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- ICEYE builds and operates a commercial constellation of small synthetic aperture radar satellites. So far, -w

14 satellites have been launched and ICEYE plans to expand its constellation up to 18 satellites by mid-

2022, with the objective of reaching an average access time of three hours anywhere on the globe.
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The mission is used in many sectors, from monitoring floods

=

A

0

and mining activities, to marine vessel detection and iceberg

monitoring.
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The ICEYE satellite constellation will complement existing
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synthetic aperture radar missions in the Copernicus
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programme.

Toni Tolker-Nielsen continued, "We are particularly proud to
work with ICEYE, which is one the few New Space

companies that we have in Europe in the field of Earth
observation. In fact, this is not the first contract that ESA has signed with ICEYE. For a few years now, ESA

has been buying ICEYE data and making them available to scientists and to pilot activities. | encourage

scientists to use ICEYE data through the Earthnet programme.”
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Topics

O Interferometric Synthetic Aperture Radar (SAR)
O Differential Interferometry

O Atmospheric contribution

O Persistent Scatterer and Time Series Analysis
L PSINSAR Applications

O STAMPS

O InSAR and GPS data fusion

O Mitigating atmospheric effects

O Outlook for SAR interferometry

Ciéncias  J0d0 Cataldo Fernandes (jcfernandes@fc.ul.pt) 5



Geometry from SAR interferometry

Interferometer baseline Satellite orbit 2

e

Perpendicular baseline

L\

Slant range
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Interferogram

If ¢g = ¢’y , thatis, if there is no change in the
scattering mechanism of the resolution cell.
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Interferéncia :: Sintese

First Chapter: Interference

E = E, (cos wt + i sin wt) = Ejexp (iwt) Interference :: Overview
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With surface
movement
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Sensitivity to deformation 1000x higher than for
topography

B =100m
k=0.003



Fase Topografica

c Height ambiguity = 112 m, B = 100m, 6=40¢

Ciéncias Jodo Cataldo Fernandes (jcfernandes@fc.ul.pt)
ULisboa




Differential interferogram
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APPLICATIONS

Sentinel-1D
preparations
underway In

08/10/2025 587 VIEWS 16 LIKES

ESA / Applications / Observing the Earth / Copernicus / Sentin

The Copernicus Sentinel-1 mission is about to get
Sentinel-1D has now undergone the checks and fi

integration with Ariane 6, ready for launch on Tues

Why two satellites are better than one

The launch of Copermnicus Sentinel-1D will provide a much-needed replacement to Sentinel-1A, which has

been in orbit for 11 years now, well beyond its planned lifetime.

Sentinel-1C has been fully commissioned and currently operates with Sentinel-1A to deliver radar images
of Earth's surface, performing in all weathers, day-and-night. This service is vital for disaster response
teams, environmental agencies, maritime authonties, climate scientists — and other users who depend on

frequent updates of critical data.

Having two satellites in operation at any one time is essential for providing timely data and can mean a
significant difference between a late warning and a critical early warning. The arrival of Sentinel-1D will

enhance the Sentinel-1 mission’'s performance in several ways:

When it joins its sibling Sentinel-1C, which was placed in orbit in December 2024, Sentinel-1D will

significantly enhance the capabilities of the Copernicus Earth observation programme.
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— Sentinel-1D spacecraft with AlS antennas

Better revisit time and coverage: With two satellites
in the same orbit 180° apart, the revisit rate over any
location on Earth improves. This means more frequent

imaging, faster change detection, better monitoring.

Enhanced features working in synergy: Both
satellites have a C-band Synthetic Aperture Radar
(SAR) instrument on board, which allows it to capture
high-resolution imagery of Earth’s surface. They are
also equipped with an Automatic Identification System
(AIS) instrument to improve detection and tracking of
ships. When both are operational, more frequent AlS

observations are possible.

Streamlined operations and cost savings: Because
Sentinel-1C has just gone through commissioning,
lessons learned can be applied to Sentinel-1D,

reducing time and risk.

GNSS compatibility: There are other improved
onboard capabilities for Sentinel-1. For example, while
Sentinel-1A and -1B were compatible only with the
Global Positioning System (GPS), Sentinel-1C and -1D
are compatible with the whole Global Navigation

Satellite System (GNSS), including Galileo.
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Sea-level monitor
satellite unboxed

P Jodo Cataldo Fernandes (jcfernandes VI : '
Ciéncias G — Copemicus Sentinel-6 radar altimeter




Although part of the European Union’s fr g
exceptional international cooperation, inv

NOAA, with additional support from the |

As well as mapping the height of the ses
also provides data for practical ‘operatio
wave height and wind speed, data that 2

altimetry provides the most comprehens

The Sentinel-6 satellites carry an altimet
travel to Earth’s surface and back again

altimetry measurements yield the height
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n November 2020 and then
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Coeréncia

The measure of the phase quality of an interferogram is given by the coherence of
each pixel in the interferogram.

Rodriguez and Martin (1992) presented

an analytic expression for phase
variance:

1 1—y?
ZNL y2

2 _
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Coherence is defined as:

_ E(s153)
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DINSAR Applications > Volcano deformation

» Earthquake deformation

Volcanic Hazards )
> Permafrost and Glaciar

displacement

»

Volcano Monitoring

Earthquake deformation
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Differential Interferometry
Volcano Monitoring
o AR | o P

Fogo, Cabo Verde
Sentinel-1
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Earthquake
deformation

Napa Valey

earthquake,
24 Agosto 2014




Interferometria Diferencial

RockGlaciar movement
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Peninsula Hurd
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RockGlaciar movement
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The atmospheric contribution

Longer wavelength microwave radiation can penetrate
through cloud cover, haze, dust, as the longer wavelengths
are not susceptible to atmospheric scattering.

Radiation travel path can be affected by atmospheric
BUT s
humidity, temperature and pressure

Two SAR images not simultaneous, can be affected differently by the
atmosphere with consequences on the interferometric phase.
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Limitations of Differential INSAR
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Limitations of Differential InSAR

Geometric decorrelation B

tl

B<1000 m

Critical baseline

Temporal Decorrelation

%@o%%/ %%%/ %3

Received signal is Random motion of Change in incidence
superposition of waves from scatterers causes wavelets angle causes wavelets
all scattering centers to interfere- to interfere-
"temporal decorrelation” "baseline decorrelation"
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Coherence

5 3
7,

-

Fo-
=

e WhAat distinguishes'thi-s pixel from others?

1 1 o ALOS(FBD-FBD)

0.8 tati 0.8 urban + ALOS(FBD-FBS)

RESEIaRt © ALOS(FBS-FBS)

0.6 0.6 O ERS

0.4 { } 0.4 * {* f } {

Awtt iha| oM #

0 0 Wei and Sandwell, 2010 (IEEE TGRS)
C 0o 05 1 15 2 25 o o5 1 15 2 25
Time interval (yr)

Ciencias  J0do0 Cataldo Fernandes (jcfernandes@fc.ul.pt)
Ulisboa



q)x,i

0

2%« = %%\
W/ X

(Hooper, 2006)

Persistent Scatterer (PS)

(b)
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| Persistent Scatterer
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Corner Reflectors

Structures that have two or more (usually
smooth) surfaces with right angles may be
corner reflectors if the faces are facing the
satellite.

B CCRSICCT

The orientation to the satellite of surfaces with a right angle between
them causes most of the radar energy to be reflected directly to the
antenna due to the double reflection.

In urban environments, corner reflectors with complex shapes are
common. Buildings, bridges and other built structures.

Ulisboa



Barragem do Pizao
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In 2001, Ferretti et al., proposed a technique called "Permanent
Scatterers technique" that allows the analysis of long time series
of interferograms.

The technique is based on a set of pixels that are
consistent over time and allows, under certain conditions:

Determining the DEM Error Used in the
Differential Interferogram

Detecting surface movements with millimetre
precision

Ciencias  J0do0 Cataldo Fernandes (jcfernandes@fc.ul.pt) 33



To estimate/mitigate atmospheric signal

To separate topography and deformation
To estimate orbit errors
To resolve the ambiguities

PERSISTENT SCATTERER

Ferretti et al., 2001,
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The interferometric phase of point P of interferogram k, is:

+ ¢noise
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PS Processing Algorithms

|
)
Methods
Temporal Spatial
Model Correlation

» Relying on model of deformation in time: e.g. “Permanent
Scatterers” (Ferretti et al. 2001), Delft approach (Kampes et al.,
2005)

* Relying on correlation in space: StaMPS (Hooper et al. 2004)
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Persistent Scatter Candidates (PSC)

Ferretti et al. (2001) proposed to select a PSC if the amplitude dispersion is below a threshold,
typically between 0.25 (Colesanti el al., 2003).

The amplitude dispersion index D, is a proxy of the phase U
standard deviation and is defined as: S
O-Cl
D —_—— = & 0.4af
a a b

Where o.is the temporal standard deviation of the ot 7 R MM Dem:[:::):p:rﬂo[ra{?f

amplitude and a the temporal mean of the amplitude for | -

a certain pixel. % T HE TR+

Desvio Padrio do Ruido a
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(Psat-2 begins science N
phase for Al Earth

. These Al capabilities include selecting images with clear visibility, while discarding images obscured by
I m a g e s cloud cover. The algorithms can also detect and analyse disaster areas, for example zones affected by
wildfires, earthquakes or floods, and identify access routes for emergency response teams. It can also be

15/07/2025 3219 VIEWS 45 LIKES used to detect ships, gather data on illegal fishing and marine pollution. Commissioning was concluded in

]

the second quarter of this year and the satellite is now delivering scientific data.

ESA / Applications / Observing the Earth / dsat-2
The satellite orbits at an altitude of 510 km. It generates images using seven multispectral bands, from
visible to near-infrared, as well as one panchromatic band, with a ground sampling distance of about 5 m.

dsat-2, a miniature satellite, has completed its col This type of remote-sensing instrument is particularly useful for environmental menitoring, land

delivery of science data, using algorithms to efficie management and mapping.

observation images, as well as detect wildfires, sk

To mark the transition from commissioning to science phase, five Images have been selected to show a

range of capabilities for various end-uses over diverse types of terrain. All images are true colour using
The cubesat measuring 22 x 10 x 33 cm was launched in Aug! red, green and blue spectral bands, except for the image of the Bahia Blanca Estuary, which is false
four days after launch. Since then, the ®sat-2 team has spent colour using near-infrared spectral band

multispectral imager and its onboard Al applications, which carry out a range of activities.



Persistent Scatter functional model
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Integration relative to a reference

N
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Residual phase due to atmospheric effects and non-uniform
deformation.
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Final estimation

The time average of the residual phase is an estimate of the atmospheric phase at the
master date. Can be removed from all PSCs.

The remaining residue is successively filtered in time and space to obtain the atmospheric
component of each interferogram.

qbalc(,atmo — [[e,lyg]HP_time] + [e_x]LP_space

LP _space

APS is removed from all interferograms and the process restarted for all pixels.

Requirements

TSR
- TS

42
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PSINSAR Applications: Tectonics and Subsidence

Seismic Faults in Los Angeles Basin: Subsidence Phenomena:

Saiv.Joes Fault Oil & Gas Fields

Raymond Fault = Water Pumping - Velot%SField
Whittier Fault

’ [mm/yr]
El Modeno and Peralta Hills Faults

Los Alamitos Fault
Newport - Inglewood Fault

Palos Verdes and Cabrillo Faults

Elysian Park Blind Thrust (?)

Coyote Hills Blind Thrust (?)

Puente Hills Blind Thrust (?)
Santa Fe Spring Blind Thrust (?)
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PSINSAR Applications: Subsidence (water extraction)

(o)

Imagery: Dates: Feb 22, 2007.4N

: Cidade do Méxic
C Osmanoglu et al., 2011
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Etna - Italy
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Subsidence in Lisbon(2010 — 2011), TSX

A

-89 - -5.0
49--26
25--14
13-14
15-45

47-113

FC Cataldo, J, et al.2011, 2015. Detection of ground subsidence in the city of Lisbon: comparison of InSAR and topographic measurements.
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PSINSAR Applications: Digital Surface Model

Crosetto, M., Monserrat, O., Iglesias, R. Zhu and Bamler, 2010
and Crippa, B., 2010.
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Limitations of the technique

ﬁ/ﬂn Distance between PSC < 2 km

f> In natural environments this condition is not verified.

The PS must obey a predefined deformation model, linear
in time.

Many of the deformation processes follow non-linear processes in
time (landslides, volcanism)

49



Hooper et al. (2004) proposes a method based on phase analysis and spatial
correlation of phases, as an alternative to a pre-defined strain model.

StaMPS PS Approach

Explores the
spatial correlation
of the

deformation

signal. a) in rural areas without b) when the deformation rate is
buildings (low amplitude) very irregular

Developed for more general applications, to work:

The Ferretti
method assumes

18111 ¢ Leveling

g GPS “\
a linear | e R |
deformation e é

> 1808 o66 1988 1950 1992 1994 1996 1998 2000
mOdeI Year
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Phase Analysis

The phase of a pixel x in the interferogram k is given by:
%’f = W{qbalcc,def. + qbalg,atmo + ¢3Ic{,orb + ¢9]§9 + qb)lc{,noise }

The correlated part of the signal is estimated using an average filter in the
frequencies domain and removed from the original signal:

4 Nonlinear Equation Due
k _ Tk _ T ok feu
Yy — Yy =W TBL,X G moise T Dx to Coiled Phase

u designates the spatially uncorrelated part.

Hooper defined the standard for the variation of the residual phase of a pixel as:
K

> exp(wk - Pk - 0G4

k=1

The value of the topographic phase is
selected by maximizing this standard.

1
yxZE

v, IS @ measure of the phase noise level and an indication of the pixel phase
stability, used to determine whether a pixel is a PS.
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eestimation
T T T T T T

Selecao dos PS

Knowing the value of
v, for each pixel

Determine value y* that
maximizes the probability of
pixel x being PS

(1 —a) [ pr(v:)dvs
[. p(r)dys

g: is the probability of selecting false PS

q:

( DA,x, YX* ) o

026

Finding the constant of
proportionality k
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032

03
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022

y*=kDAx

! 1 1 ! 1 ! 1 1
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250

200
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S0

— data

—rand

RN | “' 1y
¥y

It will be PS any pixel that
checks the interface:

Vx >k DA,x
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Normal Baseline [m]

Strategies for combining SAR images

Everyone with Everyone

Uy
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Normal Baseline [m]

Temporal baseline minimization PS analysis
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Persistent Scatterers (Hooper)

¥

( ﬁﬁ: ©2014 Esil, @aLm HERES s@ma Estl, Digitz)Clobe, Ceoye, keubed, USDA, USGS, Madureira, P., 2015. Tectonophysics
/ d, IGIN, IGR , 20d e CIS User Communt
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Limitations of the PSInSAR technique - In a geodesic perspective

(measurement of the Earth's gravitational shape and field and its temporal variations)

Functional Model + Stocastic Model

STU N, Bert Kampes, 2006
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Deformation and Phase

Ascending | | Descending
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InSAR displacement decomposition

INSAR 1D (LOS)
Asc. ou Desc. Displacement

INSAR 2D (Hor+Vert)
Asc. + Desc. Displacement

Vertical Referenced
displacement

3D Referenced
displacement
(E,N,V)
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Displacement 2D (horizontal + vertical)

S3 d FLIS'.S' — {FE;- FN: FE:} ) {'I-I-E_.HN, H'H]

F Lox — {:FEJ' FN: FE:} {:HE:HN: _3':}
V&
'/’ descending LL:IE.' = Vg, Vy, V=) - (ug,uﬂ, 4
! ground track

i} vl
I"E.-E'S " H

b FL

kB

il 2
I"E.-E'S — H

{FHJ FE:}
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Integration with GPS

’ VLOS — VEue +VNun @
/ descending h /?//@; /;ff 2

ground track w0 e e ZZ/) /a 2

333333

(VLos GPS VGPS ( Vpu H)

Vios = (Ve, Vi, Vz) - (ug,upy, uz) E = 3 {ﬂ(VEos)(i) *@‘Véps (i)}z

=1

Fc: Cataldo, et al., 2011.
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PS LOS velocity - Descending

38.6

38.5

38.4

-28.9

10mm/yr +- 2mm/yr

C
Giencies  J0d0 Cataldo Fernandes (jefernandes@fc.ul.pt) -28.9 -28.8 58,7 -28.6 285 284 28.3 -28.2 -28.1 78




Vertical velocity ITRF2008 (2007-2009)

Capelinhos oy :

e a g
386 | -G

38.5-

38.4—

| | | | | | | | |
-28.9 -28.8 -28.7 -28.6 -28.5 -28.4 -28.3 -28.2 -28.1 -28

| T e . { V(i VA }2
e SO E = Z H1(Vps)(1) + D(@, 4) —Vgps (1)
| _ S i=1
L, b~ _ _
%if,,/:ffz w D(p,A) = a cospcosA + B cospsind + y sing + 6
r Py
C S - Catal3o el al., 2011
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Atmospheric effects

AL = [ (n(s)-1)ds = [ N(s)ds

AL : Tropospheric path delay

a— . n: tropospheric refractive index

(ratio between the velocity of light and the
radiation propagation velocity)

ISO-lines

AL(zenital) = } N (h)dh

N : refractivity = 10e® (n-1)




Atmospheric effects

dh

Weather Research and Forecast (WRF)
ERAS

\

.1

z(h)

"X
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\-‘ Earth’s surface

r+e + P
P . € e
N=K= +K,=+k;—
T T T
| - ~ J
N hydrostatic N wet

I=L
AL=ZTD =¥ N, -dh
dh: thickness; L: totaI:nlumber of layers
DZD =ZTD'™ —ZTD*"

Differential delay between the master and slave images
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‘Mitigating atmospheric effects

| master

Modelo WRF Processing PICO | FAIAL
Resolucdo 1km?
PS 4.6 7.2
PS+WRF 3.7 5.7

el — = PS+GPS 1.9 2.1

Amospherally corrected InSAR PS+WRF+GPS | 1.6 1.5 mm/yr

rms of the difference in velocity GPS e PSInSAR

C PS-InSAR Cataldo, et al., 2011.
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Precipitable Water Vapor (PWV) [mm]
0.00 6.25 12.50 18.75 25.00 31.25 37.50 43.75 50.00

Ciencias  J0do0 Cataldo Fernandes (jcfernandes@fc.ul.pt)
Ulisboa




C
Ciéncias
Ulisboa

Rain

First storm

Second storm

Jodo Cataldo Fernandes (jcfernandes@fc.ul.pt)

385"

38.0°

37.5"
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36.5°

38.5°

38.0°
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CTRL@06T2100 to 2200

A-GNSS@06T2100 to 2200
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td
1
_B \\~_/,‘.’
R ¢
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max = 35.4 mm

GAUGES®@07T1000 to 1100
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4°W 3°W 2°W 1°

Height (m): 50 to 2950 by 500
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Rainfall (mm/hour)
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Outlook for synthetic aperture radar

Deforestation, Degradation, Fires* (REDD) Biosphere

- -t

N Forest Biomass Change*
SAR Polarimetry S S e, N

.

Earthquakes “Geosphere

Volcanic Activities

Land Slides

Soil Moisture*® :
Flooding o i
SAR Polarimetry . T — PP *) Essential Climate
. yu(u) Variables
Days Weeks Months Years Observation Interval
FC (Moreira et al, 2013)
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