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SAR Polarimetry (PolSAR) SAR Interferometry (InSAR)
Allows the identification / decomposition of different 
scattering processes occurring inside the resolution cell    

Allows the location of the effective scattering center 
inside the resolution cell

Polarimetric SAR Interferometry (Pol‐InSAR)

Potential to separate in height different scattering processes 
occurring inside the resolution cell 

InSAR DEMVV Channel ImagePauli Decomposition RGB
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Interferometry vs. Polarimetry
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Polarimetric Interferometry
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PolSAR

InSAR

Pol‐InSAR
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Polarimetric Coherences

Interferometric Coherences

Polarimetric / Interferometric 
Coherences
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Complex Coherences on the Unit Circle 

(expresses the lower bound on the variance of the estimator):
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Why is Interferometry important for Volume Scatterers?
HH‐VV Coherence

HH‐HH Coherence
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Pol‐InSAR: Basic Principles & Ideas
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SAR Interferometry for Volume Structure
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SAR Interferometry for Volume Structure
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SAR interferometry allows to reconstruct the vertical

reflectivity function f(z) of a volume scatterer by

means of interferometric (volume) coherence

measurements at different vertical wavenumbers κZ ,

i.e. at different spatial baselines.
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Multibaseline SAR Interferometry
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21 SS

Multi‐baseline measurements allow to sample the
spectrum of the vertical reflectivity FT{f(z)} @
different spatial baselines (i.e. spatial frequencies) kz.
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Multibaseline SAR Interferometry
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Amplitude Image
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Interferometric Coherence: Volume Decorrelation

Spatial Baseline  3m 24m16m8m
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Polarimetric SAR Interferometry
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Polarimetric SAR Interferometry
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Interferometric Coherence: Volume Decorrelation

Amplitude Image HH Pol 3Pol2Pol 1Sp. Baseline  16m
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Geometrical Representation
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Shape and size depend on acquisition parameters and the structure of the underlying scatterer.
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Coherence Region Interpretation

Point Like Coherence Region
i.e. InSAR Coherence and Phase
are independent of polarisation.

Pol‐InSAR does not provide any 
additional information compared

to InSAR !!!

(Random) Volume scattering
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Coherence Region Interpretation

Surface Scattering (Polarised) Coherent scaterrers
at different heights

(Depolarising) Scaterrers
at different heights

Radial Coherence Region
i.e. InSAR Coherence changes with 
polarisation but not the location 

of the phase center.

Radial Coherence Region
i.e. InSAR Phase changes, but not the 
InSAR coherence  with polarisation

Elliptical Coherence Region
i.e. InSAR Coherence and Phase 

changes with polarisation.
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Optimisation Problem (   ):

The boundary of the coherence region can be reconstructed by

estimating for  each angle φ the max (λ1) and min (λ2) 

coherences:

Coherence Region (CR)

Interferometric Coherence:
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Structure Parameters & Applications

• Forest Height

• Forest (Vertical) Structure

• Forest Biomass

• Underlying Topography

• Forest Ecology

• Forest Management

• Ecosystem Modeling

• Climate Change

• Underlying Soil Moisture 

•Moisture of Vegetation Layer

• Height of Vegetation Layer

• Soil Roughness 

• Farming Management

• Ecosystem Modeling 

•Water Cycle / CC

• Desertification

• Ice Layer Structure

• Penetration Depth (Ice)  

• Snow Layer Thickness

• Snow Water Equivalent

• Ecosystem Change

•Water Cycle

•Water Management
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Model‐Based Parameter Inversion
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VU 30 > Autor Name

VU 30 > Autor Name
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Modeling approaches for fV(z)
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Polarimetric Behaviour: Random vs. Oriented Volume  
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Oriented Volume: The vertical reflectivity function
changes with polarisation (or each polarisation
sees a different volume vertical reflectivity fv(z))

Random Volume: The vertical reflectivity function
is independent of polarisation (or each polarisation
sees the same volume vertical reflectivity fv(z))
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Polarimetric Behaviour: 3‐dim vs 2‐dim Ground Scatterer

hajnsek@ifu.baug.ethz.ch  ‐ 33
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2‐dim ground scatterer: There is (at least) one
polarisation in which the ground disappears

3‐dim ground scatterer: A ground scattering
component is visible in all polarisations (or there is
no polarisation that “switches‐off” the ground)
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 A)w(XB)φiexp()w(γ 0

~ 
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Equation of a straight line in the complex plane ►

The coherence region of the RVoG model is a line segment !!!
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Interferometric Coherence:
(2 Layer Random Volume)

• The ends of the segment correspond to the coherences given by the max / min G‐V Ratio:                   and

• One of the line‐unit circle intersection points correspond to the “Ground only” point, i.e.

• The second line‐unit circle intersection points is non‐physical

• The “Volume only” point (i.e.                                                ) lies on the line but (in general) not on the coherence 

region segment
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RVoG Solution on the Unit Circle

)( max

~
mγ

)( min

~
mγ 1. Estimation of the Coherence Region (CR);

2. Line fit through the extreme points of the CR

and

3. Estimation of the line-circle intersection point that 

corresponds to the underlying ground, i.e.:

)φiexp()m(γ~ 0

)m(γ~)m(γ~ maxmin
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RVoG Solution on the Unit Circle

Height

Extinction

4. From the underlying ground point                        

a Volume Height–Extinction Look-Up Table (LUT) 

is initialised that provides at every intersection 

with the line a solution couple 

There is no unique solution of the RVoG model 

in the context of a single baseline !!!

5. Regularisation: Assuming a 2-dim ground, i.e.

leads to a unique 

solution through the intersection of  

with the LUT 
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Curve of constant extinction σ and variable height hV
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RVoG Inversion: Validation
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Structure Parameters & Applications

• Forest Height

• Forest (Vertical) Structure

• Forest Biomass

• Underlying Topography

• Forest Ecology

• Forest Management

• Ecosystem Modeling

• Climate Change

• Underlying Soil Moisture 

• Moisture of Vegetation Layer

• Height of Vegetation Layer

• Soil Roughness 

• Farming Management

• Ecosystem Modeling 

• Water Cycle / CC

• Desertification

• Ice Layer Structure

• Penetration Depth (Ice)  

• Snow Layer Thickness

• Snow Water Equivalent

• Ecosystem Change

• Water Cycle

• Water Management
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1994: SIR-C / X-SAR acquires the first POL-InSAR data set

1996: First publication on Pol-InSAR.
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1998: First Pol-InSAR forest height estimation.

1994: SIR-C / X-SAR acquires the first POL-InSAR data set

1996: First publication on Pol-InSAR.

Forest: The beginning of Pol‐InSAR

L-band / Pauli RGB
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Forest: The beginning of Pol‐InSAR

VU 43 > Autor Name

First Quantitative Pol-InSAR Demonstration:

Year: 2000 Sensor: E-SAR (DLR)   

Test Site: Oberpfaffenhofen / Germany
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Traunstein Test Site

Elevation Model

2003 Oct.

50
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10

0m

Forest type Temperate 

Topography Moderate slopes

Height 25 ~ 35m

Species N. Spruce, E. Beech, White Fir

Biomass 40 ~ 450 t/ha

Pol-InSAR Forest HeightHV Amplitude Image
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Traunstein Test Site
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Traunstein Test Site
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Traunstein Test Site
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Polarimetric Coherence Tomography (PCT)

VU 47 > 
Autor Name

VU 47 > Autor Name
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Vertical Forest Profile Reconstruction

VU 48 > Autor Name
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Test site: Traunstein, Germany,  L‐band @ HV Polarisation
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PCT Reconstruction from 2 Baselines

Mixed Forest Stands

Mature Spruce Stands 
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Agriculture Pol‐InSAR Applications

Vegetated Surfaces: Volume Scatterers
• High Entropy scatterers ‐> Low polarimetric coherence
• The interferometric coherence depends on the baseline

Bare Surfaces: Isolated Scattering Center
• Low Entropy scatterers ‐> High polarimetric coherence
• The interferometric coherence is baseline independent

Pol‐SAR Pol‐InSAR

Forest vs Agricultural Vegetation Impact

Orientation effects in the vegetation layer Anisotropic Propagation

Thinner / shorter vegetation layer Increased importance of ground scattering

Short crop / plant phenological cycle Short spatial  / large temporal baseline

Variety of crop / plant structure Abstract modelling
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Agriculture Vegetation @ Alling/Germany 2000

SAR Image @ L-band 3-D Height Map

Differential Extinction
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Folie 52

AGRISAR @ L‐band in April 2006

19/04/06

Görmin @ RGB Pauli
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VU 53 > Autor Name
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CROP‐EX 2014: Crop height estimation from Pol‐InSAR data
HH+VV, HH‐VV, HV
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May 22 Jun 12 Jul 03 Jul 24

Wheat

Sensor: DLR’s F‐SAR (airborne)
Frequency: C‐Band (≈5 GHz)
Number of spatial baselines: 2 (݇௏
between 2 rad and 4 rad)
Max. temporal baseline: 90 minutes
Equivalent Number of Looks: 100
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Sensor: DLR’s F‐SAR (airborne)
Frequency: C‐Band (≈5 GHz)
Number of spatial baselines: 2 (݇௏
between 2 rad and 4 rad)
Max. temporal baseline: 90 minutes
Equivalent Number of Looks: 100
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CROP‐EX 2014: Crop height estimation from Pol‐InSAR data
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VV

HH VV HV

D-InSAR Soil Mapping @ different Polarisation and  L-band
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Deformation Change in Time @ Winter Rape (101‐1)

soil mositure veg. height

biomassDeformation up to 9 mm in VV & HV and up to 
5 mm for HH

Soil moisture: slight correlation over time – no 
correlation with local variation

Veg. height: slight correlation in the beginning 
and no sensitivity in time

Biomass: best correlation results over time

HH
VV
HV

HH
VV
HV

day of the year [DOY]
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Structure Parameters & Applications

• Forest Height

• Forest (Vertical) Structure

• Forest Biomass

• Underlying Topography

• Forest Ecology

• Forest Management

• Ecosystem Modeling

• Climate Change

• Underlying Soil Moisture 

• Moisture of Vegetation Layer

• Height of Vegetation Layer

• Soil Roughness 

• Farming Management

• Ecosystem Modeling 

• Water Cycle / CC

• Desertification

• Ice Layer Structure

• Penetration Depth (Ice)  

• Snow Layer Thickness

• Snow Water Equivalent

• Ecosystem Change

• Water Cycle

• Water Management
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Snow
First Pol‐InSAR Snow Experiment in 

Austria 2004

E‐SAR: Kuehtai / Austria 2004
Cooperation with University of 

Innsbruck

X-band DEML-band / HH Image
HH-HH Coherence
L-band / Baseline 1

HH-HH Coherence
L-band / Baseline 2

Snow appears as a Volume Scatterer @ L‐band 

Campaign
Objectives:

Investigation of
Pol‐InSAR for snow
characterisation



Page 28

hajnsek@ifu.baug.ethz.ch
irena.hajnsek@dlr.de  

‐ 60

θo

z0

z0 + hv

θr

)sin(
)sin( 0

rθ
θn 

Baseline 1 (20M): ∆φ=17° -> 
∆z=1.48m

Baseline 2 (40M): ∆φ=28° -> 
∆z=1.22m

Snow depth can be potentially estimated

HH-HH Coherence XX-XX CoherenceL-band / HH Image VV-VV Coherence

Snow Depth Estimation
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Slide 61

IceSAR Campaign 2007 @ ~80°N

Air view of Svalbard

Base station Oxford

CR Installation

ICESAR Team
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Austfonna: 2 Flight Tracks (~ 10km) @ CryoSAT 

GPS Tracks from AWI & Uni Oslo

Ice Cap Summit

Etonbreen Glacier 
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VV-VV Coherence

ICESAR Campaign 2007: InSAR Coherences
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Two Layer Ice Model: Ground + Infinite Volume

Extinction
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Topography

G/V Ratio

σ

0φ

)(wm


4 Parameters:

n




























0 0
0

0 0
z

dz
θ
zσ2

I

dz
θ
zσ2

zκiI

'
cos

'
exp

'
cos

'
exp)'exp(

)()(
)(

)(
wTwm

wm
wm

vaV

G 






Vertical Wavenumber:

G/V R:

)sin(

∆

r

r
z θ

θκ
κ  Wavenumber:

λ

nπ4
κ




)(

)(~
)exp()(~

wm1

wmγ
φiwγ V

0 







Z2ZrZ0
V dκi1

1

θκiσ2

σ2

I

I
γ







)cos(
~

Penetration Depth: )cos( rZ2 θ
σ2

1
d 

Interferometric (Volume) Coherence:

θo

θr

)sin(

)sin(

r

0

θ

θ
n 

)(zσV

hajnsek@ifu.baug.ethz.ch
irena.hajnsek@dlr.de  

‐ 65

Extinction Inversion Results

κe
dB/m

Summit L-band Summit P-band

HH HVVVHH HVVV
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North South

Extinction Inversion Stability

L‐band κeL‐band σ°

P‐band κeP‐band σ°

az
im

u
th

range
Δθinc ≈ 12°

North South
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P‐band Sounder vs. P‐band Pol‐InSAR
(Summit)

• σ0 
SND (sounder summed over depth)

• κe (P-band Pol-InSAR extinctions)

First Validations of the Estimated Extinction Parameter

•σ0 
GPR (volume summed over depth)

• κe (L-band Pol-InSAR extinctions)

GPR (800 MHz) vs. L‐band Pol‐InSAR
(Etonbreen)


