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Aims & contents

•Present a methodology for landslide 
impact evaluation based on 
interferometric data, developed in the 
framework of U-Geohaz project

•Present the results of a 3-years 
monitoring project based on Sentinel-1 
data, focusing on data management 
for Civil Protection aims



Satellite interferometry-
based landslide impact 

assessment – an example 
from Valle d’Aosta Region 



Valle d’Aosta region

Surface = 3260 sqkm

Population = 126.687

Municipalities = 74 

>50% of the territory is 
above 2000 m a.s.l.



Valle d’Aosta – Landslide risk

4400 landslides

134 landslides/100 sqkm

520 sqkm affected by 
landslides (16% of the total)

“La Saxe” landslide

“Champlong” landslide

Rockfalls, complex and 
rotational landslides are 
common



Test area – NE Valle d’Aosta



Test area – NE Valle d’Aosta

Landslide index = 20%, some DSGSD cover more than 10 km2



Test area – Past events

13 to 16 October 2000 rainfalls:

385 landslides - 259 debris flows

17 people died

500 millions euros lost



General concept

• Interferometric data are the core of the 
methodology and the starting point

• The final output should be a color-scale 
map showing «numbers» for each element
at risk →quantitative estimation

• The methodology should work at regional
scale with limited ancillary data

• The methodology should use common GIS 
tools or open-source software

• The methodology should be fast to apply



Some definitions

• Vulnerability: degree of loss of a given element at 
risk to the occurrence of a landslide of a given 
magnitude (Corominas et al., 2014)

• Exposure: a characteristic of the element at risk 
(person or structure) and it is referred to its 
location and economic value (Glade and Crozier, 
2005)

• Intensity: an evaluation of landslide 
destructiveness (Hungr, 1997)

• Potential loss (or worth of losses): product 
between vulnerability (as a function of intensity) 
and exposure (Catani et al., 2005)



Work flow of the methodology



Deformation map – Starting point

364451 PS → we need to group the fastest PS to reduce the time 
needed for interpretation



Phase 1 – ADA generation



ADA database generation
• Isolation distance=100

• Stdv dev= 2 (velocity
threshold=10 mm/yr)

• Clustering radious=28

• Minimum ADA size=5

Time required to obtain
the output= few seconds



ADA database

54 moving areas



Phase 2 – Intensity evaluation



Landslide intensity - concept

• Two ways to define landslide intensity starting 
from the ADA:

1. ADA-related intensity, if an ADA directly
overlaps with a urban area, a building or a 
road

2. Model-related intensity, if an ADA does not
overlap with a urban area but indicates the 
motion of a debris area

• Both approaches define intensity on the basis
of three classes(I1,I2 and I3) depending on the 
variability of their outputs



ADA-related intensity

• Landslide intensity depends on the average 
velocity of each ADA directly intersecting an 
element at risk

• Intensity classes:

1. I1: average velocity < 16 mm/yr

2. I2: average velocity between 16.1 and 32 mm/yr

3. I3: average velocity higher than 32.1 mm/yr

• The first limit (16 mm/yr) represents the passage 
between extremely slow and very slow landslides, 
as assumed by Cruden and Varnes (1996). 



ADA-related intensity



Model-related intensity

• Considering the low urban density of the area of 
interest and of Valle d’Aosta in general, we opted
to use ADA in a different way

• ADA used as indicators of active mass wasting 
processes, involving unstable debris that could be 
source areas for catastrophic debris flows/debris 
avalanches

• A run-out model is used to evaluate the possible 
landslide evolution, in terms of landslide path and 
spatial distribution of the accumulation 

• Extension of the concept of landslide intensity 
definition trough interferometric data



Geo-indicators

• Mapped debris flows
• Mapped debris deposits
• Presence of debris



Run-out model

GPP model
• Run-out & process path 

model for debris flow or 
avalanches

• Open source and 
implemented in SAGA GIS

• Requires a DEM as input 
(basic configuration)

• Allows deriving:
▪ maximum velocity of the mass
▪ stopping positions
▪ height of the deposited material 

• Different approaches: empirical, 
stochastic and physically based



GPP model
http://www.saga-gis.org/en/index.html

• Open-source GIS developed by a team of researchers from the Dept. of Physical 
Geography, Göttingen

• SAGA occupies 190 Mb
• It is very useful for geomorphological analysis

http://www.saga-gis.org/en/index.html


SAGA graphical interface



GPP user interface



GPP model 

• Process path models
1. Maximum slope (O’Callaghan & Mark, 1984)
2. Random walk (Gamma, 2000)

• Run-out models
1. Geometric gradient (Heim, 1932)
2. Fahrböschung (Heim, 1932)
3. Shadow angle (Hungr & Evans, 1988)
4. One parameter friction model (Scheidegger, 1975)
5. PCM (Perla et al., 1980)

• Deposition models (requires material height for starting 
cells)

1. Sink filling (Gamma, 2000)
2. On stop (Wichmann, 2017)
3. Slope and on stop (Gamma 2000)



Model inputs
• In its simplest configuration, the GPP model only requires 

a DEM and one or more source areas (i.e. starting cells 
with altitude information)

• In our study, we used a more complex configuration in  
which:

1. The source areas are defined on the basis of the PS 
point distribution of each ADA and selected considering 
the distribution of moving points and the local 
morphology

2. The DEM resolution is 2m

3. The height of material for each starting cell is defined 
and obtained by Salvatici et al. (2018) using the 
Geomorphologically Indexed Soil Thickness model 



Work flow of the process

Each starting cell is characterized by an elevation and (if available) a material 
thickness

If a slope or 
velocity 
threshold is 
reached



Random walk model

• Defines how each particle “move” and how the flow will be

• 3 inputs parameters are needed. They are set at basin/flank scale



PCM model
• Two-parameter friction model

• It is a center-of-mass model in which two parameters that 
govern the motion of the particle must be defined: the 
sliding friction coefficient (µ) and the mass-to-drag ratio

• µ = 0.19 ∗ 𝑎−0.24 where a is the catchment area

• The mass-to-drag ratio depends on the size distribution of 
the material and for debris flows made of granular 
materials and blocks is on average equal to 70

local slope

slope length between 
adjacent grid cells

The process stops as soon as the square root becomes undefined



Slope & On stop

• The deposition starts once the slope drops below a specific threshold

• The amount of material deposited on the stopping cell (%) is controlled by 
the Initial Deposition on Stop parameter

• At a slope of zero, the Maximum Deposition along Path parameter 
controls the percentage of material that is deposited

• The Minimum Path Length, which describes the distance along the 
process path that must be exceeded before deposition sets in

Single iteration 10 iterations



In summary

What we have to do:

1. Select all the ADA that respect the “Geo-indicators” 
condition

2. Group them for macro-areas (same flank, basin, 
etc…)

3. Run the model on a known debris flow in the area 
of interest to calibrate the model. 

4. Use the parameters to run the GPP using as source 
areas the ADA; multiple source areas can be defined 
within the same ADA, depending on the PS 
distribution and on the local morphology

5. If pt.3 is not achievable, select one ADA and launch 
multiple GPP runs until you obtain a reasonable 
result 



Outputs of the model
Transition frequency Velocity

Material height Stopping positions



Intensity definition
• The height of material at every cell as a proxy for landslide 

intensity

• Three classes of intensity:

1. I1: height of the material lower than 1.25 m

2. I2: height of the material between 1.26 and 2 m

3. I3: height of the material higher than 2.01 m

The values chosen are defined 
following the vulnerability 
functions derived by Papathoma-
Kohle et al. (2015) using real 
debris flow events in South Tyrol 
(Austria) 



Model-related intensity



Phase 3 – Exposure definition



Elements at risk database
Buildings

Regional road
Local road

100454 buildings
6784 road stretches



Exposure

• We defined exposure as an economic value of 
properties, not considering people occupancy

• We assigned the market values of a building at 
municipality scale. If not possible, we used the 
construction/renewal cost multiplied by 10

• For roads we used the construction cost of 
the road itself, not considering accessory 
costs 

• Exposure of cultural heritages – including 
churches – is not defined (it is too much site-
related)



Exposure values
Private houses

https://wwwt.agenziaentrate.gov.it/geopoi_omi/index.php

We used the average market 
value for each municipality

OMI database

https://wwwt.agenziaentrate.gov.it/geopoi_omi/index.php


Exposure values
Stores & warehouses

https://wwwt.agenziaentrate.gov.it/geopoi_omi/index.php

https://wwwt.agenziaentrate.gov.it/geopoi_omi/index.php


Exposure values

Construction cost for hotels of different categories

Construction cost for stables



Exposure values

Construction cost for different types of roads. Source: ANAS 



Exposure values
Type of building/road E (€/sqm)

Barn 80

Camping 2600

Greenhouse 50

Hotel 1550 – 4600

Industrial laboratory 740 – 1000

Local road 50

Motorway 350

Municipal road 150

Office/service sector 1175 – 2600

Private house 1075 – 4350

Provincial road 180

School complex 4000

Shed 540-890

Commercial building (shop, restaurant, etc...) 865 – 2100

Shopping mall 1400 – 2200

Sport facilities 15-120

Stable 120

Regional/State road 250

Warehouse 680 - 1000

• If the value is a range 
the OMI database is 
used. The value is 
assigned depending 
on the municipality 
where the element at 
risk is found

• The value for private 
houses has a large 
variation because of 
the more or less 
touristic “level” of the 
municipality



Phase 4 – Vulnerability & potential loss



Vulnerability

• Vulnerability varies, as a function of 
landslide intensity, between 0 (no damage) 
and 1 (complete loss).

• Each value of vulnerability is defined by the 
typology of element at risk following a data 
driven approach 

• Linear elements have the highest 
vulnerability values for each intensity class. 

• If intensity is equal to zero, then 
vulnerability is null.



Vulnerability values

Type of building/road
V 

(I=1)

V 

(I=2)

V 

(I=3)
Barn 0.2 0.4 0.6

Camping 0.4 0.6 0.8
Greenhouse 0.2 0.4 0.6

Hotel 0.15 0.3 0.5
Industrial laboratory 0.1 0.2 0.5

Local road 0.6 0.8 1
Motorway 0.4 0.6 0.8

Municipal road 0.6 0.8 1
Office/service sector 0.1 0.3 0.6

Private house 0.2 0.35 0.6
Provincial road 0.6 0.8 1
School complex 0.3 0.5 0.7

Shed 0.2 0.4 0.6
Commercial building (shop, restaurant, etc...) 0.2 0.35 0.6

Shopping mall 0.2 0.35 0.6
Sport facilities 0.3 0.5 0.7

Stable 0.15 0.4 0.6
Regional/State road 0.4 0.6 0.8

Warehouse 0.2 0.4 0.6



Potential loss

• D= I(fV)xE

• The potential loss is referred to the direct 
impact of a landslide on a building or road 
and it is expressed in quantitative terms 
(Euros for square meters)

• If one or both vulnerability and exposure 
are null, the potential loss is zero



ADA-related intensity (1)

Cervinia, Valtournenche municipality. 3 ADA in the toe area of a large DSGSD



ADA-related intensity (1)

Residential buildings, a shopping mall, 2 tennis courts, an hotel and a 
restaurant. 1 local road



ADA-related intensity (1)

The highest potential loss is 525 €/sqm for a 4-stars hotel



ADA-related intensity (2)

Chaloz village, Valtournenche municipality. Multiple ADA within a large 
DSGSD and various rotational landslides



ADA-related intensity (2)

90% private houses, some shops, warehouses, four hotels, barns and 
a tennis court. Some local roads and a regional road 



ADA-related intensity (2)

The highest potential loss is 490 €/sqm for private houses



Model-related intensity (1)

Ciseran village, Montjovet municipality. One ADA found within a 
debris area in a large DSGSD



Model-related intensity (1)

One private house could be hit by the debris flow with intensity 1. 
V=0.2 and D=260€/sqm

Random Walk model 

Slope trs. 40°

Exponent 1.5

Persistence 1.5

PCM model

µ 0.2

M/D 70

Slope & On Stop

Slope trs. 15°

Initial dep. 10%

Max dep. 20%



Model-related intensity (2)

Tron village, Montjovet municipality. One ADA found within a debris 
area in a large DSGSD, crown area of 2 complex landslides



Model-related intensity (2)

Two local roads could be hit by the debris flow with intensity 1. V=0.6 
and D=30€/sqm



Final considerations
• We expand the concept of PS hot-spots, using them 

as input for “quantitative” damage estimation

• Interferometric data are here used for:

1. ground movement hot-spots detection

2. as landslide intensity tool (“ADA-related” approach) 

3. potential debris flow source areas detection 
(“model-related” approach)

• The methodology is designed for regional scale 
studies with few ancillary data available

• The methodology is designed for a wider exploitation 
of interferometric products, not only as mapping 
tools but also as instruments for preliminary risk 
estimation



Limitations
• All the classical limitations of interferometric data 

(topography, snow, vegetation, fast motions…)

• Both vulnerability and exposure are estimated at 
medium to small scale. This is not a detailed scale 
analysis, it should be refined where possible

• The GPP model is a “worst-case” scenario 
forecasting, not a rheological model of a single 
phenomenon. So we can both underestimate or 
overestimate the reality

• No temporal occurrence information about the 
phenomena can be given, so it is not a 
quantitative risk analysis



Sentinel-1 satellite monitoring 
system of the Tuscany Region



Technological background

a. Sentinel-1 is providing a 
continuous streaming of radar 
images free-for-all

b. “Science-oriented” acquisition 
plan → no data lost

c. Good compromise between 
acquisition band and resolution 
for regional-scale studies

d. Algorithms and calculus power are 
ready to process over wide areas

e. We already have the experience of 
previous “photographs” of entire 
nations

f. New cloud-computing capabilities



The concept
Transition from static satellite 

analysis to dynamic monitoring 
of ground displacement

Systematic analysis of 
deformation time series, 

coupled with automatic tools 
for data mining and screening 

of large datasets

Transition from «one-shot» 
delivery to a continuous

streaming of information



Deformation maps



Monitoring plan

71 updates of the project – almost 3 years of monitoring



Our activities

PS Mapping PS Monitoring

Typology Single product
Continuous

service

Time deferred «real»

Update 1 year 6 days

Purpose
Update of 
landslides

inventory maps

Update of 
scenarios for 

geohazard risks



PS Mapping

• It is based on the concept of ADA – Hot spot analysis

• We perform the analysis every year

• We classify each moving area on the basis of its possible triggering 
cause (mining, subsidence, uplift, landslide, geothermal activity)



Multi-temporal results

1st year 2nd year 3rd year

The filtering threshold is 10 mm/yr



Some examples



Patigno landslide



Patigno landslide



Patigno landslide



Municipality classification

Provincial Road –
low density of 

strcuture/infrastructure
Provincial Road –

high density of 
structure/infrastructure

Secondary Road 

Class Description

1 No relevant cluster

2

Isolated elements at risk
(secondary road network,
isolated buildings) within the
clusters

3
Elements at risk (primary road
network, isolated buildings)
within the clusters

4
Several elements at risk (primary
road network, villages, town)
within the clusters

• Expeditious “risk” evaluation

• We only consider the type of element at risk – qualitative way



Final product



PS Mapping dissemination & use

PS Mapping result

Analysis & validation

Landslide velocity

New landslides

Enlarge the 

perimeter

Reduce the 

perimeter

Confirm the 

perimeter Activity Intensity

Evaluation of landslide activity

& intensity

Survey

Landslide perimeter

New or known

Operational document for landslide risk 
management of the Tuscany Region
Resolution n° 224 of 25/02/2019



PS Monitoring
procedure



Anomaly detection
Anomalouls point: PS with a change of 

deformation rate in the last 150 days



Anomalies database

• Every 2 SNT-1 images a new 
processing is performed 
→new deformation map 
and new anomalous points

• The data are then 
interpreted and the 
database updated

• We define for each 
anomaly:

1. cause (either if it can be 
true or not)

2. temporal persistency

3. spatial persistency



Monitoring bulletin

Class Description

1
No anomaly within the 

municipality

2
At least one anomaly within

the municipality

3
At least one persistent 

anomaly within the 
municipality

4
At least one persistent and 

relevant anomaly within the 
municipality

The bulletin is sent to the end users the same day or the morning after the delivery of the 
satellite data



Monitoring bulletin



Post-bulletin procedure

Monitoring bulletin
Upload in a dedicated WebGIS
protected by password

Less than 10 days

Field survey with a mixed
team composed by 

researchers from UNIFI, 
regional/local authorities and 

Civil Protection members

•Survey sheet

•Technical report

•List of action to be 
taken

Delivery of the complete 
documentation to every

end-user interested in

Phase 1

Phase 2

Phase 3



Field sheet



Field sheet - Intensity
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Field sheet - Exposure



Actions to be taken

R1 No particular precautions have to be taken.

R2

- Installation of extensiometers or crackmeters
- Systematic field surveys

- Conventional topographical monitoring
- Geo-engineering solutions

R3

- Installation of inclinometers
- Installation of piezometers
- Installation of rain gauges

- Detailed studies
- Environmental engineering techniques

R4
- Installation of GB-InSAR instrument

- GPS topographical monitoring
- Environmental engineering techniques

These are SUGGESTIONS, the municipality is not bound to any of 
these points. But if the local administration decides to take actions, it 
is a priority way to obtain regional funds



Sambuca Pistoiese



Sambuca Pistoiese - Acceleration



Sambuca Pistoiese – Time series



Sambuca Pistoiese - Survey

Further in situ 
investigations are 
needed to understand 
the landslide motion:

1. Boreholes

2. Inclinometers

3. Geotechnical 
parameters

4. Building fractures 
monitoring systems



Montemurlo



Montemurlo – Time series

Three acceleration periods related to the illegal activity of 
water extraction from a unauthorized well



Montemurlo – Survey

Further in situ 
investigations are 
needed:

1. Hydrogeological 
parameters

2. Building 
fractures 
monitoring 
systems



Actions taken

The Tuscany Region financed for a total of 246k€ additional 
geological activities Sambuca Pistoiese and Montemurlo.



Dissemination of the results

We disseminate our results at different levels:

1. Scientific community: papers & conferences

2. Risk management entities (Tuscany Region – Geni
Civili, Regional and National Civil Protection): 
periodic reporting, dedicated WebGIS (deformation 
maps + filtered/interpreted anomalies), bulletins, 
surveys

3. Municipalities: surveys results (including reports) 
and dedicated WebGIS (deformation maps ONLY)

4. Everyone (geologists, engineers, etc…): dedicated 
WebGIS (deformation maps ONLY) and courses 



Open WebGIS

https://geoportale.lamma.rete.toscana.it/difesa_suolo/#/viewer/openlayers/326

https://geoportale.lamma.rete.toscana.it/difesa_suolo/#/viewer/openlayers/326


Open WebGIS

• The download is free and everyone can access to the 
portal. The user can upload its own shapefiles if needed 
(i.e. an area of interest contour, a landslide, etc…)

• We prepared, helped by 2 lawyers, specific terms of 
service 

• A guideline about the use of the data and how they can 
be used and interpreted is available in the website

• In the guideline, the user can also found a disclaimer and 
a list of “bad practices”

• The anomalies of motion are not delivered to the public, 
being a really advanced product (risky as well…)



Courses

• We have already organized 
two courses (one in 
Firenze and one in Livorno) 
about the use of these 
data

• We start with the radar 
theory, giving to the 
technicians an overview on 
interferometric product 
and on how to read them 



Final considerations

• Image availability & computational power allow rethinking
the concept of PS data for “one-shot” mapping activities

• In the Tuscany Region the system is now fully operative. It
was not easy to tune but we start to obtain good results

• A key factor to correctly manage the amount of data is
the constant exchange of information with regional and
local entities

• The end users must have an active role in the
dissemination of the results

• The dissemination itself requires precise guidelines and
rules to avoid misinterpretation and uncorrect usage



Thank you
for your 

attention
if you have any question: lorenzo.solari@unifi.it


