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Topics

❑ Interferometric Synthetic Aperture Radar (SAR)
❑ Differential Interferometry
❑ Atmospheric contribution
❑ Persistent Scatterer and Time Series Analysis
❑ PSINSAR Applications
❑ STAMPS
❑ InSAR and GPS data fusion
❑ Mitigating atmospheric effects
❑ Outlook for SAR interferometry
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Geometry from SAR interferometry

SAR interferometry
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Interferogram

If  B = ’B , that is, if there is no change in the 
scattering mechanism of the resolution cell.      
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Interferência :: Sintese

Interference :: Overview

First Chapter: Interference
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Sensitivity to deformation 1000x higher than for 
topography

B = 100m
k=0.003
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𝜙𝑡𝑜𝑝 =
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h 2= 146 m
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With surface
movement
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2𝐵⊥
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Imagem do Pico pu Faial com topografia

Height ambiguity = 112 m, B = 100m, =40º
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Interferometria Diferencial

Differential interferogram



João Catalão Fernandes (jcfernandes@fc.ul.pt) 14



João Catalão Fernandes (jcfernandes@fc.ul.pt) 15



João Catalão Fernandes (jcfernandes@fc.ul.pt) 16



João Catalão Fernandes (jcfernandes@fc.ul.pt) 17



João Catalão Fernandes (jcfernandes@fc.ul.pt) 18



João Catalão Fernandes (jcfernandes@fc.ul.pt)

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

Coherence is defined as:

𝛾 =
𝐸 𝑠1𝑠2

∗ 

 𝐸  𝑠1 
2 .𝐸  𝑠2 

2 
               0 ≤  𝛾 ≤ 1 

𝜎𝜙
2 =

1

2𝑁𝐿

1 − 𝛾2

𝛾2
 

Rodriguez and Martin (1992) presented 
an analytic expression for phase 
variance: 
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Coerência
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DINSAR Applications

Volcano Monitoring

➢ Volcano deformation

➢ Earthquake deformation

➢ Permafrost and Glaciar 

displacement

Earthquake deformation

20

Differential Interferometry
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Amelung et al., Nature, 2000 

Fogo, Cabo Verde
Sentinel-1

Volcano Monitoring
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Differential Interferometry
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Napa Valey
earthquake, 
24 Agosto 2014

Sentinel -1 

Earthquake 
deformation
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Interferometria Diferencial



RockGlaciar movement
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AntartidaPenínsula Hurd

Interferometria Diferencial
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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 
humidity, temperature and pressure  

Two SAR images not simultaneous, can be affected differently by the 
atmosphere with consequences on the interferometric phase.

BUT

Atmospheric contribution
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Limitations of Differential InSAR

Atmospheric effects
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Temporal Decorrelation

Geometric decorrelation
t1

t2

r1

r2

hP

B

B < 1000 m

Critical baseline

𝑠2 = 𝐴. e 𝜙′𝐵  . 𝑒
 −𝑗 

4𝜋
𝜆
 .𝑟2  

Limitations of Differential InSAR
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Coherence

1 mês 5 meses 10 meses

Wei and Sandwell, 2010 (IEEE TGRS)

urbanvegetation
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What distinguishes this pixel from others?

Interferometria Diferencial
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Persistent Scatterer  (PS) 

Distributed Scatterer Persistent Scatterer

(Hooper, 2006)

30

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

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.

Corner Reflectors

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

Detecting surface movements with millimetre 
precision

Determining the DEM Error Used in the 
Differential Interferogram

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

33

𝐷𝑎 =
𝜎𝑎
𝑎 

= 𝜎 𝜙  

Persistent Scatterer
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To estimate/mitigate atmospheric signal

To separate topography and deformation

To estimate orbit errors

To resolve the ambiguities

PERSISTENT SCATTERER
Ferretti et al., 2001,

Persistent Scatterer
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The interferometric phase of point P of interferogram k, is: 

?

topo noiseorbatmoDefo

Persistent Scatterer
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Persistent Scatterer
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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 Da is a proxy of the phase 
standard deviation and is defined as:

𝐷𝑎 =
𝜎𝑎
𝑎 

= 𝜎 𝜙  

Where     is the temporal standard deviation of the 
amplitude and  ā  the temporal mean of the amplitude for 
a certain pixel.

𝜎𝑎  
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Persistent Scatterer
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Persistent Scatter functional model

2km
l

m

Search in space for the solution of values that maximize function 

System of k 
equations with 2 
parameters

Persistent Scatterer
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Integration relative to a reference

l

m

n

hm,n

hm,l

hl,n

1

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

41

Persistent Scatterer
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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.

Requirements
3 a 4 PS /km2: for interpolation of theAPS (Colesanti et al., 2003)

20 a 25 interferograms for the identification of PSCs with statistical significance

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

𝜙𝑥 ,𝑎𝑡𝑚𝑜
𝑘 =   𝑒´𝑥

𝑘 𝐻𝑃_𝑡𝑖𝑚𝑒  𝐿𝑃_𝑠𝑝𝑎𝑐𝑒
+  𝑒 𝑥 𝐿𝑃_𝑠𝑝𝑎𝑐𝑒  

𝑒´𝑥
𝑘 = 𝑒𝑥

𝑘 − 𝑒 𝑥  

Persistent Scatterer
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PSINSAR Applications: Tectonics and Subsidence

TRE, SA

43
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Long Valley Caldera – PS InSAR
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PSINSAR Applications: Subsidence (water extraction)

45Subsidence rates for the period 16 January 2004 to 14 July 2006 using Envisat ASAR
Cidade do México
Osmanoglu et al., 2011
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PSINSAR Applications: Land slides

46

TRE, ESA
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Catalão, J, et al.2011, 2015. Detection of ground subsidence in the city of Lisbon: comparison of InSAR and topographic measurements. 

Subsidence in Lisbon(2010 – 2011), TSX
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Crosetto, M., Monserrat, O., Iglesias, R. 
and Crippa, B., 2010.

Zhu and Bamler, 2010

PSINSAR Applications: Digital Surface Model

48
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Limitations of the technique

In natural environments this condition is not verified.

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

l

m
Distance between PSC < 2 km

2

1

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

49

Persistent Scatterer
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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 Persistent Scatterer

Explores the 
spatial correlation 
of the 
deformation 
signal.

The Ferretti 
method assumes 
a linear 
deformation 
model
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Phase Analysis
The phase of a pixel x in the interferogram k is given by:

𝜓𝑥
𝑘 = 𝑊 𝜙𝑥 ,𝑑𝑒𝑓 .

𝑘 + 𝜙𝑥,𝑎𝑡𝑚𝑜
𝑘 + 𝜙𝑥 ,𝑜𝑟𝑏

𝑘 + 𝜙𝑥,𝜃
𝑘 + 𝜙𝑥 ,𝑛𝑜𝑖𝑠𝑒

𝑘   

u designates the spatially uncorrelated part.

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

𝜓𝑥
𝑘 −𝜓 𝑥

𝑘 = 𝑊  
4𝜋

𝜆
B⊥,x

k
 
Δ𝜃𝑥

𝑢 + 𝜙𝑥 ,𝑛𝑜𝑖𝑠𝑒
𝑘 ,𝑢 + Δ𝑥  

Nonlinear Equation Due 
to Coiled Phase

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

𝛾𝑥 =
1

𝐾
  exp⁡(𝑗(

𝐾

𝑘=1

𝜓𝑥
𝑘 −𝜓 𝑥

𝑘 − Δ𝜙 𝑥 ,𝜃
𝑘,𝑢))  

x is a measure of the phase noise level and an indication of the pixel phase 
stability, used to determine whether a pixel is a PS.

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

StaMPS approach
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Seleção dos PS

𝛾𝑥 > 𝑘 𝐷𝐴,𝑥  

𝑞 =
 1 − 𝛼  𝑝𝑅(𝛾𝑥)𝑑𝛾𝑥

1

𝛾∗

  𝑝(𝛾𝑥)𝑑𝛾𝑥
1

𝛾∗

 

Knowing the value of 
x for each pixel

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

q: is the probability of selecting false PS

*

(DA,x, x*)

*=kDAx

It will be PS any pixel that 
checks the interface:



59

StaMPS approach

Finding the constant of 
proportionality k
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60

PS Selection (after)

60

StaMPS approach
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Strategies for combining SAR images

Persistent Scatterers

Everyone with Everyone Temporal baseline minimization PS analysis
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Persistent Scatterers (Hooper)

68mm/yr

Marques, F.O., Catalão, J., Hildenbrand, A, 
Madureira, P., 2015. Tectonophysics
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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)

Randomness in the location 
of the PSs

Time series limited to the 
lifetime of the satellite.

Need for a high number of 
images (over 20)

Insufficient modelling of 
atmospheric effects

Lack of definition of the 
coordinated reference system

Satellite line-of-sight (LOS) 
measurement

Functional Model + Stocastic Model STUN, Bert Kampes, 2006

69

Persistent Scatterers
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Deformation and Phase





22
2

2
P

pD −=





22
1

1
P

pD −=

Ascending Descending
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INSAR 
Asc. ou Desc.

INSAR 
Asc. + Desc.

1D (LOS)
Displacement

2D (Hor+Vert)
Displacement

2D 
Merged
Asc. + Desc.

3D Referenced
displacement

(E,N,V)

GPS

1D LOS GPS Vertical Referenced
displacement

InSAR displacement decomposition
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Displacement 2D (horizontal + vertical)

descending 
ground track

Sd

ûa
H

Vd
LOS

d

d

ûE

ûN
ûZ

a

a

Va
LOS

ûd
H

Sa

E

N

ûd
Z

ûa
Z

Persistent Scatterers
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vE

vN
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Integration with GPS

Catalão, et al., 2011. 

(           )

Persistent Scatterers
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Vertical velocity ITRF2008 (2007-2009)

 
=

−+=
GPSN

i

v

GPS

v

PS ivDivE
1

2
)(),())(( 

Catalão el al., 2011
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𝐷 𝜑, 𝜆 = 𝛼 𝑐𝑜𝑠𝜑𝑐𝑜𝑠𝜆 + 𝛽 𝑐𝑜𝑠𝜑𝑠𝑖𝑛𝜆 + 𝛾 𝑠𝑖𝑛𝜑 + 𝛿

Persistent Scatterers
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ni

n5

n4

n2

n1

n3

Atmospheric effects

 =−= dssNdssnL )()1)((

dhhNzenitalL

h

)()(
0

=

n: tropospheric refractive index
(ratio between the velocity of light and the 

radiation propagation velocity)

L : Tropospheric path delay

N : refractivity = 10e6 (n-1)
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wetchydrostati NN
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'
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ii

Li
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dhNZTDL == 
=

=1

sm tt
ZTDZTDDZD −=

Differential delay between the master and slave images

dh: thickness;  L: total number of layers

T + e  +  P

▪ Weather Research and Forecast (WRF)
▪ ERA5

Atmospheric effects
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Mitigating atmospheric effects

rms of the difference in velocity GPS e PSInSAR

SAR WRF

Amospherally corrected InSAR

PS-InSAR

Modelo WRF 
Resolução 1km2

P, e, T 

ZTD

78

master slave

Catalão, et al., 2011. 

mm/yr
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2015/9/6 18:10 2015/9/7 6:10
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Rain
GAUGES

First storm

Second storm
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(Moreira et al, 2013)

SAR

InSAR

SAR

SAR Polarimetry

InSAR

SAR Polarimetry

SAR

InSAR
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Outlook for synthetic aperture radar



João Catalão Fernandes (jcfernandes@fc.ul.pt) 82

Síntese

> Differential Synthetic Aperture Radar Interferometry 
Potentialities and Limitations

> Persistent Scatterer vs Distributed Scatterer

> Técnica dos Persistent Scatterer, 
approach Ferretti et al. e Hooper et al., 2004
Amplitude analysis vs Phase Analysis

> INSAR integration with GPS

> Mitigating atmospheric effects

Improved strain estimation

> ESA / COPERNICUS, Global Monitoring for Environment and Security


