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I1 Radar ad Apertura Sintetica (SAR)

Il SAR (Syntethic Aperture Radar) € un sistema radar
monostatico attivo, di tipo coerente, operante nel dominio
delle microonde; viene utilizzato per il monitoraggio ad
alta risoluzione di vaste aree del nostro pianeta,
indipendentemente dalle condizioni metereologiche,
nonché di illuminazione solare. Il dispositivo sfrutta il
moto relativo tra sensore e bersaglio per sintetizzare
un'antenna di dimensioni molto maggiori rispetto a quella
reale, consentendo di ottenere immagini ad alta
risoluzione.

L'immagine SAR é rappresentata da una matrice di numeri
complessi. Ogni elemento della matrice € ottenuto come
somma coerente delle risposte dei riflettori elementari
contenuti nella cella di risoluzione. Il termine di fase
dell'immagine SAR € quello utilizzato per la stima del
movimento di un retrodiffusore a terra, in quanto
contiene le informazioni relative al cammino dell'onda EM.
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L’'interferometria

Si basa sul confronto del termine di fase di immagini relative alla stessa area, ma
acquisite in tempi diversi, ed e in grado di fornire stime di movimento con
accuratezza dell’ordine del centimetro.

Una delle due immagini, la meno rumorosa o quella temporalmente acquisita
prima, viene definita master (M), ed e utilizzata come riferimento geometrico per
I'altra immagine che & detta slave (S).

Si indica con B (baseline spaziale) |la distanza tra le posizioni del satellite
corrispondenti alle due acquisizioni (derivante da «errori» orbitali) e T (baseline
temporale) 'intervallo di tempo intercorso.

Linterferogramma, consiste nel moltiplicare il valore di ciascun pixel di M per il
valore (complesso coniugato) del corrispondente pixel di S, e fornisce la differenza di
fase (e quindi di distanza stellite-superficie) tra le due immagini

Il limite principale di questo metodo e rappresentato in primo luogo dalla
decorrelazione temporale, che impedisce di ottenere informazione in zone in cui il
profilo elettromagnetico o la posizione dei retrodiffusori all’interno della cella di
risoluzione e tempo-variante, e in secondo luogo dalla presenza di disomogeneita

atmosferiche che introducono shift di fase.
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Interferometria Differenziale SAR (DinSAR)

La fase interferometrica contiene vari contributi:

Pint = X‘ T %o Datm + Perr

@: flat Earth

Pwpo  topographic phase

Piispi - deformation phase
Patm  atmospheric phase

Per  nNoise (error phase)
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Tecniche InNSAR multi-temporali

 Come si puo utilizzare la grande quantita di immagini SAR oggi disponibile?

e Varie tecniche InSAR multitemporali (o Adavanced-InSAR) sono state sviluppate
negli ultimi 20 anni:

e PS e SqueeSAR dal POLIMI

SBAS da CNR-IREA

IPTA da GAMMA Remote Sensing
PSP da E-GEOS

STAMPS da Stanford University
....e molti altri

e Tali tecniche sono genericamente indicate col termine
tecniche PSI — Persistent Scatterers Interferometry
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InSAR multi-temporale

omponent

Congresso Nazionale SIF 14-18 Settembre 2020



\||"|> Applications & case studies

'\

* Differential InNSAR
* Earthquakes and source modelling ) \

* Multi-temporal InSAR
* Urban subsidence and buried faults
* SAR time series for ground motion
* Landslides monitoring on pit mine
* Volcanoes

* InSAR developments



Differential INSAR examples



The Central Italy Seismic Sequence

On August 24th, 2016, a Mw 6.1 earthquake hit a sector of the Apennines in Central
Italy, causing many damage to the town of Amatrice and several surroundings villages,
and killing 299 inhabitants.

An Mw 5.4 aftershock occurred about one hour later and was located 12 kmm NW of the
mainshock near the town of Norcia.

Two important aftershocks then occurred on October 26th, a Mw 5.4 followed by a
Mw 5.9 event, in an area located about 20 km North of the August 24th event.
However, on October 30th, a stronger earthquake of Mw 6.5 occurred, in the area
between the previous events.

All the main events of the sequence have similar normal mechanisms
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Un dataset senza precedenti

Satellite

ALOS2 (L-band 11.8 cm
per fringe)

Sentinel-1 (C-band 2.8
cm per fringe)

COSMO-SkyMed (X-
band 1.5 cm per fringe)

Polarization

aly

aly

\'A%

\'A%

\'A%

'A%

HH

HH

HH

Pre-seismic
date

15/9/2015
25/05/2016
20/8/2016
21/8/2016
21/8/2016
15/8/2016
20/8/2016
24/6/2016
24/6/2016

26/8/2016

Post-seismic

date
24/8/2016

31/08/2016
26/8/2016
27/8/2016
27/8/2016
27/8/2016
28/8/2016
26/8/2016
30/8/2016

30/8/2016

Orbit direction

ASC

DESC

DESC

ASC

DESC

ASC

DESC

ASC

ASC

ASC

Incidence
angle

40.58°

N/A
38.85°
38.85°
38.85°
38.85°
33.98°
32.23°
32.23°

32.23°

Spatial
Baseline

198 m
N/A
114 m
29 m
77 m
32 m
101 m
315m
54 m

369 m
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I satelliti Sentinel-1A &1B dell’Agenzia Spaziale Europea
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I satelliti della costellazione italiana COSMO-SkyMed

Il campo di deformazione del
suolo misurato con i dati dal
satellite italiano COSMO-
SkyMed dell’ASI: 20 agosto —
28 Agosto

ogni ciclo di colore

corrisponde a 1.5 cm di
deformazione
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I satelliti della costellazione italiana COSMO-SkyMed

e Dettaglio della faglia del Monte Vettore: le frange di deformazione viste dal satellite
italiano COSMO-SkyMed grazie alla sua alta risoluzione spaziale (=3x3 m per pixel a terra)
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L’evento del 30 ottobre 2016

* |l campo di deformazione del suolo del terremoto del 30 ottobre visto da Sentinel-1
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Modellazione della faglia: il modello di Okada

Congresso Nazionale SIF 14-18 Settembre 2020



Le sorgenti delle sequenza 2016
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Multi-temporal InSAR examples



Deformation Velocity Map of Santa Ana, California

Sentinel-1 Ascending + Descending

2015.5 - 2018.6 e Obiettivo: monitorare a diverse scale di risoluzione il
lento processo di deformazione legato all'estrazione
di acqua e allo sfruttamento delle falde acquifere
che ha un impatto sulle deformazioni in area
costiera e si correla al rischio legato al Sea Level Rise

e Diversi dataset non sovrapposti temporalemente:
e necessario uso di modelli di raccordo
e sviluppo in collaborazione con I'Arizona State
University e del JPL
e nuovo algoritmo che si chiama WABInsar che
combina dati multi-orbita usando le Wavelet.

Congresso Nazionale SIF 14-18 Settembre 2020



Vertical and Horizontal Projections

Vertical motion Horizontal motion

Antonio Pepe, G. Solaro, F. Calo, C. Dema, “A Minimum Acceleration Approach for the
Retrieval of Multi-Platform InSAR Deformation Time-Series,” IEEE Journal of Selected Topics
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Urban subsidence and buried faults: Guzman

v'Ciudad Guzman (Mexico) is located in
the norther side of the Volcan de Colima
area, one of the most active Mexican
volcanoes

VIt lays in the Eastern side of a 20 km
wide and 60 km long lacustrine basin
bounded by fault scarps and volcanic
reliefs

v'This valley is filled by a ~1km thick
sequence of quaternary lacustrine
sediments, alluvium, and colluvium

v'The system of normal faults likely cuts
the bedrock hidden under this recent

deposits
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The fractures!

* On 21 September 2012, Ciudad Guzman was struck by ground fissures that
caused the deformations and cracks of roads and buildings
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SAR monitoring: the approach

v'Study of the evolution since 2003 of the creeping phenomenon producing
subsidence and ground fracturing of the Ciudad Guzman area

v'Compare and link the result of the multi-temporal InSAR products of ENVISAT,
COSMO-SkyMed, and Sentinel-1 satellite images, even with different
processing techniques

v"Whole temporal span is from 2003 to 2018.

v'The three systems have allowed the continuous monitoring of the ongoing
deformation with C-band and X-band SAR sensor, for about fifteen years
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Latest outcomes from COSMO-SkyMed

v ,
COSMO-SkyMed LoS mean C v The rates reach values of

ground velocity shows a
clear pattern of
deformation velocity that
highlights a low rate (or no
deformation) zone of
subsidence (blue area), and
a high rate zone in the
north-west sector of the
city (yellow to red area)
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more than 6.5 cm per year
(point C in the map)

Spatial pattern of the
deformation rate is very
similar to the one measured
with ENVISAT (previous
study)



Latest results from Sentinel-1

v'S1 processed with SBAS and PS technique

v same general trends for
SBAS&PS

v" some areas (B&C points) 5 to
10 mm/yr difference is found

v' strong increase of the
subsidence rate when crossing
the points where the fractures
occurred in September 2012:
fully agreement with the
ENVISAT data (previous study)

SBAS PS
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15 years of measurements

Integration of all the satellites: COSMO-SkyMed and Sentinel-1 data have been re-projected along
the ENVISAT LoS assuming an actual vertical deformation only

v'Linear trend is assumed, so that
the gaps between each series
are filled with a linear
extrapolation

v"COSMO-SkyMed and Sentinel-1
estimated rates seem to show
an increasing velocity of the
ground subsidence in recent
years
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A 2D numerical model

2D numerical model crossing Guzman
from NW to SE developed that fits with
the deformation measured form PSI
data

Two steps model:

1) stress state only by gravity load;
groundwater table is horizontal
and pore pressures present a
hydrostatic stress distribution

2) water table is lowered in order to
simulate the displacements
observed by InSAR (only ENVISAT
data)

v Sediments thickness control magnitude of deformation: higher thickness -> higher defo (NW)

v Changes in thickness produce also horizontal movements and maximum tensile strain

v’ Tensile strain associated to high gradient of vertical motion produce surface fractures
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Landslide/Subsidence Application:
Fushun Open Pit Mine (NE China)- SBAS approach S1 Desc

The Fushun pits area, in northeastern China, is
the largest open coal mine in Asia.

The subsidence phenomena are clear. A large
strip at the mine edges shows strong ground
deformation reaching up to more than 300 mm
of cumulative ground displacement in 2 years.
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Fushun Open Pit Mine (NE China) - SBAS approach S1 Asc

The S1 ascending track unfortunately covers
only half the area under investigation.

Concerning the Fushun mine area, we obtain
a clear pattern at the edges of the pits
showing subisdence rates up to -90 mm/yr.
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Fushun Open Pit Mine (NE China) - PS approach CSK Desc

Main results: strong ground deformation along the northern and southern steep

mine slopes, putting several hundreds buildings at risk of collapse.

Debris stockpile at the pit borders resulting in postive velocity value (up to 5 mm/yr).
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Displacement [cm]

Volcano - SBAS approach: The Wolf volcano

(Galapagos island)

Mean vel (cm/yr): 6.7175 Coher.: 0.9996409 Height: 1002.39
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InSAR Developments: Experiments on UAVSAR

e Developing of a novel space-time adaptive INSAR method to
improve performance in areas with medium-to-low
coherence

e Experiments with CSK data (X-band)
e Experiments with UAVSAR (L-band)

e Combined analyses using CSK, Sentinel-1 and UAV data.

e Combined analyses at different polarizations

Antonio Pepe, Pietro Mastro, and Cathleen E. Jones, "Adaptive Multi-looking of
Multi-Temporal Differential SAR Interferometric Data Stack using Directional

Statistics. Under-review to Transaction of Geoscience and Remote Sensing
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InSAR Developments: Experiments on UAVSAR

SN

Without Adaptive Multi-looking
With Adaptive Multi-looking
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v

v

Final Remarks

Nowadays InSAR techinques represent powerful and consolidated methods
form monitoring purposes and improve knowledge of geophysical processes

Applications in many domains of ground motion at different spatial scales:
urban subsidence, landslides, groundwater-exploitation, tectonic and
volcanic

The unprecedent availability of SAR images from many satellite missions
(different temporal spans, different viewing angle, different sensors
wavelength) requires for the development of new approach of integration of
such datasets
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