, the output obtained by

cross-correlating Sentinel-2 images is very similar to the one

obtained with PlanetScope data. The same portions of the land-

slide are identified as moving, and the displacements are com-

parable in terms of both their magnitude and direction. Due to

the higher resolution, PlanetScope data allow the procedure to

identify displacements in the range 3-10 m, which is not pos-

sible using Sentinel-2 images. On the other hand, the higher

resolution of PlanetScope images is probably the cause for a

greater quantity of noise around the landslide; Figure 9 is an ex-

ample of this issue, since some of the vegetation pixels around

the landslide body are identified as moving, probably because

Planet satellites generate more detailed images and therefore

changes in the vegetation or illumination of the zone become

clearer, and the procedure becomes susceptible to these kinds of

misinterpretation. This problem is also evident by considering

the windrose diagrams; the one for PlanetScope data (Figure 8)

shows a higher quantity of pixels moving towards North, which

in the case of the Ruinon landslide is considered an error since

the landslide moves towards the South-West direction.

Figure 9. Cross-correlation of PlanetScope images and noise

around the landslide

4.4 Validation

Due to its recent activity, the Ruinon landslide has been mon-

itored with UAV surveys by ARPA Lombardia (the regional

agency for environmental protection) from 2019 to 2020, and

by the GEOLab of Politecnico di Milano, from 2021 onwards

(Yordanov et al., 2022). The data collected in these surveys

were made available and were used for validating the procedure

developed in this work. The procedure was validated consider-

ing the results obtained with Sentinel-2 data, given the free and

open availability of Sentinel images. In particular two recent

ARPA surveys (one in 2019 and one in 2020) were selected for

the validation, and two Sentinel images sensed in the same peri-

ods were downloaded. The displacement monitoring procedure

was applied to both the Sentinel-2 images (Figure 10(a)) and

the RGB images from the surveys resampled to a resolution of

10 m (Figure 10(b)), and the obtained results were compared.

Overall the two outputs depict the same portions of the body

of the landslide as moving; moreover, also the values of the

displacements are similar between the two analyses, given that

the mean value of the differences between the magnitude output

rasters is of 5 m and the mean value of the differences between

the direction output rasters is of -18°.

For further validation, the displacements along the Z axis, ob-

tained from the UAV surveys, were inspected (Figure 11). The

right flank of the body of the landslide was considered, since it

corresponds to the part showing a greater movement from the
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(a) Displacement magnitude output from Sentinel-2 images

(b) Displacement magnitude output from upsampled UAV RGB images

Figure 10. Sentinel-2 and UAV outputs used for validation

outputs of Sentinel-2. It was seen that between the two sur-

veys an accumulation zone appears in correspondence with the

large movement detected by the procedure on the bottom of the

right flank (Figure 12). In particular, a positive increase of the

terrain Z of 4 m, due to accumulation of material, was detec-

ted by comparing the point clouds from the surveys. This was

considered in accordance to the movement detected by the de-

veloped procedure, thus confirming the validity of the results.

5. CONCLUSIONS

In this paper, a semi-automatic procedure for detecting land-

slide displacements by means of multispectral imagery analysis

through time was presented, and the results obtained by apply-

ing the procedure to a landslide in Italy were shown and com-

Figure 11. Differences along the Z axis between the two UAV

surveys

Figure 12. Differences along the Z axis between the two UAV

surveys: focus on bottom part of the landslide

mented. As already stated, the monitoring of active landslides

is a matter of primary importance when dealing with mass

movement phenomena, and the increased availability of high-

resolution multitemporal satellite imagery promotes the use of

these images for monitoring purposes. While in situ monitor-

ing can produce very accurate results, a procedure like the one

applied in this work has the advantage to be more flexible, scal-

able and cost-effective than an analysis on-site.

Despite being a first stage approach to landslide monitoring

with the Maximum Cross-Correlation technique, this proced-

ure led to promising results. The obtained results showed a

partial agreement with real world data, and the procedure was

applied to heterogeneous data sources with comparable results

for validation. However, additional work is required, including

primarily testing the performances of the procedure on land-

slides with different characteristics (e.g. movement type, ve-

locity, extension, lithology etc.) than the one chosen for this

work. Moreover, mitigating as much as possible the errors

arising from the preprocessing phases could only benefit ana-

lyses like the one presented in this paper.

Finally, a core strength of this work is that it relies exclusively

on Geographic Information Systems Free and Open Source

Software (FOSS GIS). In view of the spread of landslide phe-

nomena and of the importance of landslide monitoring, this fea-

ture allows this work to be easily replicated, adapted, improved

and empowered.

ACKNOWLEDGEMENTS

The author would like to thank ARPA Lombardia, specifically

Doctors Dario Bellingeri, Luca Dei Cas, Alessandro Menin and

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-4/W1-2022 

Free and Open Source Software for Geospatial (FOSS4G) 2022 – Academic Track, 22–28 August 2022, Florence, Italy

This contribution has been peer-reviewed. 

https://doi.org/10.5194/isprs-archives-XLVIII-4-W1-2022-27-2022 | © Author(s) 2022. CC BY 4.0 License.

 

33



Enrico Zini, for supporting this research with data and sug-

gestions. The work is partially funded by the Italian Min-

istry of Foreign Affairs and International Cooperation within

the project “Geoinformatics and Earth Observation for Land-

slide Monitoring” - CUP D19C21000480001 (Italian side) and

partially funded by Ministry of Science and Technology of Viet-

nam (MOST) (Vietnamese side) by the Bilateral Scientific Re-

search project between Vietnam and Italy, code: NDT/IT/21/14.

References

Amici, L., Yordanov, V., Oxoli, D., Brovelli, M. A., 2022. Mon-

itoring Landslide Displacements Through Maximum Cross-

Correlation of Sentinel-2 Satellite Images. GIS Ostrava 2022

Earth Observation for Smart City and Smart Region.

Berthier, E., Vadon, H., Baratoux, D., Arnaud, Y., Vincent, C.,
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