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Abstract
Polarimetric Synthetic Aperture Radar Interferometry (Pol-InSAR) is an active radar remote
sensing technique based on the coherent combination of both polarimetric and interferometric
observables. The Pol-InSAR technique provided a step forward in quantitative forest parameter
estimation. In the last decade, airborne SAR experiments evaluated the potential of Pol-InSAR
techniques to estimate forest parameters (e.g., the forest height and biomass) with high accuracy
over various local forest test sites.
This dissertation addresses the actual status, potentials and limitations of Pol-InSAR inversion
techniques for 3-D forest parameter estimations on a global scale using lower frequencies such
as L- and P-band.
The multi-baseline Pol-InSAR inversion technique is applied to optimize the performance with
respect to the actual level of the vertical wave number and to mitigate the impact of temporal
decorrelation on the Pol-InSAR forest parameter inversion.
Temporal decorrelation is a critical issue for successful Pol-InSAR inversion in the case of
repeat-pass Pol-InSAR data, as provided by conventional satellites or airborne SAR systems.
Despite the limiting impact of temporal decorrelation in Pol-InSAR inversion, it remains a
poorly understood factor in forest height inversion. Therefore, the main goal of this dissertation
is to provide a quantitative estimation of the temporal decorrelation effects by using multibaseline Pol-InSAR data. A new approach to quantify the different temporal decorrelation
components is proposed and discussed. Temporal decorrelation coefficients are estimated for
temporal baselines ranging from 10 minutes to 54 days and are converted to height inversion
errors.
In addition, the potential of Pol-InSAR forest parameter estimation techniques is addressed and
projected onto future spaceborne system configurations and mission scenarios (Tandem-L and
BIOMASS satellite missions at L- and P-band). The impact of the system parameters (e.g.,
bandwidth, NESZ, ambiguities) and the operation scenario (e.g., temporal decorrelation due to a
repeat-pass orbit) is evaluated and discussed with respect to the retrieval of the forest parameters.
The study is supported and validated by using repeat-pass Pol-InSAR data at L- and P-band
acquired by DLR’s E-SAR system over Remningstorp (BioSAR 2007, hemi-boreal forest),
Krycklan (BioSAR 2008, boreal forest) and Traunstein (TempoSAR 2008 and 2009, temperate
forest) test sites. The simulated spaceborne data sets generated during the BioSAR 2007
campaign are used to carry out the performance analysis.
Keywords: Pol-InSAR, forest parameter estimation, forest height, L-band, P-band, temporal
decorrelation
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Zusammenfassung
Polarimetrische SAR Interferometry (Pol-InSAR) ist eine aktive Radarfernerkundungstechnik,
welche auf der kohärenten Kombination aus polarimetrischen und interferometrischen
Aufnahmen basiert. Die Pol-InSAR Technik stellt einen Meilenstein in der quantitativen
Bestimmung von Waldparametern dar. Im letzten Jahrzehnt wurde mit Flugzeug-SAR
Experimenten das Potential der Pol-InSAR Technik zur hochgenauen Bestimmung von
Waldparametern (z.B. Waldhöhe und Biomasse) evaluiert und Ergebnisse über verschiedenen
lokalen Waldtestgebieten validiert.
Diese Dissertation behandelt den aktuellen Status, die Potentiale und die Limitierungen der PolInSAR Invertierungstechnik zur globalen 3-D Waldparameterbestimmung mit niedrigen
Frequenzen, wie L- und P-band.
Die multi-baseline Pol-InSAR Invertierungstechnik wird angewandt, um die Leitungsfähigkeit in
Bezug auf die Sensitivität zur vertikalen Wellenzahl zu optimieren und den Einfluss der
temporalen Dekorrelation auf die Pol-InSAR Waldparameterbestimmung abzuschwächen.
Temporale Dekorrelation ist ein entscheidender Faktor für die erfolgreiche Bestimmung von
Waldparametern aus Repeat-pass Pol-InSAR Daten, wie sie von konventionellen Satelliten und
Luft-gestützten SAR Systemen geliefert werden. Trotz des limitierenden Einflusses der
temporalen Dekorrelation in der Pol-InSAR Invertierung, bleibt sie ein wenig verstandener
Faktor in der Waldhöhenbestimmung. Deshalb ist ein Hauptziel dieser Dissertation die
Quantifizierung von temporalen Dekorrelationseffekten mit Hilfe von multi-baseline Pol-InSAR
Daten. Ein neuer Ansatz zur quantitativen Bestimmung von verschiedenen Komponenten der
temporalen Dekorrelation wird vorgeschlagen und diskutiert. Ausmaß der temporalen
Dekorrelation ist mit Hilfe von temporalen Basislinien zwischen 10 Minuten und 54 Tagen
ermittelt und ist in dekorrelationsbedingte Fehler bei der Waldhöheninvertierung umgerechnet.
Außerdem werden die Potentiale und Einschränkungen der Pol-InSAR gestützten
Waldparameterbestimmung angesprochen und deren Auswirkung auf künftige Weltraumgestützte Aufnahmesysteme projiziert (Tandem-L und Biomass Missionen im L- und P-Band).
Der Einfluß der Systemparameter (z.B. Signalbandbreite, NESZ, Ambiguitäten) und des
Missionsszenarios (z.B. temporale Dekorrelation aufgrund des Repeat-pass Orbits) wird
evaluiert und ein Test zur Leistungsfähigkeit der Waldparameterbestimmung durchgeführt.
Die Untersuchungen werden unterstützt und mit Hilfe von repeat-pass Pol-InSAR Daten im Lund P-band validiert, welche durch das E-SAR System des DLR im Rahmen von kürzlich
durchgeführten Waldkampanien über Remningstorp (BioSAR 2007, hemi-borealer Wald) und
Krycklan (BioSAR 2008, borealer Wald) sowie über Traunstein (TempoSAR 2008/2009,
gemäßigter Wald) aufgenommen wurden. Zudem wurden Weltraum gestützte Daten innerhalb
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der BioSAR 2007 Kampagne simuliert und ebenfalls für die Untersuchungen zur
Leitungsfähigkeitsanalyse verwendet.
Schlagwörter: Pol-InSAR, Bestimmung von Waldparametern, Waldhöhe, L-band, P-band,
temporale Dekorrelation
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Introduction

1 Introduction

1.1 Motivation
The world’s total forest area covers 31% of the total land area, corresponding to just over 4
billion hectares. Forests store the largest proportion of the terrestrial carbon stock; they contain
twenty to fifty times more carbon in their carbon than other ecosystems. Quantifying the
substantial roles of forests as carbon stores, as sources of carbon emission and as carbon sinks
has become one of the keys to understanding and influencing the global carbon cycle, which is
strongly related to global climate change (FAO 2010). Forest biomass is an important measure
for analyzing the ecosystem productivity and for assessing the energy potential and the role of
forests in the carbon cycle. The knowledge of the size and distribution of the carbon stock,
quantitative information about the amount of forest biomass and changes occurring as a
consequence of an increase in forest biomass (i.e., afforestation and regrowth) and a reduction in
forest biomass (i.e., deforestation and natural disasters) need to be considerably improved.
The understanding of the processes occurring in world forests and the observation of the changes
on a global scale can be effectively conducted using satellite instruments that provide sustainable
remote sensing data. Satellite data enable consistent information to be collected globally, which
can be analyzed in the same way for different points in time to derive better estimates of change
(FAO 2010). While some remote sensing data are currently available to provide the spatial and
temporal coverage required, only active sensors, i.e., synthetic aperture radar (SAR), can directly
sense the three-dimensional (3-D) structure of forests and offer the possibility of covering
global-scale forests with a sufficient spatial and temporal resolution in nearly all weather
conditions and during both the night and the day.
Further extension techniques to SAR including interferometric SAR (InSAR) and polarimetric
SAR (PolSAR) lead to additional potential in detecting key forest information. InSAR is
sensitive to the spatial diversity of the vegetation’s vertical structure and allows precise
measurement of the scattering center. PolSAR uses a different combination of electromagnetic
wave orientations that can measure the shape, orientation and dielectric properties of scatterers
and permit the discrimination of various scattering mechanisms (such as surface and volume
scattering) in natural media. The manifold capabilities of a coherent combination of the two SAR
extensions (polarimetric and interferometric SAR) make it a unique system for a variety of
quantitative parameter retrievals for a variety of application areas, especially forest area. Today,
polarimetric SAR interferometry (Pol-InSAR) is an established technique, allowing for the
investigation of the 3-D structures of natural volume scatterers such as forests. Several airborne
experiments have demonstrated the potential of Pol-InSAR techniques to estimate with high
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accuracy key forest parameters such as the forest height. The forest height provides information
about the 3-D structure and is a key parameter for a wide range of applications in forest
management and forest conservation, such as biomass estimation, illegal logging, stand
delineation and disaster management.
However, despite its potential, Pol-InSAR techniques have been developed only for
local/regional forest applications, mostly in the frame of different airborne SAR campaigns over
the last years. In general, airborne SAR systems have better performance parameters in terms of
the resolution, signal-to-noise ratio (SNR) and ambiguity rejection than conventional spaceborne
systems. In addition to system parameters, airborne SAR systems can be flexibly operated to
avoid the strong temporal decorrelation that occurs in conventional repeat-pass spaceborne
systems. Hence, to successfully improve forest parameter estimation by means of Pol-InSAR
techniques from a local to a global-scale forest, there is a crucial need to understand the impacts
of spaceborne performance parameters with respect to forest parameter estimation.

1.2 State-of-the-art
In the last years, the coherent combination of both interferometric and polarimetric observations
by means of Pol-InSAR was the key for an essential breakthrough in quantitative forest
parameter estimation (Cloude and Papathanassiou 1998; Cloude and Papathanassiou 2003;
Hajnsek et. al 2009). In this section, a brief review of Pol-InSAR applications and the actual
status of forest parameter estimation are introduced.

1.2.1 SAR remote sensing
Synthetic Aperture Radar (SAR) is an advanced microwave imaging system that measures the
complex reflectivity of a scene. As SAR is an active system at wavelengths from a meter down
to centimeters, it is able to operate independently of weather conditions and daylight. The field
of SAR remote sensing has changed and developed dramatically with two different operation
modes. First, SAR polarimetry is sensitive to the shape, orientation and dielectric properties of
scatterers. Hence, the PolSAR technique allows for the identification of scattering mechanisms
of natural media employing differences in the polarization signatures for purposes of
classification and parameter inversion (Cloude and Pottier 1997). Second, SAR interferometry is
an established technique for the estimation of the height of scatterers through the phase
difference using two complex SAR images of the same area acquired in slightly different
positions (Bamler and Hartl 1998). The high sensitivity of the interferometric phase and
coherence to the vegetation height and density variations makes the estimation of 3-D forest
parameters from interferometric observation challenging.
Polarimetric SAR interferometry (Pol-InSAR) is a new radar-imaging technique with important
applications in the remote sensing measurement of vegetation properties such as the forest
height, 3-D structure and biomass. This technique is different from conventional PolSAR or
InSAR techniques in that it involves the coherent generation of interferograms for different
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polarization pairs (Cloude and Papathanassiou 1998) and is especially powerful in cases of
vegetation land surface, where polarimetry alone suffers from the inherent high-depolarization
problem or standard single-polarization interferometry remains underdetermined (Cloude 2006;
Treuhaft et al. 1996). Pol-InSAR uses a change of the interferometric phase at different
polarizations and allows us to estimate key forest parameters such as the forest height (Cloude
and Papathanassiou 1998; Cloude and Papathanassiou 2003), tomography (Cloude 2006) and
above-ground forest biomass (Mette et al. 2004). By using airborne SAR systems in the last
decade, quantitative models, e.g., the Random Volume over Ground (RVoG) model, based on
the estimation of forest parameters - based on the single frequency fully polarimetric
single/multi-baseline configuration - has been developed and demonstrated over a variety of
temperate (Papathanassiou and Cloude 2001), boreal (Praks et al. 2007) and tropical (Hajnsek et
al. 2008) forest test sites at L- and P-band.
The launch of JAXA’s ALOS in 2006 - for the first time since the SIR-C/X SAR mission in the
1980s - provided the opportunity to acquire Pol-InSAR data from space. ALOS PALSAR was
able to operate in a quad-pol mode that allowed acquiring Pol-InSAR data in a repeat-pass mode.
However, the repeat-pass interval of 46 days resulted in severe temporal decorrelation on the
interferometric coherence and limited their use for forest parameter inversion (Lee et al. 2009).
Therefore, temporal decorrelation is a key issue for a successful Pol-InSAR inversion in the case
of repeat-pass SAR data, as provided by future satellite SAR systems at L- and P-band.

1.2.2 Temporal decorrelation
Temporal decorrelation is one major limiting parameter on the Pol-InSAR inversion performance
in conventional repeat-pass airborne/satellite SAR systems. Temporal decorrelation results from
the changes of scatterers both on the surface and within the volume due to the dynamic
environmental processes (e.g., wind, precipitation and so on) in a stochastic manner between
SAR acquisitions.
In previous studies, temporal decorrelation was modeled assuming changes only in the position
of the scatterers. If the motion of a scatterer is characterized by a Gaussian-statistic motion, an
exponential temporal decorrelation model is derived (Zebker and Villasenor 1992). The model
was first validated using L-band SEASAT data. The exponential model was extended by a
Brownian model. Brownian motion implies an exponential decay of temporal decorrelation with
time (Rocca 2007). However, temporal decorrelation in a forest at small temporal baselines (i.e.,
shorter than an hour) is mainly caused by wind induced motion, making Brownian motion
inadequate to model temporal decorrelation at these temporal baseline scales (Neumann et al.
2010). More recently, a physical model of temporal decorrelation was proposed assuming a
variable Gaussian statistical motion along the vertical direction of forests (Lavalle et al. 2012).
This model was validated at L-band using a zero spatial baseline and a 40 minutes temporal
baseline acquired by the JPL’s UAVSAR system.
However, all temporal decorrelation models assumed that the dielectric properties of the
scatterers remain unchanged between the two acquisitions. At long temporal baselines (i.e.,
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longer than a day), temporal decorrelation may also be caused by the change of dielectric
properties due to environmental and weather effects.
There are different approaches for assessing the impact of temporal decorrelation on the PolInSAR forest height inversion. The Random Volume over Ground with Volume Temporal
Decorrelation (RVoG + VTD) model was introduced by incorporating a temporal decorrelation
component into the two-layer (volume/ground) scattering model (Cloude and Papathanassiou
2003; Papathanassiou and Cloude 2003). The inversion results in the presence of temporal
decorrelation (2 days) and demonstrates that forest height inversion without accounting or
compensating for temporal decorrelation leads to significantly overestimated heights
(Papathanassiou and Cloude 2003). The quantification of temporal decorrelation in L- and Pband repeat-pass interferograms was discussed in the context of the INDREX-II data sets
acquired with about a 40-minute temporal baseline, assuming that the scattering properties of the
ground do not change in that time (Hajnsek et al. 2009). For the special case of a zero (spatial)
baseline interferogram, temporal decorrelations at L- and P-band are separated from volume
decorrelation. The obtained results in a homogenous forest area indicated, as expected, a lower
temporal stability for higher frequencies; moreover, the patterns of wind-induced temporal
decorrelation do not correlate with the forest structure and may change from interferogram to
interferogram even if they are acquired with the same temporal baseline (i.e., 40 minutes). While
this method can provide an estimation of temporal decorrelation, the impact of temporal
decorrelation on the Pol-InSAR forest height inversion cannot be directly addressed because of
the absence of volume decorrelation.

1.3 Goals of the thesis
The main objective of this dissertation is to address the potential and limitations of Pol-InSAR
techniques for forest parameter estimation and to quantify the Pol-InSAR performance for
mapping global forests on spaceborne performance at lower frequencies, L- and P-band. For this
purpose, several issues are addressed:

4



Investigation of single- versus multi-baseline Pol-InSAR performance for an improved
accuracy in forest height estimation.



Assessment and sensitivity analysis of longer wavelengths (L- and P-band) for forest
height estimation.



Quantification, model development and assessment of temporal decorrelations in time
and their impact on Pol-InSAR height estimation.



Performance analysis of Pol-InSAR inversion in the frame of future spaceborne missions.

Introduction

1.4 Synopsis
The dissertation comprises the introduction and the following six chapters:
Chapter 2 starts with an overview of SAR data acquisition and imaging geometry. SAR
polarimetry and SAR interferometry are introduced, and their coherent combination in the form
of (single baseline) Pol-InSAR used in this study is reviewed.
Chapter 3 provides a brief description of the data used for parameter inversion and validation.
The airborne SAR campaigns are described, including the test sites and the Pol-InSAR data sets
acquired by the E-SAR system as well as the ground measurement data sets.
Chapter 4 consists of two parts. The first part introduces the vertical wavenumber  z , which is
one of the key parameters for Pol-InSAR inversion. The topographic correction of the vertical
wavenumber  z and its impact on forest parameter retrieval, as well as the sensitivity of  z , are
presented. In the second part, the combination of the multi-baseline inversion results to improve
forest height estimation and the multi-baseline inversion heights at L- and P-band are presented
and validated.
Chapter 5 introduces the RVoG model and the simulation of two temporal decorrelation
parameters: temporal decorrelation in the volume and temporal decorrelation on the ground layer.
The impact on the forest height inversion performance is discussed and validated by real
airborne SAR data at temporal baselines of about 10 minutes to 54 days.
Chapter 6 deals with the performance analysis applying the Pol-InSAR configuration of
spaceborne sensors at longer wavelengths. A short review of the simulation parameter is
introduced. The potentials and limitations on Pol-InSAR inversion performance are discussed.
Chapter 7 provides the conclusions consisting of three parts: a summary of the dissertation, its
contributions and recommendations for future work based on the presented findings.
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2 Polarimetric SAR Interferometry

Synthetic Aperture Radar (SAR) is a well-developed remote sensing technique for providing
large scale and high resolution radar images of the Earth’s surface. This chapter reviews briefly
the basic concepts of SAR as well as SAR polarimetry (PolSAR) and SAR interferometry
(InSAR). Finally, the main idea of Polarimetric SAR interferometry (Pol-InSAR) used in this
study is introduced.

2.1 Synthetic Aperture Radar
Conventional RAdio Detection And Ranging (Radar) is mainly used for both locating objects
and determining their position, speed and material composition by using electromagnetic waves
within a range of 300 MHz to 300 GHz. A specific class of radar systems is the imaging radar,
which provides a 2-D representation of the radar reflectivity of a scene. To obtain high resolution
radar images, the concept of synthetic aperture (SA) was first introduced in 1951 (Wiley 1954).
The main idea of the SAR concept is to generate a very long antenna by moving a physically
small antenna along the flight direction. The received signals are coherently integrated, leading
to radar images with a high spatial azimuth resolution.

2.1.1 SAR principle
In general, the SAR system is mounted on a flying platform, such as an aircraft or a spaceborne
platform/satellite to image terrain. While in flight, the radar transmits pulses with a certain Pulse
Repetition Frequency (PRF) and receives the backscattered signals, which are sampled and
stored in a matrix. This matrix is commonly called the raw data because these data still have to
be compressed in order to obtain information. After SAR processing (Hein 2004; Cumming and
Wong 2005), a focused 2-D radar image, generally called a single look complex (SLC) SAR
image, is obtained.
A SAR system scans the Earth’s surface in a specific geometry. Figure 2.1 (a) shows the
geometry of a conventional monostatic, side-looking SAR. The platform moves at a uniform
speed v at an altitude H . The antenna looks slant-wise toward the ground and perpendicular to
the flight direction. The two coordinates of the SAR image are the azimuth dimension along the
flight direction and the slant range dimension along the line-of-sight. The antenna is normally
directed to one side of the platform to avoid left-right ambiguities. The illustrated beam is wide
in the vertical direction and intersects a certain surface in the across track (range) direction. The
radar footprint is the area of illumination for each pulse, generally defined as the half power (3
dB) antenna beamwidth at the surface. The entire image strip illuminated by many pulses is
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referred to as the image swath. While the beamwidth along the range determines the swath size,
the beamwidth along the azimuth results in the length of the synthetic aperture ( LSA )

 
LSA (r )  2r tan az 
 2 

(2-1)

where  az is the azimuth antenna beam at -3 dB and r is the range distance between the antenna
and the target (Figure 2.1 (b)). Despite a physically small antenna, a synthesized much longer
antenna can be attained.

2.1.2 SAR resolution
One of the most important advantages of SAR images is its spatial resolution, which is a measure
of how close two point-like objects can be located to each other in order to still be separated in
the image. For SAR imaging sensors, the spatial resolutions in the range and the azimuth are
differently defined because of the two different scanning mechanisms (Bamler and Hartl 1998).
In range, the improvement of the resolution is performed by compressing the chirped signal,
whose frequency varies linearly in time. After matched filtering (Cumming and Wong 2005), the
energy of a single target is focused at its range position. The achievable range resolution  rg is
determined by the system bandwidth of the transmitted signal Brg , yielding (Bamler and Hartl
1998)

 rg 

c  p
c

2  Brg
2

(2-2)

where c is the velocity of the light,  p the pulse duration, which is inversely proportional to Brg
and the factor ½ comes from the two-way path between the antenna and the target. For example,
the L- and P-band E-SAR system with 100 MHz system bandwidth provides a high slant-range
resolution of approximately 1.49 m. Note that the resolution in the range direction is independent
of the distance of the SAR sensor to the target and the movement in the azimuth direction.
On the other hand, the azimuth resolution is improved by synthesizing a long antenna in time
with the movement of the platform. A single target is illuminated by the radar at multiple
locations along the flight direction (Figure 2.1 (b)). Thus, a small antenna with a broad
beamwidth contains frequency information of a point scatterer’s response, resulting in a broader
azimuth bandwidth (Bamler and Hartl 1998). All of the echoes from the many pulses need to be
coherently combined to achieve the maximum resolution. The azimuth resolution  az is given by
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Figure 2.1: A basic concept of SAR: (a) sketch of SAR geometry and (b) the concept of synthetic aperture
(SA).

where Lant is the physical azimuth length of the antenna, v the forward speed of the platform
and Baz the azimuth bandwidth. It is interesting to note that the theoretical azimuth resolution
(assuming perfect signal processing) depends only on the physical antenna size Lant . It is
independent of the range and the sensor velocity. Thus, this break-through enabled the operation
of high azimuth resolution SAR systems not only on airborne platforms but also on spaceborne
platforms.

2.2 Polarimetric SAR
Polarimetric SAR operating with a full polarization antenna measures fully polarimetric
information about the scattering properties of a target. Polarimetric diversity in radar systems
permits a more complete inference of the natural surface or other target parameters than is
possible with a single channel radar system (Zebker and Van Zyl 1991). In this chapter, a review
of the polarimetric concept is briefly introduced and a more detailed overview is available in
(Zebker and Van Zyl 1991; Lee and Pottier 2009; Cloude 2010).

2.2.1 Scattering matrix
The polarization state of a plane, monochromatic, electric field can be represented by the socalled Jones vector (Boerner et al. 1998). Additionally, a set of two orthogonal vectors form a
polarization basis in which any polarization state of a given electromagnetic wave can be
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expressed. Therefore, given the Jones vectors of the incident and the scattered waves, E I and

E S , respectively, these two fields are linearly combined by the complex 2×2 scattering matrix

S 



eikr
S EI
ES 
r

(2-4)

where k is the wavenumber. The term eikr r takes into account the propagation effects both in
the amplitude and in the phase. In the horizontal-vertical basis, the complex scattering matrix
S  is given by

S   

S HH

 SVH

S HV 
SVV 

(2-5)

where the four elements of the scattering matrix Sij ( i , j = H or V ) are called the complex
scattering coefficients or the complex scattering amplitudes. The diagonal elements of the
scattering matrix, S HH and SVV , are referred to as the copolar components since they relate the
same polarizations for the incident and scattered fields. The off-diagonal elements, S HV and SVH ,
are said to be the cross-polar components, as they relate the orthogonal polarization states. In the
monostatic case ( S HV  SVH  S XX ), the scattering matrix of a given target can be defined by five
parameters: the three amplitudes and the two relative phases. It is then described as

 S HH e iHH
i
 S XX e XX

S   

S XX e i XX 
  e iHH
iVV
SVV e 




S HH

i (  )
 S XX e XX HH

absolute
phase term

S XX e i ( XX HH ) 

SVV e i (VV HH ) 


(2-6)

relative scattering matrix

The total scattered power Ptotal is the sum of absolute squares of each element in S  :
Ptotal  S HH

2

 2 S XX

2

 SVV .
2

(2-7)

2.2.2 Covariance and coherency matrices
Distributed targets arise from the fact that all the radar targets are not stationary or fixed but
generally situated in a dynamically changing environment (Lee and Pottier 2009). However, in
most geoscience radar applications, the scatterers are generally embedded in a dynamic
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environment and are therefore affected by spatial and/or time variations. These scatterers, called
partial scatterers or distributed targets, can no longer be completely described by a scattering
matrix S  (Lee and Pottier 2009). To advance the analysis of partial scatterers in the complex
domain, the concept of covariance and a coherency matrix was introduced (Cloude and Pottier
1996).
The covariance matrix C  is defined using the outer product of the lexicographic scattering

vector k L with its conjugate transpose (Cloude and Pottier 1996; Lee and Pottier 2009; Cloude

2010). For the monostatic case, the lexicographic scattering vector k3 L and the 3×3 covariance
matrix C3  are given by




k3L  S HH

Lexicographic

C3  

 
k 3 L k 3L

2

S HH

*
  2 S HV S HH

 S S*
VV HH


2S HV

SVV



T

*
2 S HH S HV

2 S HV

(2-8)

*
S HH SVV

2

*
2 S HV SVV

*
2 SVV S HV

SVV

2








(2-9)

where the superscript  denotes the complex conjugate transpose,  denotes the complex
conjugate only and  indicates spatial averaging, assuming homogeneity of the random
scattering medium. In the same way, the coherency matrix T3  is formed from the outer product

of the Pauli scattering vector k3 P (Cloude and Pottier 1996; Lee and Pottier 2009; Cloude 2010).


1
S HH  SVV
k3P 
2

Pauli

T3  

2S HV 

S HH  SVV

T

(2-10)

 
k 3 P k 3P

2

S HH  SVV

1

( S HH  SVV )( S HH  SVV ) *
2
 2 S ( S  S )*
HV
HH
VV


( S HH  SVV )( S HH  SVV ) *
S HH  SVV

2

2 S HV ( S HV  SVV ) *

*

2 ( S HH  SVV ) S HV

*
2 ( S HH  SVV ) S HV 

2

4 S HV


(2-11)

The insertion of the factor 2 and 2 in (2-8) and (2-10) arises from the requirement to keep the
norm of the two target vectors independent from the choice of the basis matrix set and equal to
the total power Ptotal of the scattering matrix S  . Both C3  and T3  contain nine independent
parameters, three real power values in the main diagonal and three off-diagonal complex cross-
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correlations, which contain information about the correlation between the complex elements of
S  over the spatial averaging.
The 3-D lexicographic and Pauli scattering vectors can be transformed into each other (Cloude
and Pottier 1996; Lee and Pottier 2009). Thus, one matrix can be converted into the other by
using the transformation of the corresponding scattering vector. The relation between C3  and

T3  is described in (Cloude and Pottier 1996; Hajnsek 2001). Since the transformations of the

matrices are unitary similarity transformations, both matrices have the same eigenvalues but
different eigenvectors.

2.3 Interferometric SAR
Interferometric SAR (InSAR) estimates the complex correlation coefficient between two
complex SAR images to derive additional information, especially topographic information. In
the following section, the basic principle of InSAR and the interferometric coherence are
presented. More detailed InSAR techniques and applications are covered in (Zebker and
Goldstein 1986; Bamler and Hartl 1998; Rosen et al. 2000; Hanssen 2001).

2.3.1 Interferometric SAR principle
The InSAR technique is based on forming an interferogram between two complex SAR images
of the same area from slightly different acquisitions. Figure 2.2 shows an example of InSAR
geometry. A point P is located within the scene at a height h . A single conventional SAR
image has no capability of distinguishing the two points P and P' at the same slant range
( r1  r1 ' ). Considering the second SAR sensor A2 separated by a baseline B , the ambiguities are
solved because the distances of r1 and r2 are not equal. The height of a scattering point P can be
estimated from the geometry of the triangle composed of the two sensor positions and the target
point. From Figure 2.2, the cosine law yields

r22  r12  B 2  2r1 B cos90        r12  B 2  2r1 B sin   

(2-12)

where  is the incidence angle and  is the angle defined from the horizontal baseline. This
equation allows us to define the parallel baseline

B||  B sin(   ) 

r12  B 2  r22 B 2 r 2


 r  r
2r1 B
2r1 2r1

(2-13)

where it has been assumed that the range distance between the SAR sensor and the target is
much larger than the length of baseline B and the parallel baseline B|| (far field or parallel-ray
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approximation (Zebker and Goldstein 1986)). The height h of the target P can be calculated as
follows

A2

ẑ

B

A1



B||

B

x̂

ŷ



r2  r1  r

r1

H

r1

P
P`

h

Figure 2.2: Geometry of Interferometric SAR (InSAR).

h  H  r1 cos 

(2-14)

where H denotes the sensor height. Note that the accuracy of the final height estimate depends
primarily on the accuracy of the range difference measurements. The range difference r can be
measured very accurately using the interferometric phase.
Let s1 and s2 represent the received signals at two antennas (A1/A2). The interferogram is given
by multiplying s1 with the conjugate of s2 as

s1  s2  s1  s2 e i (1 2 )  s1  s2 e

i

4



r

.

(2-15)

The phase of the interferogram corresponds to the range difference of the two received signals

r
int 

4



r  2N

(2-16)

where N is an integer value. The phase is measured only as the modulus 2 of the absolute
phase difference. The range difference r can be estimated in terms of the interferometric phase
with sensitivity of the order of fractions of the wavelength.
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For single-pass InSAR acquisitions, the interferometric phase int described in (2-16) contains
two different phase components, the flat earth phase  fe and the topographic phase topo . The flat
earth phase results from the projection of the flat ground topography onto the radar geometry
(see Figure 2.3) and it is defined as

 fe  

4 B cos(   )
4 B
 rg  


r tan
 r tan rg

(2-17)

where  rg is the range sampling. A surface at the same height generates a linear interferometric
phase in the range, the so-called flat earth phase. This flat earth phase is generally subtracted
from the interferogram before the application of interferometry.
Considering the point P' to be located at the same range r but at a different height z as shown
in Figure 2.3 (b), the interferometric phase difference relative to the different height between the
two points is estimated by

topo  P  P  

4 B cos(   )
4 B
z  
z

r sin 
 r sin 

(2-18)

which is the classical application of SAR interferometry for generating digital elevation models
(DEM). For vertically distributed scatterers, topo will lie somewhere inside the volume,
depending on the depth and density of the volume and the system wavelength. The height of the
phase topo is termed the scattering phase center.
The increment of the phase topo yields the height sensitivity of the interferometric phase as
topo
z



4

B
4 

 r sin 
 sin 

(2-19)

where   sin( )  B r is the incidence angle difference between the two SAR images
induced by the baseline. Equation (2-19) corresponds to the effective vertical (interferometric)
wavenumber  z . Given the height sensitivity, the concept of the 2 ambiguity height can be
introduced. The ambiguity height refers to the height change that leads to a 2 change in the
interferometric phase. From (2-19), the ambiguity height results in

h2  

 r sin 
2 B



2

z

.

(2-20)

Large baselines have the same effect as short wavelengths on the height resolution. However, the
larger baselines lead to more geometric decorrelation.
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A2
A1

A2

ẑ

B

A1



x̂



x̂

ŷ



H

ẑ

B

ŷ


 d

 d

H
r

r
r

 rg

P`
z

P

P`

P

(a)

(b)

Figure 2.3: Geometry for interpretation of interferometric phase; (a) flat earth component and (b)
topographic component.

2.3.2 Interferometric coherence and decorrelation
2.3.2.1 Estimation of coherence
The complex interferometric coherence is the key observable for InSAR (or Pol-InSAR)
applications and includes both the interferometric coefficient and the interferometric phase. The
complex coherence is defined as the normalized cross correlation of the two SAR images s1 and

s 2 obtained from the different acquisitions



E ( s1 s 2* )
2

2

E ( s1 ) E ( s 2 )

(2-21)

where E () denotes the expectation value. In practical situations, the accuracy of a phase
observation of a homogeneous region is assumed to be stationary. Under the assumption of
ergodicity, it is possible to exchange the ensemble average with spatial averages over a limited
area surrounding the pixel of interest (Touzi et al. 1999). This estimator is the maximum
likelihood estimator for the coherence over an estimation window of N ( nazimuth  nrange) pixels
(Seymour and Cumming, 1994)
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(a)

(b)

(c)

Figure 2.4: (a) The expected value of ~ and (b) the standard deviation of the coherence estimator as a
function of the true coherence  for three different number of looks Lint . The dashed line in (b)
represents the Cramér-Rao bound for the unbiased coherence estimator. (c) Standard deviation of
interferometric phase as a function of the coherence and the number of averaged independent samples
Lint .

~ 



N
( n ) *(n )
2
n 1 1



N

s s

(n) 2
1

s
n 1



N

s
n 1

, 0  ~  1 .

(n) 2
2

(2-22)

The absolute value of the coherence scales between 0 (pure noise) and 1 (identical images). Here,
the number of pixels averaged is commonly known as the number of looks Lint .
The coherence estimator as described by (2-22) can be biased for low coherence values. The bias
can be asymptotically reduced by means of an increase in the number of looks and/or the
coherence magnitude, as depicted in Figure 2.4 (b). The Cramér-Rao bound, which is a lower
bound for the variance (assuming an unbiased estimator), is defined as (Bamler and Hartl 1998;
Hanssen 2001)

 2~ ,CR 

1  2
  2~ .
2 Lint

(2-23)

The dashed line in Figure 2.4 (a) indicates the unbiased estimator of the coherence.
2
The phase variance  int
as a function of the coherence can be computed by (Hanssen 2001)
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Figure 2.4 (c) shows the phase standard deviation versus the coherence for a different number of
looks. The removal of the estimation bias is only possible when the amplitude of the coherence is
high or when Lint is sufficiently large (Touzi et al. 1999). In this study, Lint  9×9 is used, and
thus, the coherence estimation biases are assumed negligible.
2.3.2.2 Sources of decorrelation
The estimated interferometric coherence depends on the instrument and acquisition parameters
as well as on the dielectric and structural parameters of the scatterers. The coherence can be
decomposed into several decorrelation processes and described as the product of their
components (Zebker and Villasenor 1992; Just and Bamler 1994; Bamler and Hartl 1998;
Hanssen 2001):

 total   vol rg  SNR temp  proc 

(2-25)



 vol : Volume decorrelation is the decorrelation caused by the different projections of the



vertical component of the scatterers into the two SAR images. Volume decorrelation is
related to the geophysical parameters of the vegetation volume. It is used in Pol-InSAR
inversion. Therefore, volume decorrelation should be isolated from the contributions of
other decorrelations for successful Pol-InSAR inversion performance.
 rg : Range decorrelation is caused by the difference in the incidence angles between the



two SAR acquisitions, which results in non-overlapped range spectra. Range
decorrelation can be improved by filtering the non-common spectra (Gatelli et al. 1994).
 SNR : Noise decorrelation is introduced by the additive white noise contribution on the



received signal (Zebker and Villasenor 1992; Bamler and Hartl 1998). It primarily affects
the scatterers with low (back-) scattering.
 temp : Temporal decorrelation depends on the structure, the temporal stability of the



scatterers, the temporal baseline of the interferometric acquisition and the dynamic
environmental processes occurring in the time between the acquisitions. In chapter 5,
temporal decorrelation will be discussed in (further) detail.
 proc : The processing induced decorrelation results from the different steps in the
interferometric processing chain, e.g., coregistration or motion compensation. It can be
optimized using proper processing algorithms and accurate interpolators.
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2.4 Polarimetric SAR Interferometry
Polarimetric SAR Interferometry (Pol-InSAR) is a powerful remote sensing technique for
investigating the vertical distribution of scattering processes in natural volume scatterers.
PolSAR (section 2.2) and InSAR (section 2.3) techniques were coherently combined to provide
sensitivity to the vertical distribution of scattering mechanisms and the technique was first
demonstrated using data from the Spaceborne Imaging Radar mission (SIR-C/X) (Cloude and
Papathanassiou 1998; Papathanassiou and Cloude 1999; Cloude and Papathanassiou 2003). In
this section, the Pol-InSAR model is introduced and the implementation of Pol-InSAR inversion
scheme is described.

2.4.1 Pol-InSAR matrices
A fully polarimetric interferometric system measures for each resolution pixel in the scene from
slightly different interferometric acquisitions two scattering matrices, S1  and S 2 


1

S1   S HH
1
 SVH

2
1

 S HH
S HV
and


S

 2
2
1 
SVV
 SVH


2

S HV
.
2 
SVV 

(2-26)

1
2
Using the outer product formed from the scattering vectors k3P
and k 3P
(as mentioned in section

2.2.2) for the two scattering matrices, S1  and S 2  , a 6×6 Hermitian positive semidefinite
matrix T6  can be defined as


k 31P    1 T
T6     2   k3P
k 3 P  

 T
T
k 32P    11*T

12

12 

T22 

(2-27)

where T11 and T22 are 3×3 polarimetric coherency matrices and 12 is a new 3×3 polarimetric
interferometry matrix that contains not only polarimetric information but also the interferometric
phase relations of the different polarimetric channels between both images (Cloude and
Papathanassiou 1998).
To extend the scalar formulation (see (2-21)) into a vectorial one, two normalized complex


vectors w1 and w2 are introduced. Two complex scalar images i1 and i2 are generated by
1
2


projecting the scattering vectors k3P
and k3P
onto the vectors w1 and w2 , respectively

 
 
i1  w1*T k31P and i2  w2*T k32P .


The interferogram related to the scattering mechanisms w1 and w2 is given by
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i1 i2*  w1*T k31P

 w

*T
2


k32P



*T



 w1*T 12 w2

(2-29)

and the corresponding interferometric phase as



  argi1 i2*   argw1*T 12 w2  .

(2-30)

Finally, a general expression for the complex interferometric coherence for an arbitrary choice of


scattering mechanisms w1 and w2 is given by

 
~( w1 , w2 ) 



 w1*T 12 w2 

.




 i1i1*  i2 i2* 
 w1*T T11w2  w1*T T22 w2 
 i1i2* 

(2-31)



In the case of w1  w2 , the last equation becomes a more general expression for the
interferometric coherence than the conventional scalar expression in (2-21) (Cloude and

Papathanassiou 1998). A generalized vector expression for the coherence ~( w) at different
  
polarizations ( w  w1  w2 ) is then given as

~( w) 



 w*T 12 w 
.




 w*T T11w  w*T T22 w 

(2-32)

2.4.2 Coherence region and coherence boundary
In this subsection, a geometrical interpretation of the coherences at different polarizations, the
so-called “Coherence Region (CR),” is introduced (Flynn et al. 2002). For a given polarimetric
interferometric matrix T6 , there exists some sub-region of the whole unit circle that encloses

all possible values of coherence (for all states of w ). This sub-region is called the coherence
region of matrix T6 . In general, the shape and size of the CR are determined by the nature of
the scattering processes, the interferometric geometry and the number of looks Lint . The
 
boundary of the CR can be computed numerically for the constrained case ( w1  w2 ) using the
eigenvalue equation (Tabb et al. 2002; Flynn et al. 2002; Fomena and Cloude 2005; Colin et al.
2006)






w*T Aw
~
 ( w, )   *T   T 1 Aw  w
w T w

(2-33)
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*T i
e
2 and T  (T11  T22 ) 2 . For each rotation angle  , the eigenvalue
where A  12ei  12

equation (2-33) yields the maximum and minimum eigenvalues and eigenvectors that can be
used to estimate two complex coherences on the boundary of the CR as described in

 *T

wmax
[12 ]wmax
 max ( )   *T
and  min ( ) 

wmax [T ]wmax

 *T

wmin
[12 ]wmin
.
 *T

wmin
[T ]wmin

(2-34)

By varying  within the interval [0,  ), the whole boundary of the CR can be reconstructed as
shown in Figure 2.7. All possible interferometric coherences in (2-32) lie inside the coherence
boundary.

2.4.3 The scattering model and Pol-InSAR inversion
In the previous sections, the coherence loci are defined as the region in the complex plane
bounding the variation of the interferometric coherence with the polarization. The idea was
extended to the related concept that coherence loci are confined by variations of the
interferometric coherence associated with physical forest parameters of a scattering model
(Papathanassiou and Cloude 2001; Cloude and Papathanassiou 2003). A widely and successfully
used model is the so-called Random Volume over Ground (RVoG) model, a two-layer model
consisting of a volume and a ground layer (Treuhaft et al. 1996; Cloude and Papathanassiou
2003). The RVoG model is characterized by having a smaller number of independent physical
parameters than observables so that these parameters can be estimated from Pol-InSAR data.
2.4.3.1 The Random Volume over Ground (RVoG) model
The RVoG model represents coherent scattering not only from the volume but also from the
ground layer, as schematically shown in Figure 2.5. In general, the surface layer consists of
impenetrable scatterers characterized by an isolated phase center in the vertical direction. A
Dirac delta function is generally used for the vertical structure function of surface scattering.
After range spectral filtering and compensation of SNR decorrelation, the interferometric
coherence becomes

~  e i z z0



hv

0

 ( z ' )e i z ' dz '
z



hv

0

20

 ( z ' )dz '

 e i z z0  e i0

(2-35)
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<Forest>

<Two-layer scattering model>
Volume

z  z0  hv

Ground

z  z0

F (z )

Figure 2.5: The vertical structure function of surface and volume scattering.

where  z is the (effective) vertical wavenumber and 0 represents the ground phase
corresponding to the ground elevation z0 . The interferometric coherence for surface scattering
results in a simple form, with a coherence of unity and phase depending only on the surface
elevation z0 .
In contrast to surface scatterers, volume scattering integrates the response from scatterers
located at different heights inside the medium. The degree of volume scattering depends on the
extinction of the radar wave inside the volume. Thus, the volume decorrelation depends on the
vertical structure of the volume scatterers. It is given by the (normalized) Fourier transform of
the vertical distribution of the effective scatterers F (z ) as

~

V




hv

0

F ( z ' )e i zz ' dz '



hv

0

.

(2-36)

F ( z ' )dz '

A volume scattering description has to include attenuation of the wave (due to scattering and
absorption) propagating through the volume medium. In the case of Random Volume (RV), the
vertical distribution of scatterers F (z ) is the exponential function with the volume height and
the wave extinction coefficient. It corresponds to a mean extinction value for the volume layer,
expressing the sum of scattering and absorption. Volume decorrelation for a volume height of
hv and extinction  becomes

~V 



hv

0

e



2
z'
cos 0
i zz '

hv

0

e

e

2
z'
cos 0

dz '

dz '



p1hv

p2 e
p1 e p2 hv

2

p1 
 i z

1
cos  0

 
2
1
 p2 

cos  0

(2-37)

where  0 is the incidence angle. The extinction varies from zero to infinity. Figure 2.6 (a)
shows how the volume coherence varies as a function of the vegetation height and extinction
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for a vertical wavenumber  z = 0.1 rad/m. Note that the coherence decreases with increasing
vegetation height because of volume decorrelation. However, the effect of unknown extinction
makes the relationship between coherence and height ambiguous. By using (2-37), for a given
baseline, each height and extinction pair corresponds to a unique ~V that can be mapped on the
unit circle (see Figure 2.6 (b)). For the special case of no extinction (  = 0 dB/m), volume
decorrelation can be expressed by the sinc-function as

sin( v )
h
~V (hv ;   0)  e i
where  v  v z .
v
2
v

(2-38)

It is plotted by the black solid curve in Figure 2.6 (b). When the extinction is infinite (    ),
the canopy becomes a surface with a volume coherence of unity and the phase center located at
the volume top. At infinite height ( hv   ), (2-37) can be modified as (Cloude 2010)

~V ( ; h ) 

1
.
 z cos  0
1 i
2

(2-39)

Note that it is a function of only one physical parameter of extinction. The coherence loci in
(2-39) have a simple form, forming a half circle on the unit circle as shown by the black dashed
curve in Figure 2.6 (b).
A realistic scattering scenario in forests has to simultaneously consider both the volume and
ground layer interactions at lower frequencies such as L- and P-band. The two layers
(volume/ground) are coherently modeled as a volume layer of a certain thickness hv containing
~ located
randomly oriented particles characterized by a scattering amplitude per unit volume m
V

over a ground scatterer positioned at z  z0 with scattering amplitude mG . In this case, the
vertical structure function F (z ) can be described as (Treuhaft et al. 1996)
2

z

2

h

~ e cos0  m e cos0 v  ( z  z ) .
F ( z)  m
V
G
0

(2-40)


The complex interferometric coherence ~( w) is written as


~( w)  e i0



hv

0

F ( z ' )e i zz ' dz '



hv

0
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1  m( w)

~V  m( w)

(2-41)

Polarimetric SAR Interferometry

20m



10m
~V (hv ;   0)

30m

0m

2 dB/m
~V ( ; h )

60m

40m

50m

(a)

0

(b)

Figure 2.6: Volume decorrelation; (a) variation of volume decorrelation against forest height hv and
mean extinction  for  z = 0.10 and (b) volume decorrelation on unit circle as a function of height hv
and extinction  . Color represents extinction  , from 0 to 2 dB/m.

where ~V denotes the complex coherence for the volume-only (see (2-37)), 0 is the phase
relative to the ground topography and m the effective ground-to-volume amplitude ratio
accounting for the attenuation through the volume. According to this equation, the effective
phase center is located above the ground at a height that depends on the ground-to-volume
amplitude ratio as well as the attenuation length of the vegetation layer.
Equation (2-41) can be rewritten as the equation of a straight line in the complex plane, going
i
through the points ei0 ~ (pure volume scattering, m  0 ) and e 0 (pure surface scattering in
V

(2-35), m   ) as



m( w)
i0  ~
~
~ 
 ( w)  e   V 
 (1   V )  .
1  m( w)



(2-42)

Finally, note that the difference between the phase centers of coherence loci formed at different
polarizations is directly related to the difference of the corresponding ground-to-volume
amplitude ratios.
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~V e  i

IP2

0

CB1

CB2

IP1

(a)

(b)

Figure 2.7: Coherence boundary (blue); CB1 and CB2 on the coherence boundary represent the points
with maximum distance IP1 and IP2 on the unit circle are the two line-circle intersection points. In the
i
case of positive  , IP and CB become the ground point e 0 and the coherence for volume-only ~ ,
z

1

2

V

respectively. (b) Look-up table (LUT) displayed in the complex plane: each green point stands for a
unique height-extinction pair solution. The red point in the LUT represents the volume decorrelation
rotated by the ground phase.

2.4.3.2 Pol-InSAR inversion
Neglecting temporal decorrelation and assuming a sufficient calibration/compensation of systemand geometry-induced decorrelation contributions, equation (2-42) can be inverted in terms of a
quad-polarization single baseline acquisition (Cloude and Papathanassiou 1998; Cloude and
Papathanassiou 2003; Hajnsek et al. 2009). In a monostatic case, the measured complex



coherences ~(w1 ) ~(w2 ) ~(w3 ) for the independent polarization channels estimate six real

unknown parameters hv , , m1, 2,3 ,0  . Assuming no response from the ground in one polarization
(i.e., m3  0 ), the inversion problem has a unique solution and is balanced with five real
unknowns hv , , m1, 2 ,0  and three complex coherences

min

hv , , mi ,0


~ ( w1 )  ~ (hv , ,m1 ) 
  ~
~ ( w
 .
  2 )   (hv , ,m 2 )
~ ( w3 )   ~V e i0 

(2-43)

In this study, equation (2-43) is used to invert Pol-InSAR data sets at L- and P-band. Note that
the assumption for no ground response (i.e., m3  0 ) is not necessarily linked to the HV
polarization channel (Hajnsek et al. 2009).
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2.4.4 Implementation of Pol-InSAR model
The implementation of the Pol-InSAR model for forest parameter estimation is presented
according to the three-stage inversion process (Cloude and Papathanassiou 2003) and the
coherence optimization, as mentioned in subsection 2.4.2. Before implementing the Pol-InSAR
model, the coherence loci in (2-42) need to be compensated for non-volumetric decorrelation
effects as accurately as possible.
Stage 1: Fitting of the line
Although the coherence loci in (2-42) form a line segment, in practice, not all of the line is
visible from experimental data. Therefore, the dynamic change of the ground-to-volume ratio
becomes important (Cloude 2010). In reality, only some limited segment of the line
corresponding to variations of the ground-to-volume ratio from mmin (= 0) to mmax ( ) is
visible. The interferometric coherence on the ground layer ( m   ) cannot be obtained directly
from the real data. Therefore, it is very important to find the best-fit straight line inside the unit
circle for the successful implementation of the Pol-InSAR model. This process requires some
care in estimating the complex coherence because the interferometric coherences may be
affected by a certain variance. This variance includes statistical phase and coherence fluctuations
depending on the number of looks, coherence bias for low coherence and uncompensated
decorrelation contributions. One way to minimize the uncertainties is to apply a total least
squares line fit to the real and imaginary components of the data and then use the line parameter
estimation proposed in (Cloude and Papathanassiou 2003). In this case, only 5 coherences based
on the lexicographic and Pauli scattering vectors were used for the fitting of the line. Thus, an
uncompensated non-volumetric decorrelations affect, for example, temporal decorrelation, on a
certain polarization causes a critical error of line fitting and leads to large ground phase errors.
Moreover, the selected volume-only coherence does not satisfy the assumption of no ground
response (i.e., m3  0 ) in (2-43).
The technique for determining the coherence boundary can improve the line fitting and the
estimation of the volume-only coherence. It is important for Pol-InSAR inversion to determine
the maximum coherence change with polarization because it indicates the information about the
vertical distribution of the scattering mechanisms. The desired maximum difference is given by
the maximum distance between two coherences on the coherence boundary because m impacts
directly on the phase center of the interferometric coherence (see (2-41)). By using these two
complex coherences, CB1 and CB2 , which are furthest apart from each other, a straight line can
be estimated and plotted on the unit circle in Figure 2.7 (a).
Stage 2: Vegetation bias removal
In this stage, one of the two intersection points of the line with the unit circle corresponds to the
i

underlying topographic phase e 0 in (2-42), and the other is a false solution. Here, the ground
phase was chosen as the intersection with the unit circle, which returns the lower phase (   ) for
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the possible volume coherence. This criterion generally leads to the lower height solution and
can only be recommended as long as the second solution does not yield a sensible height.
Therefore, the selection of the ground phase is dependent on the prefix of the vertical
wavenumber  z . For example, if the vertical wavenumber is positive (  z  0 ) and the angle
difference of the two intersection points IP2 IP1* is positive, the ground point becomes IP1 , as
i
shown in Figure 2.7 (a). The selection of the ground phase e 0 is summarized as:

Vertical wavenumber
z  0 :
z  0:

Different angle

Ground phase

arg( IP2 IP1* ) > 0

arg( IP1 )

arg( IP2 IP1* ) < 0

arg( IP2 )

arg( IP2 IP1* ) > 0

arg( IP2 )

arg( IP2 IP1* ) < 0

arg( IP1 )

Stage 3: Height and extinction estimation
In the last step, the two remaining parameters, height hv and extinction  , are estimated. For
this estimation, the volume-only coherence ~ described in (2-37) should be selected from the
V

coherence boundary. The red point on the coherence boundary ( CB1 ) in Figure 2.7 shows the
volume-only coherence ~ , which lies at one end of the line away from the selected ground
V

i 0

phase e . This point corresponds to the coherence locus in (2-42) with the minimum ground
contribution ( m  0 ).
i

For the height/extinction inversion, it is computationally useful to remove the ground phase e 0
from the estimated volume coherence ~ . From the InSAR geometry, the vertical wavenumber
V

 z can be calculated and a look-up table (LUT) is then pre-calculated as a function of height and
extinction using (2-37). Therefore, an LUT represents all possible height/extinction solutions for
a given baseline as shown in Figure 2.7 (b). By comparing ~V ei0 with the LUT, the height hv
and extinction  are finally estimated as

min ~V (hin , in , 0 ,  z )  ~V e i0
hv ,

(2-44)

where  in is the input extinction varying between 0 and 2 (dB/m) for this study and hin denotes
the height array smaller than the ambiguity height in (2-20).
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3 Data Sources

In this study, fully polarimetric and interferometric data at L- and P-band were utilized and
acquired by the Experimental Synthetic Aperture Radar (E-SAR) system in the frame of recent
forest campaigns. This chapter provides a short description of the E-SAR system and an
overview of the forest campaigns including the test sites, the experimental Pol-InSAR data and
the ground measurement data.

3.1 E-SAR sensor
The E-SAR system was operated on-board a Do-228 aircraft. The system has been successfully
operated at multiple frequencies (X-, C-, L- and P-band) with different polarizations and
interferometric modes (Horn 1996) by the German Aerospace Center (DLR). The E-SAR is a
very versatile SAR system because of its ability to acquire repeat-pass interferometric and
polarimetric data at a large range of incidence angles with user-defined spatial and temporal
baselines. The temporal/spatial baseline diversities of the system give us the opportunity to
investigate temporal decorrelation and slope effects in Pol-InSAR inversion. The E-SAR system
parameters and radar geometry at L- and P-band for the BioSAR and TempoSAR campaigns are
provided in Table 3.1. The E-SAR incidence angle  0 (and thus the effective baseline) varies
from 25° to 55° (Horn 1996). The variation of the look angle leads to a change of the effective
vertical wavenumber  z (up to a factor of five) and affects the inversion performance that
changes along the range. Figure 3.1 shows the variations of the vertical wavenumber  z at Land P-band as a function of the nominal baseline, assuming the altitude of the E-SAR sensor is
3000 m. Each vertical wavenumber corresponding to the spatial baselines at L- and P-band can
be found in the plots for the BioSAR and TempoSAR campaigns.
Table 3.1: E-SAR radar and geometry parameters for the BioSAR and TempoSAR campaigns.
Parameters
Incidence angle (°)
Platform velocity (m/s)
Polarizations
Center frequency (MHz)
Wavelength (m)
Chirp bandwidth (MHz)
Range sampling rate (MHz)
NESZ (dB)

L-band

P-band

25 - 55
90 - 95
HH, HV, VV, VH
1300
350
0.23
0.86
94
94
100
100
-33
-40
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L-band

P-band

Figure 3.1: The vertical wavenumber  z as a function of nominal baseline at L- and P-band for the ESAR system. The altitude of E-SAR is 3000 m. The incidence angle changes from 25° to 55°. Red:  z in
near range, Blue:  z in far range, Black: mean  z from near to far range, Green: The range of  z
between 0.05 and 0.15 rad/m.

3.2 BioSAR 2007 and 2008 campaigns
The main objectives of the BioSAR campaigns were to build up a SAR data sets over boreal
forests utilizing two lower frequencies at L- and P-band and to improve our understanding of
forest dynamics over huge boreal regions. For this study, two boreal forest campaigns were
selected: BioSAR 2007 and BioSAR 2008. Both BioSAR campaigns were conducted using
DLR’s E-SAR system along with ground measurements of essential forest characteristics such as
the above ground biomass, the forest height and ground conditions acquired by the Swedish
Defence Research Agency (FOI). Both are supported by ESA.

3.2.1 Remningstorp and Krycklan test sites
Two boreal forest test sites, Remningstorp and Krycklan, were selected for the BioSAR
campaigns located in Sweden, as shown in Figure 3.2. Global boreal forests represent the largest
terrestrial biome and are mainly located between 50 and 60 degrees north latitude. They have an
important contribution in terms of biomass and CO2 stored in the wood. The main characteristics
of boreal forests are as follows:
 Temperatures are very low.
 Precipitation is primarily in the form of snow, 40 - 100 cm annually.
 The soil is thin, nutrient-poor and acidic.
 The canopy permits low light penetration and as a result, the understory is limited.
 The forest consists mostly of cold-tolerant evergreen conifers with needle-like leaves,
such as pine, fir and spruce.
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Krycklan

Krycklan

Remningstorp

Remningstorp

Krycklan
Sweden

Remningstorp

Figure 3.2: Test sites for BioSAR campaigns: Remningstorp forest for BioSAR 2007 campaign and
Krycklan forest 2008 campaign. Optical photos of two test sites.

The Remningstorp test site selected for the BioSAR 2007 campaign is located in southern
Sweden (58°28’ north, 13°38’ east). The forest is a part of the southern ridge of the boreal forest
zone in transition to the temperate forest zone. The topography is fairly flat, with some small
hills and ranges between 120 m and 145 m AMSL. It is a managed forest, divided into several
stands with a similar forest structure. The prevailing tree species are Norway spruce (Picea
abies), Scots pine (Pinus sylvestris) and birch (Betula spp.). The forest height ranges from 5 m to
35 m, with biomass levels from 50 to 300 t/ha.
The Krycklan test site selected for the BioSAR 2008 campaign is located in northern Sweden
(64°14’ north, 19°46’ east). The forest mapped with the E-SAR system is a part of the Krycklan
river catchment, which covers 6700 ha in total. Most of the forests in the test site are dominated
by coniferous trees (Scots pine, Pinnus sylvestris and Norway spruce, Picea abies), with some
broadleaf trees (birch, Betula spp.). The forest height ranges from 5 m to 30 m, with biomass
levels from 20 to 220 t/ha (mean biomass of 90 t/ha). There is a significant variation in the
topography, ranging between 100 m and 400 m AMSL with a surface slope of up to ±20°.

3.2.2 Pol-InSAR data description
3.2.2.1 BioSAR 2007
The airborne SAR campaigns were conducted over a period of about two months: 9th March (Land P-band), 31st March (L-band) / 2nd April (P-band) and 2nd May (L- and P-band) 2007. From
three data acquisitions at the two frequencies, the different temporal baselines of about one and
two months could be generated in order to investigate the impact of temporal decorrelation on
forest height retrieval. On the other hand, in order to obtain the highest possible variation of
spatial baselines, the best strategy was to vary the spatial baselines at P-band in time because of
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the limitation of the number of flight passes (maximum 9 passes). Therefore, the baselines at Pband were varying during the three airborne SAR campaigns in order to obtain spatial baselines
from 0 m to 80 m, with a spacing of 10 m. The L-band E-SAR system was constantly flown at
nominal spatial baselines from 0 m to 24 m, with a spacing of 8 m at the second and the third
acquisitions. Figure 3.3 shows the L- and P-band radar images in the Pauli basis for the
Remningstorp test site. The available tracks and baselines for the BioSAR 2007 campaign are
presented in Table 3.2. More detailed information about the BioSAR 2007 campaign is provided
in (Hajnsek et al. 2008).
3.2.2.2 BioSAR 2008
During the BioSAR 2008 campaign, the E-SAR system covered a large area of about 3 km × 10
km with strong topographic variations. To investigate the impact of the topography on forest
height retrieval, the L- and P-band quad-polarimetric repeat-pass interferometric data were
acquired in two different headings of the aircraft, with 314° and 134° from the north. Figure 3.4
shows the Pauli basis images at L- and P-band acquired from two different flight directions. For
this study, the surface slopes with respect to the radar geometry (heading of the aircraft and the
antenna look direction) were estimated by two different topographic data: one derived from the
repeat-pass L-band data (mentioned in subsection 4.1.1) and the other one derived from LIDAR
measurements (mentioned in subsection 3.2.3). For a better performance, a multi-baseline
approach was implemented for forest height inversion using L-band data with 6, 12, 18, 24 and
30 m baselines and P-band data with 8, 16, 24, 32 and 40 m baselines. A summary of the
available tracks and baselines depending on the aircraft heading is presented in Table 3.2. More
detailed information about the BioSAR 2008 campaign is provided in (Hajnsek et al. 2009a).
Table 3.2: Summary of BioSAR campaign data acquisitions. Heading denotes the flight direction of the
E-SAR system from north. (x2) denotes that two baselines are available through different combinations of
the master and slave tracks.
Campaign

Test Site

Freq.
L

BioSAR
2007

Remningstorp
P

BioSAR
2008
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Date
2007-03-09
2007-03-31
2007-05-02
2007-03-09
2007-04-02
2007-05-02

L

2008-10-15

P

2008-10-14

Krycklan

Heading
200°

200°
314°
134°
314°
134°

Tracks
6
5
5
5
6
6
6
6
6
6

Baselines (m)
0 (x2), 8 (x3)
0, 8, 16, 24
0, 8, 16, 24
0, 10, 20, 80
0, 20, 30, 40, 50
0, 20, 30, 60, 70
6, 12, 18, 24, 30
6, 12, 18, 24, 30
8, 16, 24, 32, 40
8, 16, 24, 32, 40
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Az
Rg
(a)

(b)

Figure 3.3: Pauli component images for the Remningstorp test site, red: HH-VV, green: HV, blue:
HH+VV. (a) L-band and (b) P-band.

Az
Rg

(a)

(b)

(c)

(d)

Figure 3.4: Pauli component images for the Krycklan test site, red: HH-VV, green: HV, blue: HH+VV.
(a) L-band, heading: 314°, (b) P-band, heading: 314°, (c) L-band, heading: 134° and (d) P-band, heading:
134°.
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3.2.3 Lidar measurement data
For the validation of the Pol-InSAR inversion results, the LIDAR measurement data were used
for the BioSAR campaigns. After processing, the LIDAR returns were classified into two groups
as ground or vegetation returns. A digital surface model (DSM) was estimated using LIDAR
returns classified as vegetation hits. The vegetation height was calculated as the difference
between the DSM and a digital terrain model (DTM) obtained from LIDAR returns classified as
ground hits. As the reference forest height, the so-called H100 from forest measurements (Mette
et al. 2004) was used. The H100 is a forestry standard parameter that represents the top canopy
height independent of forest structures (Kramer 1995). The H100 is defined as the average of the
100 tallest trees per hectare. In the case of the LIDAR forest height, the H100 was estimated by
taking the highest tree height within a 10 m by 10 m window. In Figure 3.5, a schematic plot
shows the constant H100 values for varying forest types.
Most of the LIDAR data collection in the Remningstorp test site was conducted on 24th April
2007. It covered one main forest of about 300 ha and some small ones, as shown in Figure 3.6.
Figure 3.6 (a) and (c) show the forest height map and the digital terrain model (DTM) from the
LIDAR data set, respectively, in radar geometry of the P-band E-SAR system. Figure 3.6 (b)
shows the H100 image, scaled from 0 to 50 m.
The laser scanning of the Krycklan forest as part of the BioSAR 2008 campaign was performed
on the 5th and 6th August 2008. Figure 3.7 (a) and (b) show the H100 and the digital terrain
model (DTM), respectively, in UTM, zone 34. Figure 3.7 (c) shows the surface slope calculated
by using the DTM corresponding to the E-SAR image in the case of the southwest antenna look
direction. The positive slope is defined as a plane inclined towards the radar sensor, as shown in
Figure 3.7 (c).

Figure 3.5: H100 forest height. The red dashed line represents H100 for different forest types (Aulinger et
al. 2005).
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H100

(a)

DTM

(b)

40

150

0m

100 m

(c)

Figure 3.6: LIDAR measurements for the Remningstorp test site in radar geometry of P-band E-SAR. (a)
LIDAR height, (b) H100, scaled from 0 to 40 m and (c) DTM

20°
Look Direction

20°

-20°
-20°
40

350

0m

150 m

(a)

(b)

(c)

Figure 3.7: LIDAR measurements for the Krycklan test site in UTM, zone 34 (min. east: 437061, min.
north: 719733, max. east: 446881, max. north: 7129293). (a) H100 scaled from 0 to 40 m, (b) DTM and
(c) surface slope in the south-west look direction (314° flight direction), scaled from -20° to 20°.
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3.3 TempoSAR 2008 and 2009 campaigns
The key objective of the TempoSAR campaigns is to collect L-band Pol-InSAR data sets with a
variety of spatial and temporal baselines and to investigate the impact of temporal decorrelation
in time on the Pol-InSAR inversion performance. The TempoSAR campaigns were performed by
DLR’s E-SAR system in 2008 and 2009 over the Traunstein test site, along with LIDAR
measurements of the forest height and topography.

3.3.1 Traunstein test site
The Traunstein test site (see Figure 3.8) for the TempoSAR campaigns is situated in the
southeast of Germany (47°52’ north, 12°39’ east), about 100 km east from DLR
Oberpfaffenhofen. Because of the short distance to DLR, it is easy for the E-SAR system to
acquire Pol-InSAR data from the Oberpfaffenhofen airport. Geologically, the test site is placed
in the pre-alpine moraine landscape of southern Germany. The topography varies from 600 m to
800 m AMSL, with only a few steep slopes. The climatic conditions with a mean annual
temperature of 7.8 °C and precipitation of more than 1600 mm/year favor mixed mountainous
forests, dominated by Norway spruce (Picea abies), beech (Fagus sylvatica) and fir (Abies alba).
On a global scale, this forest type is part of the temperate forest zone. It is a managed forest
composed of even-aged stands covering forest heights from 10 m to 40 m. The mean biomass
level is about 210 t/ha, while some old forest stands can reach biomass levels up to 500 t/ha.
Compared to other managed forests in this ecological zone (mean biomass of 121 t/ha), the
biomass values at the Traunstein test site are significantly higher.

Germany
Weather station

Oberpfaffenhofen

Traunstein

Figure 3.8: Traunstein test site for TempoSAR campaigns. Optical photos of forest and weather station.
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3.3.2 Pol-InSAR data description
The L-band repeat-pass E-SAR system acquired fully polarimetric and interferometric SAR data
over the Traunstein test site. A total of 13 radar campaigns were carried out over 3 different
periods: 5 times (7th June - 20th June 2008), 5 times (27th April - 12th May 2009) and 3 times (28th
October - 5th November 2009). Figure 3.9 (a) and (b) show the Pauli component images for
TempoSAR 2008 and 2009, respectively. From a series of acquisitions, it is possible to generate
various temporal baselines up to 15 days. Thus, the TempoSAR data form a unique data set to
investigate the impact of temporal decorrelation in time on the Pol-InSAR inversion performance.
The data sets have a sufficient number of tracks in order to perform a multi-baseline approach
for successful height inversion. The spatial baselines for the TempoSAR campaigns vary from 15 m to 15 m, with a spacing of 5 m. The available tracks and temporal/spatial baselines are
summarized in Table 3.3.

3.3.3 Lidar measurement data
The validation of the TempoSAR campaign results was based on the LIDAR measurement data,
which was acquired on 28th September 2008. Similar to the BioSAR campaigns, the LIDAR
forest height for the Traunstein forest was obtained from LIDAR measurements (DSM and DTM)
and the H100 was used as a reference height. The H100 and DTM are shown in Figure 3.9 (c)
and (d), respectively. The H100 was estimated only for 2 km × 2 km main forest areas because
of the limited LIDAR DSM, while the LIDAR DTM covered the whole E-SAR image, scaled
from 600 m to 800 m.
Table 3.3: Summary of L-band TempoSAR campaign acquisitions. (x2) denotes that two baselines are
available through different combinations of the master and slave tracks.
Campaign
TempoSAR
2008

TempoSAR
2009

Scene_ID

Date

Tracks

08_01xx
08_03xx
08_04xx
08_05xx
08_06xx
09_01xx
09_02xx
09_03xx
09_04xx
09_05xx
09_08xx
09_09xx
09_11xx

2008-06-07
2008-06-10
2008-06-12
2008-06-19
2008-06-20
2009-04-27
2009-04-28
2009-05-05
2009-05-11
2009-05-12
2009-10-27
2009-10-28
2009-11-05

6
6
6
6
6
8
8
6
8
8
4
5
1

Temporal Baseline
1, 2, 3, 5, 7, 8,
9, 10, 12, 13
days
1(x2),
6, 7(x2), 8,
13, 14(x2), 15
days
1, 8, 9
days

Spatial Baseline
-15, -5, 0, 5, 10 m
-15, -5, 0, 5, 10 m
-15, -5, 0, 5, 10 m
-15, -5, 0, 5, 10 m
-15, -5, 0, 5, 10 m
-15, -10, -5, 0, 5, 10, 15 m
-15, -10, -5, 0, 5, 10, 15 m
-15, -5, 0, 5, 15 m
-15, -10, -5, 0, 5, 10, 15 m
-15, -10, -5, 0, 5, 10, 15 m
0, 5, 10 m
0, 5, 10, 15 m
-
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Figure 3.9: Pauli component images for Traunstein test site, red: HH-VV, green: HV, blue: HH+VV. (a)
TempoSAR 2008 and (b) TempoSAR 2009. LIDAR measurement data in TempoSAR 2008 radar
geometry: (c) H100, scaled from 0 to 50 m and (d) LIDAR DTM.

3.3.4 Meteorological data
Meteorological data for the Traunstein test site were obtained by two local weather stations
(Agrarmeteorologische Stationen). The Schönharting and Nilling stations are 24 km northeast
and northwest from the Traunstein test site. The meteorological measurements were collected at
an hourly rate, including the air temperature (at a height of 20 and 200 cm), soil temperature (at a
depth of 5 and 20 cm), relative humidity, wind velocity and precipitation during the TempoSAR
campaigns. For this study, the data for wind speed and precipitation were used in order to check
for temporal changes of the forest. The wind speeds from beginning to end (approximately one
hour) of each SAR acquisition are summarized in Table 3.4. There was a relatively strong wind
velocity on the 7th and 20th June 2008, with a maximum wind speed of 3.2 m/s. While the wind
speeds represent the values recorded at the exact acquisition time, the total precipitations over
the period of 12, 24, 36 and 48 hours prior to the beginning of the SAR acquisition are estimated.
The precipitations are presented in Table 3.4. The forest conditions on 12th June 2008 and 12th
May 2009 could be wet due to significant precipitation.
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Table 3.4: Meteorological information: wind speed and precipitation. (-) denotes no precipitation.
Acquisition Time
Scene_ID
08_01xx
08_03xx
08_04xx
08_05xx
08_06xx
09_01xx
09_02xx
09_03xx
09_04xx
09_05xx
09_08xx
09_09xx
09_11xx

yy:mm:dd

hh

2008/06/07
2008/06/10
2008/06/12
2008/06/19
2008/06/20
2009/04/27
2009/04/28
2009/04/05
2009/05/11
2009/05/12
2009/10/27
2009/10/28
2009/11/05

11
8
8
8
7
8
8
8
8
8
14
12
11

Schönharting
Precipitation (mm)

Nilling

12h

24h

36h

48h

Wind
(m/s)

0.1
4.1
0.1
-

0.7
29.7
1.9
5.1
0.1
-

4.9
31.7
10.4
5.1
1.8
0.1
6.0

4.9
31.7
6.5
10.4
5.1
2.3
0.1
6.4

1.3-1.6
0.8-1.3
0.8-0.7
0.8-1.0
2.3-3.2
1.1-0.7
1.6
1.6-1.8
1.2-1.0
2.0
1.0-1.7
0.7-0.6
1.2

Precipitation (mm)
12h

24h

36h

48h

Wind
(m/s)

0.1
0.1
0.1
2.1
0.2
-

3.4
14.7
1.9
1.2
3.3
0.2
0.0

10.2
0.1
15.2
1.9
0.1
7.5
3.3
2.3
0.2
7.6

10.2
4.2
15.2
5.5
1.9
7.5
3.3
2.3
0.2
7.9

2.2
0.7-0.9
0.5-0.7
0.6-0.7
1.9-1.5
1.0
1.7-1.2
0.6-1.4
0.8
1.5-1.6
1.0-1.1
0.6
1.0
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4 Pol-InSAR Inversion Results

The objective of this chapter is to implement and validate multi-baseline Pol-InSAR height
inversion using experimental SAR data. The properties of the vertical wavenumber are addressed
and discussed with respect to the slope correction and height sensitivity. Combination methods
of multi-baseline Pol-InSAR data are introduced and these approaches are applied to the
experimental data from chapter 3.

4.1 Vertical wavenumber
One of the key parameters for Pol-InSAR inversion performance is the effective vertical
(interferometric) wavenumber  z , which depends on the InSAR geometry and wavelength, as
mentioned in subsection 2.3.1. This section deals with the topographic correction of  z and the
impact of the topography on the forest parameter retrieval and the sensitivity of  z . The real data
acquired during the BioSAR 2008 campaign are used.

4.1.1 Slope correction in Pol-InSAR
The variation of the topography affects the vertical wavenumber  z in the Pol-InSAR model.
The vertical wavenumber is a function of the local incidence angle that makes a terrain
correction necessary. Figure 4.1 (a) shows the geometry of radar interferometry with terrain
slope  and baseline B . The vertical wavenumber  z in (2-19) is modified as

z  

4


 sin( 0   )

(4-1)

where  is the incidence angle difference between the two interferometric images and  0 is
the mean incidence angle. From the information of the real E-SAR tracks, the estimated  z
without terrain correction is shown in Figure 4.1 (b). The vertical wavenumbers vary in range
because of a change in the incidence angle  0 (effective baseline), as mentioned in section 3.1,
and in the azimuth due to non-straight flown tracks. There are deviations of ~ ±3 m from the
nominal baseline that cause variations of  z along the azimuth. Figure 4.1 (c) shows the  z
image corrected by terrain slope  . According to (4-1), a positive slope makes  z larger, while
a negative slope makes  z smaller.
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25°

55°
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0

0.2



z


(a)

0.0

(b)

(c)

Figure 4.1: (a) Acquisition geometry in hilly terrain, (b)  z image before terrain correction and (c)  z
image after terrain correction, scaled from 0 to 0.2 rad/m.

4.1.1.1 Slope estimation
To correct the vertical wavenumber  z , two differently derived digital elevation models were
used for the estimation of the slope:




LIDAR derived DTM: The test site was mapped using an airborne laser, as mentioned in
subsection 3.2.3. In Figure 4.2 (a), the LIDAR DTM in radar geometry of E-SAR at Lband (heading 134°) is shown. The topographic variation varies between 100 m and 350
m.
L-band derived DEM: The L-band DEM is derived from multi-baseline Pol-InSAR data
by using phase calibration and coherent scatterer (CS) techniques and is displayed in
Figure 4.2 (b) (Iribe 2010).

A comparison of both DEMs is presented in Figure 4.2 (c). There is no significant difference
between the L-band DEM and the LIDAR DTM from low to high elevation.
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350

150 m

(a)

(b)

(c)

Figure 4.2: Topographic information. (a) LIDAR DTM and (b) L-band DEM, scaled from 150 m to 350
m. (c) the 2-D histogram of (a) and (b).

4.1.1.2 The impact of topography in Pol-InSAR inversion
Figure 4.3 (a) and (b) show the Krycklan forest heights estimated by the multi-baseline L-band
Pol-InSAR inversion (as discussed in section 4.2) using 6 flight tracks (134° heading) scaled
from 0 to 40 m: (a) the forest height map without a terrain correction and (b) the forest height
using a slope corrected  z as in (4-1). The height differences before and after terrain correction
are shown in Figure 4.3 (d). The overestimation and underestimation caused by a non-corrected
 z appear in hilly areas. The over-/underestimation rates are related to the angle of inclination
(see Figure 4.3 (c)). To quantify the impact of topography in Pol-InSAR inversion, the height
errors were estimated by subtracting the reference height, H100, as mentioned in subsection
3.2.3, and were compared with the terrain slope. Figure 4.4 (a) shows the height difference
between the H100 and the inversion result using  z without a terrain correction. There is a
significant tendency that positive slopes make inversion results overestimated while negative
slopes lead to underestimation. The height errors increase with the rate of inclination. An angle
of ±20 degree results in about ±10 m height error for the Krycklan test site. Using the LIDAR
DTM and  z evaluated in (4-1), the impact of the topography on Pol-InSAR performance was
corrected or mitigated successfully, as shown in Figure 4.4 (b). There is no visible tendency of
overestimation or underestimation on positive and negative slopes. Figure 4.4 (c) shows the
result corrected by the L-band derived DEM, and no trend is noticeable. It should be noted that
in the absence of an external ground DEM, the impact of the topography on the Pol-InSAR
model can be corrected or reduced by itself.
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Figure 4.3: Krycklan forest height maps. Inversion heights (a) without terrain correction and (b) with
terrain correction, (c) terrain slope estimated by the LIDAR DTM and (d) height difference between (a)
and (b).

(a)

(b)

(c)

Figure 4.4: The impact of topography. (a) Slope versus height difference between L-band inversion result
without correction and LIDAR H100. (b) Slope versus height difference between L-band inversion result
with terrain correction derived from LIDAR DTM and LIDAR H100. (c) Slope versus height difference
between L-band inversion result with terrain correction derived from L-band DEM and LIDAR H100.

4.1.2 Sensitivity of the vertical wavenumber
4.1.2.1 The range of  z in Pol-InSAR inversion
To estimate a wide range of forest heights with sufficient accuracy, the spatial baseline (or the
vertical wavenumber  z ) should be optimized. Small baselines (or small  z values) allow
estimates over a large height range but tend to overestimate low forest heights, in particular
when the interferometric coherence is affected by uncompensated decorrelation contributions.
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Larger baselines (or large  z levels) are suitable for relatively low forest heights and benefit
from a higher stability in terms of the inversion results, even when affected by temporal
decorrelation (Lee et al. 2009a). However, increasing the spatial baseline reduces the
interferometric coherence level, causing a higher standard deviation of the interferometric phase
and increasing the bias of the estimated parameters (Bamler and Hartl 1988). Figure 4.5 shows
the forest height range that can be estimated with reasonable accuracy depending on the vertical
wavenumber  z (Kugler et al. submitted for publication). The blue lines represent the lowest
possible boundary of the forest height range that can be estimated with a certain  z value. This
boundary is defined by the height error introduced by uncompensated decorrelation contributions
(Kugler et al. submitted for publication). The blue dashed line stands for a 20% height error, and
the blue solid line represents a 10% height error. The red lines stand for the maximum forest
height that can be estimated for each possible  z and is given by the height of ambiguity h2 in
(2-20) or by the threshold used for the expected volume coherence for a certain hv -  z
combination, as shown in Figure 2.6. The dashed red line stands for a threshold of 0.3, and the
solid red line stands for a threshold of 0.4. Green arrows show reliable forest height ranges for
selected  z values (0.05, 0.15 and 0.25). While a small  z is appropriate for high forest
inversion, a large  z provides good inversion performance for a height range of low forest
inversion. For example, to cover a height range from 15 m to 35 m, in terms of an optimum
inversion performance, only vertical wavenumbers,  z from 0.07 to 0.13, should be selected. To
achieve a successful forest height inversion performance all over the scene, the combination of
the multi-baseline Pol-InSAR inversion results estimated by the different baselines is necessary.
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Figure 4.5: Inversion performance as a function of  z ; lower boundary (blue), with height error of 10%
(solid) and 20% (dashed); upper boundary (red), with coherence threshold of 0.4 (solid) and 0.3 (dashed).

4.1.2.2 The vertical wavenumber  z mask
According to the sensitivity of  z , regions with too high or too low of a volume sensitivity,
characterized by a vertical wavenumber larger than 0.15 or smaller than 0.05, respectively, are
not considered for height inversion and are masked out for each individual baseline in this study
(Hajnsek et al. 2009). At large effective baselines (i.e., large absolute  z values;  z > 0.15), the
sensitivity of the coherence to the forest height can saturate at heights lower than the forest
heights in the scene. The overall coherence level is too low for valid inversion. Such areas are
masked out. The large  z mask acts primarily in the near range (see Figure 4.6 (a)). On the other
hand, at small effective baselines (i.e., small absolute values;  z < 0.05), the favorable
coherence to height scaling leads to large height errors for small residual non-volumetric
decorrelation, for example, temporal decorrelation. Such areas are also excluded by the  z mask.
The small  z mask acts primarily in the far range (see Figure 4.6 (b)).
Low coherences make accurate inversion at a reasonable spatial resolution impossible.
Therefore, areas with coherences lower than 0.4 have been also excluded.
After masking out the non-valid coherence areas and applying the forest height inversion model,
forest maps are obtained in each spatial baseline at L- and P-band. These inversion results can be
combined considering the polarimetric and interferometric conditions.
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(b)

Figure 4.6: The vertical wavenumber masks. Forest height maps with a large baseline (a) and a small
baseline (b). The areas with  z larger than 0.15 or  z smaller than 0.05 are masked.

4.2 New multi-baseline procedure for improved forest height
inversion results
In this section, approaches for combining multiple (multi-baseline) Pol-InSAR acquisitions are
discussed. After masking the non-valid areas and compensating for systematic decorrelation
contributions, valid areas for each baseline can be combined in order to improve forest height
estimation. One way is to combine or select individually inverted forest height estimates. This
approach is referred to as the incoherent approach (Lee et al. 2011). In this section, two different
incoherent methods for baseline combination are discussed. Incoherent combination approaches
are an effective solution to find the best inversion result from all obtained single baseline
inversion heights by using a certain criterion.

4.2.1 Eccentricity of coherence boundary method
The coherence region of the polarimetric interferometric matrix is a line segment (Cloude and
Papathanassiou 2003), where the length of the line depends on the acquisition parameters such as
the vertical wavenumber and on scattering parameters such as the volume height, the extinction
level of the vegetation layer and, more important, the range of the ground-to-volume scattering
ratio with polarization. Longer line segments correspond primarily to a wider ground-to-volume
scattering ratio range. The line segments improve the conditioning of the inversion and increase
the estimation accuracy. However, estimation uncertainties due to the non-unit coherence level
as well as deviations from the underlying model assumptions (RVoG) lead to a more ellipse-like
shaped coherence region rather than a straight line. Thus, the shape of the ellipse (coherence
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region) can be used as an indicator for the estimation accuracy for each individual case. An
elongated ellipse can be associated with better inversion performance than a circular one,
especially in order to find the best-fitting straight line, as mentioned in subsection 2.4.4. The
eccentricity  of the coherence boundary can be used as a criterion when combining the results
obtained from different spatial baselines:

  1  b a 2

(4-2)

where a is the major axis and b is the minor axis of the ellipse. In Figure 4.7, an example of the
two coherence boundaries obtained for the same forest stand from two different spatial baselines
is shown. The eccentricities of the two ellipses are 0.935 and 0.902, indicating that in this
particular case, the height estimates obtained from the smaller baseline (  z = 0.069) are more
reliable than the ones obtained from the larger baseline (  z = 0.105). When more than two PolInSAR measurements are available, the inversion height for the baseline corresponding to the
largest eccentricity is selected:

max

hv , ,0

 1  1z , 112 , T 1 
2
 2  z2 , 12
,T 2 

n
n
n
  z , 12
,T n



(4-3)



where 12 represents the non-Hermitian complex matrix that contains polarimetric
interferometric information, T represents the averaged polarimetric coherency matrix and n is
the number of available baselines for each pixel.
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Figure 4.7: Coherence boundaries plotted in the unit circle for the same pixel observed by two different
baselines (a)  z = 0.069 and (b)  z = 0.105. Blue ellipse: coherence boundary, Red point: ground point
and Green point: volume-only coherence.

4.2.2 Height estimation accuracy method
A second criterion used to select the “best” estimate from multi-baseline inversion results is
defined by the conventional interferometric height accuracy (Rosen et al. 2000). The height
accuracy  h with respect to the accuracy of r is defined by

h 

h
r sin 

 r
r
B cos(   )

(4-4)

where  r is the standard deviation of r and B cos(   ) is normally referred to as the
perpendicular baseline B . The incidence angle difference between master and slave can be
derived as   sin( )  B r . Regarding the standard deviation of the interferometric phase
as a function of the coherence as defined in (2-24), the conventional interferometric height
accuracy  h can be computed by the amplitude of coherence and the vertical wavenumber (Lee
et al. 2011)

h
sin  
1
h 

 int 
r
 4
z

1 
2 Lint 

2
2

(4-5)

where  is the interferometric coherence and Lint the number of looks used for the estimation of

 . When the amplitude of  is reduced by non-volumetric decorrelation contributions (i.e.,
temporal decorrelation), the standard deviation  int of the interferometric coherence increases
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and the height accuracy is consequently deteriorated. The smaller value of the height accuracy
indicates a more reliable inversion result. For example, in Figure 4.7, two single baseline
inversions lead to the height accuracies of 0.71 m (  z = 0.069) and 1.05 m (  z = 0.105). In this
case, the inversion height of 27 m of the smaller baseline is more reliable. When multi-baseline
forest inversion estimates are available, the one that corresponds to the minimum height
accuracy is selected

min

hv , ,0

 h1  1z ,  1 , Lint 
 h2  z2 ,  2 , Lint 

n
n
 h  z ,  n , Lint



(4-6)



where n is the number of baselines.
Alternatively, another possibility is to combine all obtained height estimates weighted by
individual criteria. This approach may reduce the variation of the height estimates from the
different baselines. However, when a bias induced by temporal decorrelation is not excluded
from the inversion results, for example, the error of the weighted mean height increases. For this
reason, instead of a linear combination, the best height estimate will be selected from all
obtained inversion heights.

4.3 Inversion results and validations
After compensating for the systematic decorrelation contributions and masking the non-valid
areas by using a coherence mask (  < 0.4) and a wavenumber mask (  z < 0.05 or  z > 0.15), the
forest heights for the valid area (unmasked) of a single baseline were estimated with real data
sets. To improve the forest height inversion results, single baseline inversion heights were then
combined by means of the new multi-baseline procedure described in section 4.2. Multi-baseline
inversion results were validated by LIDAR H100, as shown in chapter 3. For validation with the
LIDAR data, the forest was divided based on the LIDAR height into stands with a similar forest
height.

4.3.1 TempoSAR 2008 campaign
In this subsection, L-band multi-baseline inversion heights for the Traunstein test site are shown,
and the new multi-baseline Pol-InSAR procedures are addressed. Figure 4.8 (a) and (b) show the
forest height maps estimated by means of the eccentricity of the coherence boundary method and
the height accuracy method, respectively. Figure 4.8 (c) shows LIDAR H100 overlaid with 78
polygons (red).
Before using the two combination methods suggested in section 4.2, two straightforward ways of
combining the height estimates from the different baselines are discussed: the mean method and
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the minimum method. The mean method simply takes an average of all available measurements.
While the eccentricity method and the height accuracy method try to filter unfavorable
decorrelated measurements, the mean method includes all measurements for a combined height
estimate. Some of the available measurements are strongly affected by non-volumetric
decorrelation (i.e., temporal decorrelation) which introduces a bias (overestimation). This is
confirmed by the validation plot in Figure 4.9 (a). Here, the forest heights are clearly
overestimated with a Root Mean Square Error (RMSE) of 4.66 m.
The minimum method takes the lowest height value among the available inversion results. It is
assumed that all height estimates larger than the minimum height are affected by undesirable
decorrelation processes, such as temporal decorrelation. The validation result for the minimum
method is shown in Figure 4.9 (b). The minimum method has convincing results up to a forest
height of 15 m. Beyond 15 m, a clear underestimation of forest heights can be observed, which
becomes more critical with increasing forest height, resulting in an RMSE of 5.00 m. The
underestimation for high forest stands can be explained by means of the used vertical
wavenumber  z mask. For example, an upper  z boundary of 0.15 does not cover tree heights
larger than 28 m because of the sensitivity of  z mentioned in subsection 4.1.2. Nevertheless,
tree heights larger than 28 m appear in particular in the taller stands of the Traunstein test site
(see Figure 4.8 (c)). In this case, taking the minimum inversion result corresponds to selecting a
height estimate from an insensitive (saturated) baseline that causes underestimation in the
relatively tall forest stands.
The validation plots for the eccentricity method and the height accuracy method introduced in
the previous section are displayed in Figure 4.9 (c) and (d), respectively. By using reliable
criteria for combining the multi-baseline Pol-InSAR results, Pol-InSAR inversion performances
are considerably improved. The eccentricity method shown in Figure 4.9 (c) tends to slightly
overestimate low to medium forest heights (10 m to 30 m), but estimation results for stands taller
than 30 m fit very well. The obtained results are fairly good, with a correlation coefficient r² of
0.92 and an RMSE of 2.33 m. The validation plot of the height accuracy method is shown in
Figure 4.9 (d). The height accuracy results are a bit better than the results obtained by the
eccentricity method and have a correlation coefficient r² of 0.93 and a RMSE of 1.97 m. This
method seems to be highly practical for forest height estimation when multi-baseline data sets
are on hand.
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Figure 4.8: Forest height maps for the Traunstein test site, scaled from 0 to 50 m: (a) The eccentricity
method and (b) the height accuracy method. (c) LIDAR H100 image overlaid with validation stands (red
polygons).

(a)

(b)

(c)

(d)

Figure 4.9: Validation plots of multi-baseline inversion: Pol-InSAR height estimates from TempoSAR
2008 campaign vs. LIDAR H100 reference height: (a) mean height, (b) minimum height, (c) the
eccentricity method and (d) the height accuracy method.
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4.3.2 BioSAR 2007 campaign
Dual-frequency data sets were acquired during the BioSAR campaigns to compare forest height
inversions at L- and P-band. After single baseline Pol-InSAR inversion at each baseline, the
results were combined using the height accuracy method mentioned in subsection 4.2.2. Figure
4.10 (a) and (b) show the L- and P-band inversion results for the Remningstorp test site. The
LIDAR H100 image in the radar geometry of the P-band system is shown in Figure 4.10 (c) with
validation stands (red polygons) derived by delineating the LIDAR data.
The validation plots using LIDAR H100 are shown in Figure 4.11 (a) for the L-band and in
Figure 4.11 (b) for the P-band. In the case of the P-band, a correlation coefficient r² of 0.69 with
an RMSE of 4.21 m was calculated, indicating a good correlation between the LIDAR and radar
measurements for the Remningstorp test site. The forest height varies mostly between 10 m and
35 m. However, recent P-band experiments in a boreal forest showed an underestimation of the
forest height estimates (Hajnsek et al. 2008; Hajnsek et al. 2009a). The reason for this
underestimate may originate from the deviations of the real vertical forest structure from that
assumed by the RVoG model. In the low-extinction forest scattering situations inherent in sparse
forests or at lower frequencies (e.g., the P-band), the assumption that m3  0 in (2-43) is not
valid, which means that the coherence loci are affected by significant ground scattering
contributions, and the residual m3 in the estimated volume-only coherence biases the inversion
results. However, the L-band derived forest heights produced an r² of 0.91 with an RMSE of 1.64
m. The relationship between the LIDAR and radar measurements is therefore highly significant,
displaying an error on the order of 10% of the mean forest height.
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Figure 4.10: Forest height maps for the Remningstorp test site, scaled from 0 to 40 m: (a) L-band and (b)
P-band. (c) LIDAR H100 image overlaid with validation stands (red polygons).

(a)

(b)

Figure 4.11: Validation plots of multi-baseline inversion: Pol-InSAR height estimates from BioSAR 2007
campaign vs. LIDAR H100 reference height: (a) L-band and (b) P-band.

4.3.3 BioSAR 2008 campaign
For the Krycklan forest test site, the forest heights were inverted from the radar data using the
RVoG model (section 2.4) and slope correction with the LIDAR DEM (subsection 4.1.1). The
single baseline inversion results were combined using the height accuracy method mentioned in
subsection 4.2.2. For comparison and validation of the forest height estimates for two different
flight tracks (314° and 134° from the north), the inversion results were transformed from the
slant range geometry to the UTM coordinate system (zone 34). Three types of inversion height
maps were derived at the L- and P-band. At first, two Pol-InSAR inversion heights were
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estimated using two different flight headings, and these height estimates subsequently were
merged into one forest height map.
<L-band>
Figure 4.12 shows the forest height maps at L-band, scaled from 0 to 40 m. Figure 4.12 (a) and
(b) show the results from the 314° heading and the 134° heading, respectively. Figure 4.12 (c)
presents the forest height estimate merged from the two forest images from different headings.
The LIDAR H100 with 228 polygons is used for the validation shown in Figure 4.12 (d).
One of the flight tracks is exactly 180° different from the other; therefore, the upper two images
in Figure 4.12 have inclinations with the same absolute slope values but different signs (positive
and/or negative). The two forest estimates in Figure 4.12 (a) and (b) clearly show that the PolInSAR forest height inversion with terrain correction provides consistent forest height maps
from opposite headings. For the 134° flight direction height map, only a small part of the area
(red circle) was overestimated due to small local incidence angles. This phenomenon occurs in
the data in the near range (thus the small incidence angles) and in steep positive gradient data,
forcing the local incidence angles to take on values close to zero (or negative values) and
invalidating the Pol-InSAR. A combination of both tracks reduces the variation of the estimates
and improves the forest height inversion, as depicted in Figure 4.12 (c).
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Figure 4.12: L-band forest height maps for the Krycklan test site in UTM, zone 34 (min. east: 437061,
min. north: 719733, max. east: 446881, max. north: 7129293): (a) heading: 314°, (b) heading: 134° and
(c) combination height of (a) and (b). (d) LIDAR H100 image overlaid with validation stands (black
polygons), scaled from 0 to 40 m.
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Figure 4.13: Validation plots of L-band multi-baseline inversion: L-band Pol-InSAR height estimates vs.
LIDAR H100 reference height: (a) heading: 314°, (b) heading: 134°. (c) Comparison of (a) and (b). (d)
Combination height of (a) and (b) vs. LIDAR H100 reference height. Color represents terrain slope,
scaled form -15° to 15°.

The results of the validation (on a polygon basis) of the L-band estimates against the LIDAR
H100 are shown in Figure 4.13. The color of each plotted point represents the mean slope of
each stand scaled between -15° and 15°. The inversion heights from the 314° and 134° headings
produce a correlation coefficient r² of 0.91 / 0.92 with an RMSE of 2.16 / 2.23 m for a height
range from 5 to 30 m. For the combination of the two different flight direction estimates, the
correlation coefficient is slightly higher, with an r² of 0.94 and an RMSE of only 1.32 m (see
Figure 4.13 (d)). Here, the impact of topography was estimated and quantified by comparing the
height estimates from both flight directions. A comparison of the 314° and 134° heading results
is plotted in Figure 4.13 (c) and is characterized by an r² of 0.91 and an RMSE of 1.69 m for a
slope range between -15° and 15°. The estimation accuracy is better than 10% of the mean forest
height, independent of the topography. Therefore, the combination of the two inversion results
from the different flight directions could improve the correlation coefficient and reduce the
RMSE to 1.32 m.
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<P-band>
Similar to the L-band process, multi-baseline Pol-InSAR inversions were carried out at P-band,
and the forest estimates from both flight directions were validated against and compared with the
LIDAR H100. The Pol-InSAR inversion heights are displayed in Figure 4.14, scaled from 0 to
40 m. Figure 4.14 (a) and (b) show the forest height maps derived from the 314° and the 134°
flight headings, respectively. The combined height map of both flight headings is shown in
Figure 4.14 (c).
As mentioned in section 3.1, the (airborne) E-SAR system is characterized by strong variations
of the radar look angle. The variation of the look angle is tied to the change of baseline, implying
an inversion performance that varies along the range (Hajnsek et al. 2009). In general, the
effective baseline decreases along the range, and as a consequence, the regions in the far range
with small spatial baselines are highly sensitive to volume. Large spatial baselines are useful in
recovering this type of variation (see Figure 3.1). However, the P-band acquisitions have a
relatively small vertical wavenumber (nominal baselines: 8 - 40 m) due to the critical baseline of
the 6 MHz simulation data discussed in section 6.1. For this reason, the forest heights were
slightly overestimated in the far range in Figure 4.15 (a). After combining the two forest height
maps, a stable forest height map is obtained in spite of the limited small  z range.
Similar to the L-band estimates, the P-band inversion results were also validated against the
LIDAR H100 on a polygon basis. The comparisons of the P-band height estimates with the H100
are shown in Figure 4.15. The plots show the P-band estimates for each flight track with an r² of
0.62 / 0.61 and an RMSE of 4.07 m / 4.05 m for the 314° / 134° heading for height ranges
between 5 m and 30 m. Compared with those of the L-band, the P-band estimates have a lower
correlation coefficient and a higher RMSE due to the presence of a residual ground scattering
contribution, similar to the Remningstorp test site. Figure 4.15 (c) shows that the bias does not
result from the impact of topography. The relationship between the inversion results from two
opposite flight directions is measured by an r² of 0.74 with an RMSE of 2.56 m and is
independent of the terrain slope. The combination of both flight headings slightly improves the
correlation coefficient (0.65) and the RMSE (3.85 m), as shown in Figure 4.15 (d). This result
proves that the topographical effects can be corrected and mitigated at P-band.
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Figure 4.14: P-band forest height maps for the Krycklan test site UTM, zone 34 (min. east: 437061, min.
north: 719733, max. east: 446881, max. north: 7129293): (a) heading: 314°, (b) heading: 134° and (c)
combination height of (a) and (b). (d) LIDAR H100 image overlaid with validation stands (black
polygons), scaled from 0 to 40 m.
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Figure 4.15: Validation plots of P-band multi-baseline inversion: P-band Pol-InSAR height estimates vs.
LIDAR H100 reference height: (a) heading: 314°, (b) heading: 134°. (c) Comparison of (a) and (b). (d)
Combination height of (a) and (b) vs. LIDAR H100 reference height. Color represents terrain slope,
scaled form -15° to 15°.
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5 Temporal Decorrelation in Pol-InSAR Inversion

In terms of repeat-pass airborne/satellite scenarios, the temporal decorrelation is the most critical
parameter for successful implementation of the Pol-InSAR forest parameter inversion technique.
In this chapter, the impact of temporal decorrelation at L- and P-band as a function of the
temporal baseline on Pol-InSAR inversion performance is addressed and quantified based on the
multi-temporal/spatial baseline Pol-InSAR data.

5.1 Temporal decorrelation in Pol-InSAR model
The Random Volume over Ground (RVoG) scattering model and the Pol-InSAR inversion were
reviewed in subsection 2.4.3. However, the RVoG model, a two-layer model, does not account
for non-volumetric decorrelation contributions. In a repeat-pass SAR system, the most critical
non-volumetric decorrelation is the temporal decorrelation caused by dynamic changes within
the scene occurring in the time between the two SAR acquisitions. Such changes of the location
and/or the scattering properties of the effective scatterers in the volume and on the ground layer
reduce in general the correlation between the two SAR images and lead to biased parameter
estimations. Therefore, in a repeat-pass airborne/satellite InSAR (or Pol-InSAR) system, the
temporal decorrelation introduced by dynamic changes within the scene cannot be neglected.
The temporal decorrelation affects in general both the volume component representing the
vegetation layer and the underlying ground layer, but the decorrelation processes occur
differently in the two layers. The temporal decorrelation on the ground layer can arise from
surface changes between two acquisitions. The ground point in (2-35) represents the
interferometric coherence on the ground and can be modified as


~( wm )   TG e i z z0



hv

0

 ( z )e i z dz 
z



hv

0

 ( z )dz 

  TG e i0

(5-1)

where  () is a Dirac delta function, and  TG represents the (scalar) correlation coefficient
describing the temporal decorrelation of the underlying surface scatterers (Papathanassiou and
Cloude 2003). In a unit circle,  TG results in a radial shift of the ground point e i 0 towards the
origin by the scale  TG as shown in Figure 5.1 (a) (green rectangle  red rectangle), but the
phase center remains unchanged. In contrast, the temporal decorrelation in a volume is more
complex and critical due to its susceptibility to wind, which is temporally and spatially non-
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stationary even on very short time- and spatial-scales. Assuming that the temporal decorrelation
varies along the vertical structure function, the volume decorrelation in (2-36) can be modified
by a temporal decorrelation structure function Ft (z ) given as (Lavalle et al. 2012)
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(5-2)

where ~TV denotes the complex correlation coefficient describing the temporal decorrelation of
the volume layer. In this case, temporal decorrelation reduces the amplitude of volume
decorrelation and changes the effective phase center depending on the temporal structure
function. In the case of a constant temporal decorrelation function, the temporal decorrelation in
volume becomes a scalar value  TV (i.e., no bias of phase) and is expressed as
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Figure 5.1: Coherence loci for the RVoG model with temporal decorrelations of  TV and  TG .

Both temporal decorrelation effects can be incorporated in the two-layer scattering model. The
equation of the RVoG model in (2-41) with two temporal decorrelations can be described as
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.
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60

(5-4)

Temporal Decorrelation in Pol-InSAR Inversion

However, both temporal decorrelation coefficients may be polarization dependent. For example,
changes in the dielectric properties of the canopy layer (due to changes in moisture content) or
additional changes in its structural characteristics (caused by the annual phenological cycle or
fire events) lead to different changes at different polarizations in the volume scatterers.
Furthermore, a change in the dielectric properties of the ground (e.g., due to a change in soil
moisture) differently affects the scattering properties at each polarization and leads to a
polarization dependent temporal decorrelation of the ground.
The behavior of ~TV and  TG should be investigated and quantified as a function of time. The
decorrelation processes within the volume layer occur at different - in general much smaller time scales than the decorrelation of the surface scattering (which includes both surface and
dihedral scattering). While the vegetation layer already begins to decorrelate at temporal
baselines on the order of seconds to minutes and is completely decorrelated for temporal
baselines on the order of months, the scattering on the ground is stable over such a short
temporal baseline and remains partially coherent even for baselines on the order of a half year.
The dihedral scattering mechanisms (related to the ground-trunk interactions in forest
environments) particularly appear quite stable in time and remain coherent even for long
temporal baselines. However, the individual values and the temporal characteristics of ~TV and

 TG are frequency dependent, but they also depend on the tree/stand canopy and architecture
characteristics. The overall temporal decorrelation in the coherence loci is therefore dependent
on the ground-to-volume ratio that defines the ratio of the more or less temporally stable
components. In other words, forest stands with a higher ground contribution are obviously
expected to have a higher temporal coherence than stands characterized by a weak ground
scattering component (Lee et al. 2009a).
As mentioned in subsection 2.4.3, the single baseline Pol-InSAR inversion problem can be
solved in a balanced manner with five real unknowns ( hv , , m1, 2 ,0 ) and three complex
coherences. The RVoG model with general temporal decorrelations cannot be solved under a
quad-polarization single baseline acquisition because any additional measurement introduces two
new unknowns, ~TV and  TG . However, even if the general temporal decorrelation scenario of
(5-4) leads to an underdetermined problem, special temporal decorrelation scenarios may be
accounted for under certain assumptions using multi-baseline acquisitions, as will be discussed
in the next subsection.
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Figure 5.2: Height error induced by different levels of temporal decorrelation  TV (a) as a function of
forest height assuming a constant vertical wavenumber of  z = 0.12 rad/m and (b) as a function of
vertical wavenumber, assuming a constant forest height of 20 m.

5.1.1 Temporal decorrelation in volume  TV
When the temporal baseline is considerably short (i.e., less than one hour), it is realistic to
assume that the ground remains stable (i.e.,  TG = 1) and that the dielectric and statistical
properties of the volume do not change. Thus, the most common temporal decorrelation is due to
the wind-induced movement of scatterers within the volume layer in the forest. In this case, the
RVoG model with the temporal decorrelations mentioned in (5-4) can be simplified as (Cloude
and Papathanassiou 2003; Papathanassiou and Cloude 2003; Hajnsek et al. 2009)
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The Pol-InSAR coherence loci contaminated by  TV still lie on a straight line segment in the
complex plain. The ground point e i 0 (green rectangular point) remains unchanged, and the
volume coherence ~V is shifted towards the origin by  TV , as shown in Figure 5.1 (a). The
inversion of the Pol-InSAR data contaminated by temporal decorrelation  TV leads to biased
forest height estimates: The lower coherences (due to the temporal decorrelation  TV ) are
interpreted by the model as due to higher forest heights (see Figure 2.6). In other words, the
height estimates obtained by inverting (5-5) instead of (2-42) will be overestimated depending on
the level of temporal decorrelation  TV . Figure 5.2 (a) shows the height error obtained by
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inverting (5-5) for different levels of temporal decorrelation (  TV = 0.95 to 0.75) as a function of
the forest height assuming an effective vertical (interferometric) wavenumber of  z = 0.12 rad/m.
It is clear that the estimation errors are significantly higher for low heights than for high heights
and that the height errors increase with increasing temporal decorrelation. Note that even for low
temporal decorrelation effect levels (on the order of 0.9), the height error becomes critical for
low forest heights.
Figure 5.2 (a) makes it clear that the temporal decorrelation must be mitigated to achieve
acceptable height estimates. Unfortunately, the wind-induced temporal decorrelation occurs
especially in a stochastic manner within the scene (Hajnsek et al. 2009) and can be accounted
only for based on detailed information with respect to the environmental conditions over the time
during the two acquisitions. A valuable option that can reduce the impact of non-volumetric
decorrelation contributions on the forest height estimation is increasing the volume decorrelation
contribution with respect to the non-volumetric decorrelation by increasing the spatial baseline.
This process is shown in Figure 5.2 (b), in which the height error obtained by inverting (5-5) for
different levels of temporal decorrelation (  TV = 0.95 to 0.75) is plotted as a function of the
vertical wavenumber  z , assuming a constant forest height of 20 m. Even for low temporal
decorrelation effect levels (on the order of 0.9), the height error is critical at small baselines (12
m (60%) for  z = 0.05 rad/m) but decreases with increasing baseline; for the same level of
temporal decorrelation the height error decreases to 2 m (10%) if using a vertical wavenumber of
 z = 0.12 rad/m. This result clearly shows that larger spatial baselines are advantageous in the
presence of weak to moderate temporal decorrelation because they minimize the bias introduced
by the temporal baseline. The price to be paid is an overall lower coherence level (due to the
increased volume decorrelation contribution) that increases the increased phase variance of the
interferometric coherence.

5.1.2 Temporal decorrelation of the ground layer  TG
For temporal baselines on the order of days or larger, the temporal decorrelation contributions
induced by changes in the scattering properties of the ground layer cannot be neglected ( TG  1).
The two real decorrelation contributions of  TV and  TG result in a radial shift of the volume
decorrelation ~V and the ground point e i 0 towards the origin, as shown in Figure 5.1 (a). Note
0
that the presence of  TV and  TG move the line-circle intersection point to eipseudo
(blue

rectangular point) and induce a ground phase error 0 . As a consequence of 0 , the phase
center of the volume decorrelation ~V is overestimated and leads to a height error in the PolInSAR inversion.
Figure 5.3 shows the ground phase error and the height error induced by different levels of
temporal decorrelation on the ground layer (  TG = 1.0 to 0.8) as a function of forest height
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assuming a vertical wavenumber of  z = 0.12 rad/m and a temporal decorrelation in volume of

 TV = 0.85. Although no ground phase error exists at  TG = 1.0, the ground phase error 0
increases as  TG decreases and the forest height decreases. Figure 5.2 (b) shows the height errors
corresponding to the phase errors shown in Figure 5.2 (a). Compared to the impact of temporal
volume decorrelation  TV , the phase error caused by  TG introduces a smaller bias in the PolInSAR inversion. For example, at a forest height of 20 m, the temporal decorrelation of  TV =
0.85 causes a 3 m (i.e., 15%) height error, while the temporal decorrelation of  TG = 0.85 leads to
a phase error of 8° and an overestimation of approximately 1 m (i.e., 5%).
In the next section, the quantification of both temporal decorrelations and their impact on the
forest height inversion for different repeat-pass intervals will be estimated and discussed using
the airborne SAR data sets.

 TG

(a)

 TG

(b)

Figure 5.3: (a) Ground phase error and (b) height error induced by different levels of temporal
decorrelation  TG as a function of forest heights assuming a vertical wavenumber of  z = 0.12 rad/m and
temporal decorrelation of  TV = 0.85.
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5.2 Investigations of temporal decorrelation on real data
This section analyzes the results of temporal decorrelation using the airborne SAR data. The
impact of the temporal decorrelation on the Pol-InSAR inversion performance is quantitatively
estimated and analyzed. Two different approaches are proposed to quantify the temporal
decorrelation and its impact on the forest parameter inversion. The simple approach used to
quantify the temporal decorrelation at a given temporal baseline avoids any (spatial) baselineinduced decorrelation contributions (e.g., volume decorrelation) using a “zero spatial baseline”
and compensates for the system-induced decorrelation effects (e.g., SNR decorrelation). In this
special case of a zero spatial baseline interferogram (i.e.,  z = 0 and ~V = 1), the temporal
decorrelation can be directly estimated using (5-5) (Hajnsek et al. 2009; Papathanassiou et al.
2003). The second approach is based on the estimation of the height error induced by temporal
decorrelations at non-zero multi-spatial baselines (i.e., z  0 and ~V  1). This approach has the
advantage of establishing a direct relationship between the temporal decorrelation level and the
height error at the same time, also allows the estimation of the individual temporal decorrelation
levels of  TV and  TG . For this approach, it is necessary to obtain information on the forest
height and mean extinction. In this case, both parameters are obtained by means of multibaseline Pol-InSAR inversion (Lee et al. 2011) using only small temporal baselines that are
assumed to be free of temporal decorrelation as shown in section 4.3. These results are
subsequently used to assess the height error induced by the individual temporal baselines and to
estimate the temporal decorrelation levels of  TV and  TG as a function of the temporal baseline.

5.2.1 Long-term temporal baseline: weeks to months
To investigate the temporal decorrelation at long-term temporal baselines, the data sets of the
BioSAR 2007 campaign were selected where three different acquisitions provide long-term
temporal baselines on the order of approximately one and two months.
As mentioned, the straightforward approach to quantify the temporal decorrelation is to use a
zero spatial baseline configuration. The acquisitions at zero spatial baselines were used by
selecting those forested areas within the scene for which the spatial baseline is if not zero at least
sufficiently small (i.e.,  z ≈ 0). Accordingly, this approach eliminates all baseline-induced
decorrelation sources such that the loss in coherence is only due to the temporal decorrelation.
The temporal decorrelation maps (HH polarization) at L- and P-band for a zero spatial baseline
are shown in Figure 5.4 and Figure 5.5, respectively. As a result of temporal decorrelation during
repeat-pass acquisitions, the coherence level decreases, especially at L-band., The L- and P-band
coherence histograms for HH (red), HV (green) and VV (blue) polarizations over the forested
area in the scene are shown in Figure 5.6 and Figure 5.7 for three different temporal baselines.
As expected, the impact of the temporal decorrelation increases with the increasing temporal
baseline in all polarizations at both frequencies. Even for the 0 day case, which was acquired
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with a temporal baseline shorter than one hour, the loss in coherence indicates the presence of
temporal decorrelation. As observed in Figure 5.6 and Figure 5.7, the L-band (coherences of 0.65
in 32 days and 0.30 in 54 days) decorrelates much faster than the P-band (coherences of 0.90 in
30 days and 0.85 in 54 days) in spite of similar temporal baselines. In the case of the temporal
baseline at P-band with the 54 days repeat-pass cycle the coherence level was still (quite) high.
However, the coherence level at L-band for 54 days was already so low that nearly the entire
image is covered by the non-valid coherence mask, as mentioned in section 4.3.
Except for the L-band data with a temporal baseline on the order of 54 days, the Pol-InSAR
inversions at L- and P-band with long-term temporal baselines were performed using non-zero
spatial baselines. The inversion result and the height bias (overestimation) at L-band are shown
in Figure 5.8 (a) and (b). In this case, the obtained forest heights are fairly overestimated
throughout the image (compared with Figure 4.10 (a)) due to the temporal decorrelation. The
height error introduced by the temporal decorrelation can be estimated by

Height error (%) 

hv
 100
hv

(5-6)

where hv is the forest height from a multi-baseline inversion (see Figure 4.10 (a)), and hv is the
height bias (overestimation) introduced by the uncompensated temporal decorrelation (see
Figure 5.8 (b)). The estimated height error for the 32 days temporal baseline at L-band is plotted
in Figure 5.8 (c). The red line represents the estimated height error for a 32 days temporal
baseline, while the blue line shows the simulated height error (as shown in Figure 5.2 (a))
obtained by inverting (5-5) for  TV corresponding to the mean temporal decorrelation as
obtained from the histograms for the 32 days temporal baseline in Figure 5.6, which shows a
clear tendency of increasing height error with decreasing forest height, in accordance with the
simulation shown in Figure 5.8 (c). Lower forest stands are more significantly affected by the
uncompensated non-volumetric decorrelation contributions than higher forest stands. The level
of temporal decorrelation at L-band with one month repeat-pass time interval still allows
application of the Pol-InSAR height inversion but introduces a large height bias, especially in
low forest stands.
Compared to the L-band result, the inversion heights at P-band with 30 and 54 days temporal
baselines are much less biased, as shown in Figure 5.9 (a) and (b), but are overestimated in
comparison with forest height estimates with 0 day temporal baseline (see Figure 4.10 (b)). The
height errors at P-band were estimated using (5-6) and shown in Figure 5.9 (c). Similar to Lband, the height error at P-band increases with decreasing forest height and with increasing
temporal baseline. However, it should be noted that at the same temporal baseline, the impact of
temporal decorrelation at P-band is significantly lower than at L-band.
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(a)

(b)

(c)

Figure 5.4: L-band HH coherence maps with temporal baselines of (a) 0 day, (b) 32 days and (c) 54 days.

(a)

(b)

(c)

Figure 5.5: P-band HH coherence maps with temporal baselines of (a) 0 day, (b) 30 days and (c) 54 days
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0 day

32 days

54 days

Figure 5.6: L-band coherence histograms (of forested area in Figure 5.4) for 0 day (May-May), 32 days
(May-April) and 54 days (May-March) temporal baselines in the Remningstorp test site in different
polarizations; HH (red), HV (green) and VV (blue); Grey columns represent the highest frequency at
different polarizations in the coherence histograms.

0 day

30 days

54 days

Figure 5.7: P-band coherence histograms (of forested area in Figure 5.5) for 0 day (May-May), 30 days
(May-April) and 54 days (May-March) temporal baselines in the Remningstorp test site in different
polarizations; HH (red), HV (green) and VV (blue); Grey columns represent the highest frequency at
different polarizations in the coherence histograms
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40

0m

(a)

(b)

(c)

Figure 5.8: L-band forest height map and height bias for Remningstorp forest, scaled from 0 to 40 m. (a)
Inversion height map with temporal baseline on the order of 32 days and (b) Height difference between
(a) and Figure 4.10 (a). (c) Height error (%) versus forest height. Red: Estimated height error for 32 days
temporal baseline (temporal decorrelation  0.65). Blue: Simulated height error with temporal
decorrelation on the order of 0.65 as shown in Figure 5.2 (a).

40

0m

(a)

(b)

(c)

Figure 5.9: P-band inversion height maps with temporal baselines on the order of (a) 30 days and (b) 54
days, scaled from 0 to 40 m. (c) Height error (%) versus forest height. Red: 54 days temporal baseline,
Blue: 30 days temporal baseline.
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5.2.2 Mid-term temporal baselines: day to weeks
In this subsection, the temporal decorrelation at L-band with mid-term temporal baselines (on the
order of days, up to weeks) is investigated and quantified. During the TempoSAR 2008 and 2009
campaigns, the Pol-InSAR data were acquired 13 times distributed over a period of 15 days. This
collection allows the formation of interferograms with temporal baselines ranging from 1 to 15
days (see Table 3.3).
The forest height maps have been estimated using the multi-baseline Pol-InSAR inversion (Lee
et al. 2011), and the inversion results are shown in Figure 5.10 and Figure 5.11. As expected, the
forest heights were clearly overestimated when compared with the forest height shown in Figure
4.8 (a). In general, the amount of overestimation increases with the increasing temporal baseline.
The height errors for TempoSAR 2008 and 2009 were estimated using (5-6) and shown in Figure
5.12. The color-coding indicates the temporal baselines ranging from 1 to 15 days. The inversion
error increases with decreasing forest height and increasing temporal baseline, similar to the
results obtained in the previous subsection. Note that the height errors obtained from the
different 1 day temporal baselines can be fairly different, as shown in Figure 5.12 (b). The
acquisition pairs (09_01xx/09_02xx and 09_08xx/09_09xx) for TempoSAR 2009 (see Figure
5.12 (b)) lead to a 10 - 25% height error while the pair (09_04xx/09_05xx) that was also
acquired with a 1 day temporal baseline leads to much larger height errors of 20 - 200% due to
the rather unstable weather conditions (e.g., wind and/or precipitation) during the acquisitions. In
the following, both temporal decorrelations of  TV and  TG will be estimated using the non-zero
multi-baseline Pol-InSAR data and will be discussed together with meteorological information.

70

Temporal Decorrelation in Pol-InSAR Inversion

1 day
08_05xx/08_06xx

2 days
08_03xx/08_04xx

3 days
08_01xx/08_03xx

5 days
08_01xx/08_04xx

7 days
08_04xx/08_05xx

8days
08_04xx/08_06xx

9 days
08_03xx/08_05xx

10 days
08_03xx/08_06xx

12 days
08_01xx/08_05xx

13 days
08_01xx/08_06xx

Figure 5.10: Forest height maps for TempoSAR 2008 campaign with temporal baselines from 1 day to 13
days; scaled from 0 to 50 m; color table in Figure 4.8.
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1 day
09_01xx/09_02xx

1 day
09_04xx/09_05xx

6 days
09_03xx/09_04xx

7 days
09_02xx/09_03xx

7 days
09_03xx/09_05xx

8 days
09_01xx/09_03xx

13 days
09_02xx/09_04xx

14 days
09_01xx/09_05xx

14 days
09_02xx/09_05xx

15 days
09_01xx/09_05xx

Figure 5.11: Forest height maps for TempoSAR 2009 campaign with temporal baselines from 1 day to 15
days; scaled from 0 to 50 m; color table in Figure 4.8.
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(a)

(b)

Figure 5.12: Height error (%) versus forest height for temporal baselines from 1 day to 15 days; Color
represents the temporal baselines; (a) Height error for TempoSAR 2008; (b) Height error for TempoSAR
2009. The red line represents the mean forest height of 26 m in the rectangle in Figure 5.10.
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Figure 5.13: Coherence loci in Figure 5.1 (a) rotated by the ground phase e

 i 0

; Temporal decorrelation

on the ground layer  TG is located on the x-axis.

5.2.2.1 The estimation of temporal decorrelation on the ground layer  TG
As discussed in subsection 5.1.2, the temporal decorrelation on the ground  TG biases the
estimation of the ground phase and leads to an overestimation of the forest height. It is difficult
to estimate the impact of  TG by means of a “zero spatial baseline”. Using the reference forest
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height hv and a mean extinction  (obtained in subsection 4.3.1) from the multi-baseline PolInSAR inversion, the volume decorrelation ~V (hv ,  ,  z , 0 ) is calculated from (2-37) (by
setting  0 = 0) and plotted (corresponding to the green circle) in Figure 5.13). The associated


i0
volume-only coherence ~( wm0 ) and the biased ground point epseudo
are thus obtained for any
Pol-InSAR acquisition. The ground phase error  0 is estimated by the phase difference

i0
between ~( wm0 )e pseudo
and ~V (hv ,  ,  z , 0 ) . The temporal decorrelation on the ground layer

i0
 TG is obtained from the x-intercept of the line defined by ~(wm0 )e pseudo
e i0 and e  0 (i.e.,
0
e ipseudo
e i0 ) in the complex plane (red circle and blue rectangular points in Figure 5.13):
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(5-7)

where tan  gr represents the gradient of the line.
The quantitative estimation of  TG for the main forest region in the Traunstein test site
(corresponding to the red rectangle in Figure 5.10) was performed using the Pol-InSAR data sets
acquired during TempoSAR 2008 and 2009 with temporal baselines up to 15 days. Figure 5.16
(a) shows the mean estimated temporal decorrelation  TG plotted against all possible TempoSAR
2008 and 2009 temporal baselines. The asterisks represent the averaged temporal decorrelations

 TG for TempoSAR 2008, and the rectangles represent the averaged temporal decorrelations  TG
for TempoSAR 2009. The temporal decorrelation  TG decreases from 0.91 to 0.68 with
increasing temporal baseline. However, for the campaign on the three 1 day baseline results of
TempoSAR 2009 (Sence_ID: 09_01xx/09_02xx, 09_04xx/09_05xx and 09_08xx/09_09xx), the
level of  TG for the 09_04xx and 09_05xx pair is much lower (  TG = 0.76). This result can be
due to a change in the dielectric properties of the ground induced by e.g., precipitation. Indeed,
during the TempoSAR 2009 campaign, a 4.1 millimeter rain event occurred just before the
09_05XX acquisition on 12th May 2009 (see Table 3.4), an event that most likely changed the
dielectric properties of the ground layer. Therefore, the  TG values estimated by the
interferometric pairs, including track 09_05xx (i.e., 09_04xx/09_05xx and 09_02xx/09_05xx) at
temporal baselines of 1 and 14 days, show much lower coherence levels than those without the
09_05xx acquisition at the same temporal baselines (i.e., 09_01xx/09_02xx, 09_08xx/ 09_09xx
and 09_01xx/09_04xx), as shown in Figure 5.16. This significant result indicates that
precipitation critically affects the temporal stability of the ground.
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1 day
08_05xx/08_06xx

2 days
08_03xx/08_04xx

3 days
08_01xx/08_03xx

5 days
08_01xx/08_04xx

7 days
08_04xx/08_05xx

8days
08_04xx/08_06xx

9 days
08_03xx/08_05xx

10 days
08_03xx/08_06xx

12 days
08_01xx/08_05xx

13 days
08_01xx/08_06xx

Figure 5.14: Temporal decorrelation  TG on the ground layer for TempoSAR the 2008 campaign from 1
to 13 days temporal baseline, scaled from 0 (black) to 1 (white); Section of the Traunstein test site - red
dotted rectangle in Figure 5.10.
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1 day
08_05xx/08_06xx

2 days
08_03xx/08_04xx

3 days
08_01xx/08_03xx

5 days
08_01xx/08_04xx

7 days
08_04xx/08_05xx

8days
08_04xx/08_06xx

9 days
08_03xx/08_05xx

10 days
08_03xx/08_06xx

12 days
08_01xx/08_05xx

13 days
08_01xx/08_06xx

Figure 5.15: Temporal decorrelation  TV in volume for the TempoSAR 2008 campaign from 1 to 13 days
temporal baseline, scaled from 0 (black) to 1 (white); Section of the Traunstein test site - red dotted
rectangle in Figure 5.10.
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(a)

(b)

Figure 5.16: Mean temporal decorrelations of (a)  TG on the ground layer and (b)  TV in volume against
temporal baseline of up to 15 days for TempoSAR 2008 and 2009; Section of the Traunstein test site - red
dotted rectangle in Figure 5.10. Asterisk point: TempoSAR 2008 and rectangular point: TempoSAR
2009.

Figure 5.17: Validation of the estimated height error. X-axis: Height error on a mean forest height of 26
m from Figure 5.12. Y-axis: Height error estimated by inverting (5-4) with temporal decorrelation  TG on
the ground layer from Figure 5.16 (a) and temporal decorrelation  TV in volume from Figure 5.16 (b).
Color represents the temporal baselines. Asterisk point: TempoSAR 2008 and rectangular point:
TempoSAR 2009.
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5.2.2.2 The estimation of temporal decorrelation in volume  TV
The temporal decorrelation  TV for temporal baselines on the order of days depends on short
term changes in the dielectric properties of the volume (and the ground) and on the rather
stochastic wind-induced motion. As mentioned in subsection 5.1.1, the temporal decorrelation of
the volume  TV radically reduces the amplitude of the volume decorrelation ~V in (5-3).
Accordingly,  TV can be estimated from the amplitude ratio of ~V (hv , ,  z ,0 ) and

0
~(wm0 )epsieudo
ei0 (corresponding to the green and red circle points in Figure 5.13).
The estimated temporal decorrelation coefficients  TV for all temporal baselines in TempoSAR
2008 are shown in Figure 5.15. From this, two main points become obvious: The first is that the
temporal decorrelation  TV tends to decrease with increasing temporal baseline but faster than

 TG , as shown in Figure 5.14. The second point is that the decrease of  TV is not necessarily
monostatic in time and space; it depends not only on the random behavior of wind induced
motion but also on different levels of water content (e.g., dielectric constant) in the volume layer
due to precipitation and vaporization. Figure 5.16 (b) shows the averaged temporal decorrelation

 TV against all temporal baselines up to 15 days. The temporal decorrelation  TV tends to
decrease with increasing temporal baseline, similar to the temporal decorrelation  TG . For
temporal baselines of a few days, the rapid drop of coherence level that is associated with a large
variation of coherence levels can be observed. The lower values of  TV at temporal baselines of
1 day (09_04xx/09_05xx) and 14 days (09_02xx/09_05xx) result from changes in the dielectric
properties of the scatterers in the volume layer due to the precipitation event on 12th May 2009
(see Table 3.4).
For validation of the obtained results, a simulated height error for the estimated  TG and  TV
obtained from each temporal baseline for a  z of 0.1 rad/m and a forest height of 26 m (mean
height within red rectangle in Figure 5.10) is calculated and plotted against the real height error
on a height of 26 m in Figure 5.12. Figure 5.17 shows this plot: the x-axis indicates the real
height error, and the y-axis displays the simulated height error obtained using the estimated
temporal decorrelations  TG and  TV from Figure 5.16. The asterisks and rectangles indicate the
height errors (%) for TempoSAR 2008 and 2009, and the color-coding indicates the temporal
baseline from 1 to 15 days. For example, a height error of 18% is estimated corresponding to

 TV = 0.80 and  TG = 0.91 at a temporal baseline on the order of 1 day (09_08xx/09_09xx), and a
14% height error is obtained for a height of 26 m in Figure 5.16 (b). However, the temporal
decorrelations on the order of  TV = 0.60 and  TG = 0.76 at another 1 day temporal baseline
(09_04xx/09_05xx) result in stronger height errors of 39% due to precipitation between the two
acquisitions. In this case, the value in Figure 5.16 (b) is quite similar, indicating a height error of
38%. A comparison of the temporal decorrelations and height errors produces a surprisingly high
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r2 of 0.94 with an RMSE of 3.34%. This result means that the modeling of  TV and  TG are in
accordance with the experimental results achieved.

5.2.3 Short-term temporal baselines: minutes to hours
The Pol-InSAR acquisitions with the DLR E-SAR system operating in a repeat-pass mode at Lband can be realized with minimum temporal baselines on the order of 10 - 15 minutes
depending on the dimension of the scene acquired. In the frame of the TempoSAR 2008
campaign, the temporal baselines generally vary usually from 10 minutes up to 1 hour with a
maximum of 74 minutes. In this case, the temporal baselines are short enough to ignore the
temporal decorrelation on the ground layer (i.e.,  TG = 1).
In the following, the behavior of the temporal decorrelation in the volume  TV for short-term
temporal baselines is investigated using (5-5). To reduce the volume decorrelation ( ~  1) and
V

isolate the temporal decorrelation effects, only the interferometric pairs with small vertical
wavenumber values (  z < 0.05) have been selected.
Three forest stands and one bare field were selected to investigate the behavior of coherence for
short-term temporal baselines and very small spatial baselines. The forest stands were selected
using the ground measurements to obtain uniform stands in terms of forest height and biomass
(Mette 2007). Figure 5.18 (left side) shows the HH amplitude image of the Traunstein test site
indicating the four selected areas. Stands A and C are characterized by a higher forest height and
biomass (A: 35.1 m, 367.2 t/ha and C: 33.1 m, 402.6 t/ha) while the height of stand B is rather
low (B: 13.3 m, 89.3 t/ha). The bare field area D is used as a reference.
The plots on the right side of Figure 5.18 show the variation of the coherence over the selected
areas as a function of vertical wavenumber (color) and a temporal baseline on the order of
minutes. The color-coding indicates the average vertical wavenumber  z per stand, and the xaxis shows the temporal baseline. Plot D in Figure 5.18 corresponds to the bare field and shows a
high coherence level for all spatial and temporal baselines, indicating a high temporal stability at
least for the observed period of 74 minutes. In contrast, the volume scatterers decorrelate with
time (see Figure 5.18, plots A, B and C), in situations where the decorrelation is caused by windinduced motion. The changes in coherence in the taller forest stands (plot A and C) are especially
significant. To exclude any impact of the remaining volume decorrelation on the interpretation of
the results, only the behavior of acquisitions with similar vertical wavenumbers are discussed in
this section. Due to the variation of  z within each interferogram, not all available
interferograms can be used for all stands. Plot A shows a strong variation of the coherence that is
independent of the temporal baseline. The coherences in plot B (low forest case) have less
variation than those in plot A. Similar vertical wavenumbers  z (red points) maintain the
coherence level for temporal baselines up to 60 minutes. Plot C shows coherences with similar
spatial baselines (sky blue points) with a maximum coherence after 40 minutes temporal baseline.
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Comparing the observations from plots A, B and C, the wind-induced temporal decorrelation
effects over forested regions appear to be of a random nature.
Figure 5.19 shows the impact of wind-induced temporal decorrelation on the forest height
estimates. The multi-baseline Pol-InSAR inversion results (Lee et al. 2011) from five acquisition
dates in 2008 (see Table 3.3) are connected to the wind speed measurements. The wind speed
measurements were taken from two meteorological stations (Nilling and Schönharting) located
close to the Traunstein test site and are listed in Figure 5.19 and Table 3.4. The height estimates
from acquisitions with wind speeds of up to 2 m/s are significantly higher (08_01xx and
08_06xx in Figure 5.19) than the height estimates in which the wind speed was below 1 m/s
(08_03xx, 08_04xx and 08_05xx in Figure 5.19). Figure 5.19 shows the impact of weather (wind)
conditions on the forest height estimates by means of repeat-pass systems. Reliable heights were
obtained only for acquisitions on the 10th and 12th of June 2008, days with less wind (mean wind
speed less than 1 m/s).

A
B

A

B

H: 35.1 m
B: 367.2 t/ha

H: 13.3 m
B: 89.3 t/ha

C

D

D
0.05

C

kz

H: 33.1 m
B: 402.6 t/ha

Surface

0.00

Figure 5.18: Left: Amplitude image of the Traunstein test site in HH polarization with the positions of the
investigated forest stands: A and C: high forest (blue), B: low forest (blue), D: field (red); Right:
Coherence vs. temporal baseline (in minutes) plots for each of the selected areas A, B, C and D; Color of
points represents vertical wavenumber  z (see legend bottom right).
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7 June 2008
08_01xx/08_01xx

10 June 2008
08_03xx/08_03xx

12 June 2008
08_04xx/08_04xx

19 June 2008
08_05xx/08_05xx

20 June 2008
08_06xx/08_06xx

Figure 5.19: Upper: Forest height maps from 5 different acquisition dates in TempoSAR 2008, scaled
from 0 m to 50 m. First row: Acquisition date. Second row: Scene_ID. Bottom: Wind speed during
TempoSAR 2008 campaign. Red: Nilling station, Blue: Schönharting station and Green: Acquisition
time.
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5.2.4 Temporal decorrelation summary
The Pol-InSAR model was extended with two temporal decorrelation coefficients (  TG ,  TV )
based on two-layer (ground/volume) scattering mechanisms. The extended model was applied to
the experimental Pol-InSAR data sets in the BioSAR (L- and P-band) and TempoSAR (L-band)
campaigns to investigate the impact of the temporal decorrelation on the Pol-InSAR inversion
performance. The estimation of the temporal decorrelation was assessed based on the following
approaches: in the special case of a zero spatial baseline, the volume decorrelation is completely
correlated such that only temporal decorrelation can be separated from the interferometric
coherence. In contrast, at a non-zero spatial baseline, the volume decorrelation is not isolated,
and the Pol-InSAR model with the additional two unknown parameters (  TV ,  TG ) leads to an
underdetermined problem with a quad-polarization single baseline acquisition. After carrying out
and validating the multi-baseline Pol-InSAR inversion in section 4.3, the forest parameters ( hv
and  ) were used to solve the problem by simulating the volume decorrelation at a non-zero
spatial baseline and to estimate the temporal decorrelations (  TV ,  TG ). This work represents an
important first step in assessing the respective impacts of the two temporal decorrelations (  TV ,

 TG ) in the Pol-InSAR model. The proposed approach has the advantage of a direct relationship
between the temporal decorrelations and the biased forest estimate on the Pol-InSAR inversion
performance. Finally, the obtained results for the temporal decorrelations were validated against
the real height errors at different temporal baselines.
The temporal decorrelations are functions of the revisit time interval, the frequency, the forest
stand and the weather conditions, including the speed of the wind and the precipitation:





The impact of the temporal decorrelation at L-band was more severe than at P-band at
long-term temporal baseline. It was confirmed that the longer wavelength has more
temporal stability at long-term temporal baseline, similar to short-term temporal baseline
(Hajnsek et al. 2009).
The lower forests are more significantly affected by contribution of the uncompensated
temporal decorrelation to the Pol-InSAR inversion performance.
At a temporal baseline longer than one day, the temporal decorrelation was caused by a
given displacement of the scatterers and a change of the dielectric constant within the
resolution cell scales. Therefore, the temporal decorrelations (  TV ,  TG ) are a function of
not only the wind speed but also the precipitation.



In case of a short-term temporal baseline (minutes - hour),  TG can be neglected, but only

 TV is considered in the forest parameter inversion. The quality of the multi-baseline PolInSAR inversion was strongly related to the speed of the wind at the acquisition time of
the SAR data.
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6 Implementation of Pol-InSAR Model on
Spaceborne System

This chapter analyzes the impact of the simulation parameters on the Pol-InSAR inversion
performance according to the potential future spaceborne SAR missions, BIOMASS (Davidson
et al. 2008; Le Toan et al. 2011) and Tandem-L (Moreira et al. 2009; Krieger et al. 2009), on
Pol-InSAR inversion performance. The spaceborne simulation data sets were generated from the
DLR E-SAR data (Scheiber et al. 2009). The BioSAR 2007 campaign data at L- and P-band
were simulated and investigated for this study. The impact of the main limitations on the PolInSAR performance in space are discussed and demonstrated using spaceborne simulation data
sets at L- and P-band.

6.1 Data simulation
In general, airborne SAR systems have (much) better system parameters than the current and
future spaceborne SAR systems. In addition to the system parameters, the airborne SAR systems
can be flexibly operated with a user-defined temporal baseline (e.g., a minimum temporal
baseline of E-SAR, approximately 10 minutes). It is also possible to avoid the strong impact of
the temporal decorrelation in a repeat-pass airborne SAR system. However, the spaceborne
implementation is constrained by several technical and systematic limitations that affect the
expected (Pol-InSAR) performance. To investigate the impact of the limiting parameters, the
airborne SAR data were deteriorated with respect to resolution, system-induced noise and
ambiguity level to closely resemble the product specifications of future spaceborne SAR systems
as BIOMASS and Tandem-L (Scheiber et al. 2009). The simulation parameters at L- and P-band
are summarized in Table 6.1. In the first step for the simulation, the system bandwidth was
reduced according to the limitations set by the International Telecommunication Union (ITU).
Next, the Noise Equivalent Sigma Zero (NESZ) was increased to fit to the spaceborne case, and
range/azimuth ambiguities were inserted. In addition, different levels of temporal decorrelation
were imposed on the simulation data set. Note that the output of the simulation in each step
becomes the input for the next simulation step in succession: 1) reduce resolution, 2) increase
NESZ, 3) insert ambiguities and 4) insert temporal decorrelation.
In the following, a description of each individual simulation step is introduced (Scheiber et al.
2009), and a more detailed simulation strategy is also available (Scheiber et al. 2009;
Papathanassiou et al. 2009; Hajnsek et al. 2009a).
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Table 6.1: Spaceborne parameters used for airborne data extrapolation.
Parameters
Frequency (MHz)
Polarization
Bandwidth (MHz)
NESZ (dB)
Geometric Resolution (m)
Absolute radiometry (dB)
Relative radiometry (dB)
Rg/Az ambiguity ratio (dB)
Spatial baseline
Revisit time (days)

L-band
1215 - 1300
Quad
85
-28 / -30
2 (azimuth) × 1.75 (range)
0.5
0.5
> -20
Multiple/ variable
8

P-band
432 - 438
Quad
6
-28 / -30
12.5 (azimuth) × 25 (range)
1.0
0.5
> -20
Multiple/ only limited variable
25 - 45

6.1.1 Resolution
The E-SAR system at L- and P-band is characterized by better resolution in the range and
azimuth than the specification of the future spaceborne SAR products (see Table 3.1 and Table
6.1). The International Telecommunication Union (ITU) allocation limits the system bandwidth
at L-band to 85 MHz at 1215 - 1300 MHz and more dramatically at P-band to 6 MHz at 432 438 MHz (ITU-2004 2004). Therefore, the resolutions in the range and azimuth were changed
using a band-pass filter of the corresponding spectra from the E-SAR data. The resolutions in the
azimuth and range were changed to approximately 2 × 7 m at L-band and 25 × 12.5 m at P-band.
At the same time, the spectral weighting was adjusted to ensure a PSLR (Peak Sidelobe Ratio)
and an ISLR (Integrated Sidelobe Ratio) of 25 dB and 10 dB, respectively, according to the
specifications. Before applying the new weighting functions and band-pass filters, the initial
spectral weighting of the full resolution E-SAR data was removed. Careful normalization is also
performed to ensure the backscattering coefficient (sigma-zero) of the original data (Scheiber et
al. 2009). Figure 6.1 (b) and Figure 6.2 (b) show the amplitude images at L- and P-band,
respectively, after the reduction of the resolutions in range and azimuth. While the impact of the
resolution at L-band is insignificant, the limited system bandwidth at P-band is a critical factor
for spaceborne implementation.

6.1.2 Noise Equivalent Sigma Zero (NESZ)
Noise Equivalent Sigma Zero (NESZ) represents the normalized backscatter equivalent to the
background noise caused by thermal noise and digital converter and A/D quantization noise
(Davidson et al. 2008). The NESZ depends on a number of system factors that include the power
of the transmitted pulse, the antenna pattern, the bandwidth and the quantization. Due to the
much higher observation range of the spaceborne sensors compared with the airborne SAR case,
this parameter is notably critical for sensor design and represents a considerable cost factor
(Scheiber et al. 2009). Therefore, the second step consists of adjustment of the noise level in the
SAR data. In this process, the NESZ is deteriorated by coherently adding band-limited noise to
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the (low resolution) simulation data. For this study, an NESZ of -28 dB is assumed. The
simulation data with an increase in NESZ are shown in Figure 6.1 (c) and Figure 6.2 (c).

(a)

(b)

(c)

(d)

Figure 6.1: HH amplitude image at L-band: (a) airborne SAR data, (b) low resolution, (c) NESZ and (d)
azimuth/range ambiguities.

(a)

(b)

(c)

(d)

Figure 6.2: HH amplitude image at P-band: (a) airborne SAR data, (b) low resolution, (c) NESZ and (d)
azimuth/range ambiguities.
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6.1.3 Azimuth and range ambiguities
Another critical parameter for the sensor design is the ambiguities. The simulation strategy
includes both azimuth and range ambiguities (the 20 dB signal-to-ambiguity ratio is assumed in
both cases). The azimuth ambiguity originates from the azimuth sidelobes of the antenna pattern,
and their positions in terms of relative range and azimuth shifts are estimated according to the
assumed spaceborne geometry and the pulse repetition frequency (PRF) of the spaceborne
system (Cumming and Wong 2005). In contrast, the range ambiguities arise from distances that
are considerably different than the image area. The difference is inversely proportional to the
PRF of the sensor (Scheiber et al. 2009). Figure 6.1 (d) and Figure 6.2 (d) show the simulation
data set at L- and P-band after deterioration of the ambiguities.

6.1.4 Temporal decorrelation
The input data for the simulation were acquired in interferometric repeat-pass scenarios with
user-defined short temporal baselines on the order of less than one hour. However, the
spaceborne SAR systems operate with much longer repeat-cycles, which make the data
susceptible to temporal decorrelation, especially at L-band, as discussed in chapter 5.
To insert the impact of the temporal decorrelation, a simple decorrelation model was assumed for
controlled insertion of phase noise into the interferometric slave images S 2 as



S 2Temp (r , a)  S 2 (r , a)  e

i S 2

 N  e inoise



(6-1)

where  S 2 represents the phase of the complex image S 2 , the phase noise  noi se is uniformly
distributed between -  and  and N is selected according to the desired decorrelation level
(Scheiber et al. 2009). Although the adopted model changes the magnitude of the individual
pixels, it does not change the mean amplitude and the NESZ.

6.2 Impact of system parameters at L-band
In this section, the impact of the performance parameters at L-band is investigated by comparing
the interferometric coherence and Pol-InSAR forest height inversions obtained from the
simulated data and the original data (i.e., airborne SAR data).

6.2.1 Interferometric coherence
The interferometric coherence maps of the HH polarization corresponding to a mean vertical
wavenumber  z of 0.07 are shown in Figure 6.3. Figure 6.3 (a) represents the original
undistributed coherence map from the airborne SAR data. Figure 6.3 (b), (c) and (d) show the
interferometric coherences from the simulation data in each simulation step (low resolution,
NESZ and ambiguities). Considering the standard deviation level of the interferometric phase, as

86

Implementation of Pol-InSAR Model on Spaceborne System

mentioned in (2-24), the effective number of looks ( Lint  9×9) was selected to estimate the
interferometric coherence as airborne SAR case although both resolutions are not equal. In all
images, the coherence increases from the near to the far range of the forest area due to variations
in the acquisition geometry (i.e., effective baseline, as mentioned in section 3.1), which is typical
in airborne acquisitions. A power cable and road appear as a line in the upper middle to bottom
right of the image. Certain lakes decorrelate completely and appear dark in all images.
The histograms of the interferometric coherence images are shown in Figure 6.4. The black
histogram corresponds to the original (undistributed) coherence, and the histograms for each
simulation step are shown in red (resolution), green (NESZ) and blue (ambiguities). Figure 6.4
(a), (b) and (c) show the histograms of the HH, HV and VV polarizations, respectively. As the
simulation steps progress, the interferometric coherence decreases in all polarizations. The mean
values of the coherence are summarized in Table 6.2. According to Table 6.2, the cross channel
is more significantly affected by the simulation steps of the NESZ and the ambiguities than the
co-polar (HH and VV) channels. The HV coherence drops from 0.77 (airborne case) to 0.68, and
for the HH and VV polarizations, the coherences vary from 0.83 to 0.80. However, the reduced
bandwidth has little or no effect on the mean coherence level due to the small reduction of the
system bandwidth (94 MHz to 85 MHz).

(a)

(b)

(c)

(d)

Figure 6.3: Interferometric coherence map HH polarization at L-band: (a) airborne SAR data, (b) low
resolution, (c) NESZ and (d) azimuth/range ambiguities.
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(a)

(b)

(c)

Figure 6.4: Interferometric coherence histograms at L-band in (a) HH, (b) HV and (c) VV polarizations;
Black: airborne SAR data, Red: low resolution, Green: NESZ, Blue: range and azimuth ambiguities.

Table 6.2: Mean coherence values at L-band in each simulation step.
Polarization

Airborne Data
(94 MHz)

Resolution
(85 MHz)

NESZ
(-28 dB)

Rg/Az
Ambiguities

HH
HV
VV

0.83
0.77
0.83

0.83
0.77
0.83

0.82
0.74
0.82

0.80
0.68
0.80

6.2.2 Pol-InSAR inversion
Using the simulation data, the forest height inversion was performed according to (Cloude and
Papathanassiou 2003; Hajnsek et al. 2009; Lee et al. 2011) and compared against the height
estimation obtained from the original (airborne) data, as shown in subsection 4.3.2. The
simulation data after insertion of the range and azimuth ambiguities were used to estimate the
forest height. The inversion with the simulation data was performed using the same number of
baselines as in the airborne case. Figure 6.5 (a) and (b) show the forest height maps obtained by
inverting the original data and the simulation data scaled from 0 to 50 m. A tendency can be
observed for the inverted forest height from the simulation data to appear a bit higher than the
airborne data. The height error introduced by the simulation step was estimated by (5-6) and
plotted in the blue curve of Figure 6.6. The non-volumetric decorrelations imposed by mission
design cause 20 - 80% of the height error depending on the forest height. The level of
decorrelation caused by system parameter constraints allows application of the Pol-InSAR
inversion but results in an additional height error in the low forest stands.
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50

0m

(a)

(b)

(c)

Figure 6.5: Forest height inversion results at L-band: (a) airborne SAR data, (b) simulation data (low
resolution + NESZ + ambiguities) and (c) simulation data (low resolution + NESZ + ambiguities +
temporal decorrelation  temp of 0.7).

Figure 6.6: Height error (%) versus forest height at L-band. Blue: simulation data (low resolution + NESZ
+ ambiguities) and Red: simulation data (low resolution + NESZ + ambiguities + temporal decorrelation
 temp of 0.7).
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6.2.3 Temporal decorrelation effects
The temporal decorrelation was introduced as described in subsection 6.1.4 (Scheiber et al. 2009)
for simulating the repeat-pass spaceborne operation scenarios. In the simulations for the temporal
decorrelation the entire image was simply treated in the same way (e.g., no difference between
surface and volume scattering). Three temporal decorrelation scenarios were simulated
corresponding to a mean  temp of 0.9, 0.7 and 0.5 depending on the desired decorrelation level in
(6-1). The interferometric coherence maps at HH polarization affected by different levels of
temporal decorrelation are displayed in Figure 6.7. The coherence decreases with the increasing
temporal decorrelation. In Figure 6.7 (d), the differences between the surface and the forest begin
to disappear (  temp = 0.5). The mean coherence values at each polarization are summarized in
Table 6.3.
For a forest height inversion, a  temp of 0.7 ( N = 0.95) was selected, which is a realistic value for
a repeat-pass time of approximately one week under good weather conditions. The inversion
result was strongly overestimated, as shown in Figure 6.5 (c). The height error imposed by the
temporal decorrelation was estimated by (5-6) and plotted in the red curve of Figure 6.6. As
mentioned in chapter 5, low forest stands are much more affected by uncompensated
decorrelation contributions than high forest stands in the Pol-InSAR inversion. The temporal
decorrelation at L-band leads to a critical height bias (overestimation) for the spaceborne
implementation.

(a)

(b)

(c)

(d)

Figure 6.7: Interferometric coherence at L-band with different temporal decorrelation scenarios: (a)  temp
= 1.0 as shown in Figure 6.3 (d), (b)  temp = 0.9, (c)  temp = 0.7 and (d)  temp = 0.5.
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Table 6.3: Mean coherence values for the different temporal decorrelation scenarios at L-band.
“lowres.nesz.saar” denotes the simulation data after low resolution, NESZ and ambiguities steps.
Polarization

lowres.nesz.saar

 temp = 0.9

 temp = 0.7

 temp = 0.5

HH
HV
VV

0.80
0.68
0.80

0.71
0.63
0.71

0.60
0.53
0.60

0.46
0.41
0.46

6.3 Impact of system parameters at P-band
The P-band spaceborne data sets were also simulated based on the airborne acquisitions. In the
case of the P-band spaceborne implementation, the limitation of the system bandwidth is one of
critical parameters. Because the system bandwidth is directly related to the SAR range resolution,
as mentioned in subsection 2.1.2, the spatial resolution in the slant range is dramatically reduced
from 1.5 m to 25 m. In the following, the impacts of the system bandwidth, the NESZ and the
ambiguities for the P-band spaceborne system are investigated and discussed.

6.3.1 Interferometric coherence
The system bandwidth reduced to 6 MHz at P-band is strongly affected by the range
decorrelation. The range decorrelation results from viewing the surface at two slightly different
look angles, whose effects increase with increasing baseline (Bamler and Hartl 1998; Zebker and
Villasenor 1998; Hanssen 2001) or limiting the system bandwidth. Therefore, the range
decorrelation  rg is a function of the baseline:

 rg


B f 0
 1
Wr0 tan


0


B  B,crit
(6-2)

B  B,crit

where B is the normal baseline, f 0 is the central frequency,  is the local incidence angle, W
is the system bandwidth, r0 is the slant range distance between the sensor and the scatterer and

B,crit is referred to as the critical baseline at which the spectral shift exceeds the available
system bandwidth. Thus, the common part of the spectrum does not exist, and the coherence
decreases to zero. The concept of the critical baseline is defined as

B,crit 

Wr0  tan(   )
c

(6-3)
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where  is the local slope. Note that the critical baseline in (6-3) is the product of the bandwidth
times the wavelength W that is important in setting the maximum sensitivity of the
interferometer. Therefore, in the case of a system bandwidth of 6 MHz, the critical baseline
becomes an additional limiting parameter for the P-band spaceborne implementation.
The range decorrelation can be improved using range filtering (Gatelli et al. 1994). Spectrum
filtering (range filtering) takes only the common part of the spectrum and eliminates the noncommon part of the spectrum in the two SAR data spectra. The spectral shift depends on the
InSAR geometry (i.e., spatial baseline):

f 

f 0 B
.
r0 tan(   )

(6-4)

To tune the spectral filtering, it is necessary to determine the wavenumber shift as accurately as
possible; this also means that the correct application of the spectral shifting requires detailed
information for the terrain slope  , as shown in (6-4). If no external DEM is available, the most
accurate approach is to use the flat earth phase  fe mentioned in subsection 2.3.1. After the
complex exponential of one half of the phase  fe multiply to one of the images and the complex
conjugate of this phase is multiplied to the other image, the spectra shifts are performed. Because
the alignment depends on the effective baseline along the range in the case of an airborne SAR
system, a low-pass filter can be applied by taking a minimal common bandwidth (Reigber 1999).
However, the reduced system bandwidth restricts the critical baseline B ,cri t, especially in the
near range. For this study, the low-pass filter was achieved to select the fixed common
bandwidth of 3 MHz that resulted from the spectral shift f of 3 MHz that corresponds to the
vertical wavenumber  z of approximately 0.15 rad/m in the E-SAR system; this means that the
two spectra are not correctly aligned, and the range decorrelation cannot be completely
compensated when  z is larger than 0.15 rad/m. The areas at large effective baselines (i.e., large
absolute  z values;  z > 0.15 rad/m) are masked out for valid forest height inversion, as
mentioned in subsection 4.1.2. Therefore, the problem of under-filtering can be neglected, and
the spectral range filtering can be completely achieved at  z values less than 0.15 rad/m.
After spectral filtering, the system bandwidth becomes smaller because there is a reduced
common overlap between two spectra with the shift. The smaller bandwidth translates to a
reduced range resolution. Therefore, range filtering can yield a higher coherence of and less
variation in the interferometric phase between the two images at the expense of a reduced
resolution.
Figure 6.8 shows the interferometric coherences before and after spectral range filtering using a
fixed common bandwidth of 3 MHz at a small spatial baseline of 20 m. The range filtering
improves the level of coherence in the entire image, especially in the near range. Figure 6.9 (a)
shows the histogram of the interferometric coherences before and after range filtering, as shown
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in Figure 6.8. The spectral range filter results in a better coherence level. Figure 6.9 (b) shows
the histogram of the interferometric coherences at a larger nominal baseline of 60 m. It is clear
that range filtering leads to a dramatically improved coherence for the P-band spaceborne
implementation. In this case, the effective baseline in the near range already reaches the critical
baseline (i.e., f near  W ). At the large effective baselines (i.e., large absolute values;  z > 0.15)
in the near range, the range spectral decorrelation effect cannot be avoided using the fixed
common bandwidth of 3 MHz. Thus, these coherences are still located at a lower coherence level,
(< 0.2) as shown in Figure 6.9 (b), but are masked out by the  z mask.

(a)

(b)

Figure 6.8: Interferometric coherence at P-band: (a) non-filtering and (b) range filtering.

(a)

(b)

Figure 6.9: Histograms of coherences before and after range filtering. Red: non-filtering, Green: range
filtering and Blue: airborne SAR case.
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Figure 6.10 shows the interferometric coherence map at HH polarization as estimated by the
airborne case and the simulation data sets in each step after spectral range filtering. While the
original airborne scenario is used as a reference, as shown in Figure 6.10 (a), the interferometric
coherence images for the different simulation steps are shown in Figure 6.10 (b), (c) and (d). The
reduced bandwidth already has a critical impact on the image quality. The Remningstorp test site
is characterized by relatively inhomogeneous forest stands and land cover. Therefore, the surface
area (fields), the lakes and the forest are mixed up by the coherence estimation using low
resolution data. The lakes cannot be detected in the coherence image of the simulated data, and it
becomes difficult in general to differentiate specific land use areas due to the low resolution. The
reduction of the system bandwidth to 6 MHz introduces lower coherence on the boundary
between the forest and non-forest areas.
A comparison of the histograms for the airborne case and the simulated spaceborne scenarios can
be found in Figure 6.11, and the mean coherence values throughout the image are summarized in
Table 6.4. The peaks for the low resolution simulation step (red curve) in the histograms are
located at lower coherences than that of the airborne SAR results (black curve) despite the
similar mean coherence values shown in Table 6.4. Most likely, this effect results from the
different characteristics of the scene (e.g., forest, surface, lakes, etc.) as well as the higher
inhomogeneity of the forested area in terms of forest height. Increasing the NESZ and inserting
the ambiguities causes the level of coherence to drop additionally. The cross channel is more
significantly affected in the spaceborne scenario steps.

(a)

(b)

(c)

(d)

Figure 6.10: Interferometric coherence map HH polarization at P-band: (a) airborne SAR data, (b) low
resolution, (c) NESZ and (d) azimuth/range ambiguities.
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(a)

(b)

(c)

Figure 6.11: Interferometric coherence histograms at P-band in (a) HH, (b) HV and (c) VV polarizations;
Black: airborne SAR data, Red: low resolution, Green: NESZ, Blue: range and azimuth ambiguities.

Table 6.4: Mean coherence values at P-band in each simulation step.
Polarization

Airborne Data
(94 MHz)

Resolution
(6 MHz)

NESZ
(-28 dB)

Rg/Az
Ambiguities

HH
HV
VV

0.89
0.81
0.89

0.88
0.79
0.87

0.86
0.73
0.85

0.85
0.67
0.84

6.3.2 Pol-InSAR inversion
The height inversion results at P-band for the original data and the simulation data are,
respectively displayed in Figure 6.12 (a) and (b) scaled from 0 to 50 m. Comparing the two
forest height images, a systematic overestimation in the spaceborne scenario can be observed,
and overestimation occurs on the order of approximately 5 m. Due to the low resolution, roads
and small lakes cannot be separated from forests. Nevertheless, the Pol-InSAR inversion results
from the simulation data still contain sensitivity to the forest structure. In terms of forest height,
(low and high forest stands), large-scale forest structures can still be distinguished (Lee et al.
2009b).
The height bias (overestimation) was estimated using the height difference  h between the
height inversions from the airborne SAR data and the simulation data. The height errors
estimated by (5-6) are plotted by the blue curve of Figure 6.13. Similar to the simulation
inversion results at L-band, low forests are more significantly affected by the inserted
decorrelation contributions. Note that the spaceborne system parameters lead to more inversion
errors at P-band (20 - 120%) than at L-band.
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6.3.3 Temporal decorrelation effects
Similar to the L-band, the repeat-pass scenarios at P-band were simulated by adding different
amounts of temporal decorrelation (  temp = 0.9, 0.7 and 0.5). The interferometric coherence image
for HH polarization with different temporal decorrelation is shown in Figure 6.14 whereas
Figure 6.14 (a) displays the without absence of strong temporal effects (i.e., with short-term
temporal effects on the order of minutes) and can be used as a reference. The mean coherence
values for different levels of temporal decorrelation can be found in Table 6.5. As discussed in
subsection 5.2.1, the temporal decorrelation at P-band is in general much higher in general than
at L-band. For this reason,  temp was set to 0.9 ( N = 0.65) for the forest height inversion at Pband corresponding to a temporal baseline of less than one month under good weather
conditions. Despite the less impact of a temporal decorrelation of 0.9 (versus 0.7 at L-band), the
forest height inversion was fairly overestimated by the impacts of system parameters and
temporal decorrelation (see Figure 6.12 (c)).

(a)

(b)

(c)

Figure 6.12: Forest height inversion results at P-band: (a) airborne SAR data, (b) simulation data (low
resolution + NESZ + ambiguities) and (c) simulation data (low resolution + NESZ + ambiguities +
temporal decorrelation of 0.9).
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Figure 6.13: Height error (%) versus forest height at P-band. Blue: simulation data (low resolution +
NESZ + ambiguities) and Red: simulation data (low resolution + NESZ + ambiguities + temporal
decorrelation  temp of 0.9).

(a)

(b)

(c)

(d)

Figure 6.14: Interferometric coherence at P-band with different temporal decorrelation scenarios: (a)
 temp = 1 as shown in Figure 6.3 (d), (b)  temp = 0.9, (c)  temp = 0.7 and (d)  temp = 0.5.
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Table 6.5: Mean coherence values for the different temporal decorrelation scenarios at P-band.
“lowres.nesz.saar” denotes the simulation data after low resolution, NESZ and ambiguities steps.
Polarization

lowres.nesz.saar

 temp = 0.9

 temp = 0.7

 temp = 0.5

HH
HV
VV

0.85
0.67
0.84

0.76
0.60
0.75

0.65
0.52
0.64

0.49
0.39
0.48
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7 Conclusions

This chapter provides a summary of the results and a review of the contributions of this work. In
addition, future directions in forest parameter estimation using the Pol-InSAR technique are
discussed.

7.1 Summary
After reviewing the basic concepts of SAR and its applications (PolSAR, InSAR and PolInSAR), current forest campaigns were introduced that included the test sites and the Pol-InSAR
data sets used to estimate the forest parameters. Moreover, an overview of the LIDAR data and
meteorological data used for validation were supplied in chapter 3. Fully polarimetric and repeatpass interferometric data were acquired by the DLR E-SAR system at L- and P-band over the
Remningstorp (BioSAR 2007, hemi-boreal forest), Krycklan (BioSAR 2008, boreal forest) and
Traunstein (TempoSAR 2008/2009, temperate forest) test sites. Because the Pol-InSAR data for
the BioSAR 2008 campaign were acquired over hilly terrain at two different headings of the
aircraft, 314° and 134° from north, these data could be used to investigate the impact of
topography on the forest height estimation at L- and P-band. Additionally, the Pol-InSAR data
for the BioSAR 2007 and TempoSAR campaigns contain a diversity of temporal baselines
varying from 10 minutes to 54 days. These unique data sets were used to address the impact of
the temporal decorrelation on the Pol-InSAR inversion performance at L- and P-band.
The vertical wavenumber  z is an important parameter for the Pol-InSAR inversion. In chapter 4,
the properties of the vertical wavenumber  z and the impact of slope correction on  z
estimation were discussed. The impact of topography on forest height retrieval was investigated
using two differently derived digital elevation models: the high-resolution LIDAR DTM and the
airborne L-band DEM derived from repeat-pass interferometry. Both data sets were helpful for
slope correction in the Pol-InSAR inversion model. Without any topographic correction, the
slopes of ±20° led to an approximate ±10 m height error for the Krycklan test site. The vertical
wavenumber  z corrected for slope by the two different topographic data did not introduce any
bias in the forest height estimation. In addition, the corrected inversion results were doublechecked by the comparison of the two flight directions. For both flight headings, which
introduced different local incidence angles, the same quality of forest height estimation could be
obtained at L- and P-band. The correlation coefficient r² and RMSE for both inversion results
were 0.91 / 1.69 m at L-band and 0.74 / 2.56 m at P-band, with forest heights ranging from 5 m
to 30 m. These results also show that the topography effects can be corrected and mitigated using
the Pol-InSAR model-based inversion processing.
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In this thesis, multi-baseline Pol-InSAR inversion approaches were proposed and addressed to
reduce the constraints for single baseline Pol-InSAR inversion, including the non-volumetric
decorrelation effects, and to optimize the height sensitivity of the vertical wavenumber. Such
new approaches as the eccentricity of the coherence boundary and height estimation accuracy
method were used to filter out the inversion results with strong height errors and select the best
results among the single baseline Pol-InSAR inversion results. Consequently, the combination of
multiple Pol-InSAR height estimates can significantly improve the accuracy of forest height
inversions. All of the Pol-InSAR forest height estimates from the three test sites (Remningstorp /
Krycklan / Traunstein) at L- and P-band were validated against the H100 values derived from
LIDAR measurements. The estimated correlation coefficient r² and RMSE values are
summarized in Table 7.1.
Table 7.1: Correlation coefficient r2 and RMSE for all test sites at L- and P-band.

Campaign
BioSAR 2007
BioSAR 2008
TempoSAR 2008

L-band

Test site
Remningstorp
Krycklan
Traunstein

P-band

r²

RMSE

r²

RMSE

0.91
0.94
0.93

1.64 m
1.32 m
1.97 m

0.69
0.65
-

4.21 m
3.85 m
-

At L-band, the Pol-InSAR inversion results were characterized by surprisingly high r² values.
Furthermore, the overall estimation accuracies for the multi-baseline inversion approach were
better than the 10% height error. However, at P-band, the forest height inversions were
systematically underestimated with relatively lower values for the correlation coefficient r² and a
higher RMSE than at L-band. This result may originate from the vertical structure function for a
longer wavelength. The exponential vertical reflectivity of the vegetation in the RVoG model
seems to be insufficient for the less dense forest conditions (Remningstorp and Krycklan test
sites). Note that this is not a P-band specific issue but is related to the forest structure. Due to the
deeper penetration depth, the signal at P-band interacts more with the ground beneath the canopy
as well as with larger forest structures (e.g., tree trunks) than at L-band. It makes the Pol-InSAR
inversion at P-band more affected by the forest structure. Moreover, the presence of a significant
ground component in all polarizations causes a bias in the single baseline inversion. In this case,
the estimated volume-only coherence (as mentioned in section 2.4) is in disagreement with the
assumption of no ground contributions. Note that also this is not a P-band specific issue but
depends primarily on the forest density (less dense forest) and the terrain conditions (positive
slope).
The impact of the temporal decorrelation on the Pol-InSAR inversion performance was
addressed, and the temporal decorrelation was quantitatively investigated in chapter 5. At first,
the temporal decorrelations  TV in the volume and  TG on the ground layer were incorporated
into the two-layer (volume/ground) scattering model, such as the RVoG model. Both temporal
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decorrelations led to a bias of the height estimation on Pol-InSAR inversion performance in a
different way: the temporal decorrelation  TV in volume reduces the amplitude of the volume
decorrelation whereas the temporal decorrelation  TG on the ground layer introduces a ground
phase error. The phase error is the key concept in estimating the temporal decorrelation  TG on
the ground layer, distinguishing it from previous work in which only the temporal decorrelation

 TV in volume could be estimated in the special case of a zero spatial baseline (  z  0).
The Pol-InSAR data sets acquired in the BioSAR 2007 and TempoSAR campaigns were quite
useful for the quantitative assessment of the temporal decorrelation. The airborne SAR data sets
include a wide range of temporal baselines ranging from 10 minutes to 54 days. The impact of
the temporal decorrelation was separately assessed on three different levels: long-term (months weeks), mid-term (weeks - day) and short-term (hour - minutes) temporal baselines. The level of
temporal decorrelation (0.3) with 54 days repeat-pass time of the L-band BioSAR 2007 data
makes Pol-InSAR application impossible. In the case of 32 days temporal baseline, the PolInSAR inversion was still feasible, but the forest height was fairly overestimated due to the
uncompensated temporal decorrelation. The decorrelation level was sufficient to cause height
errors on the order of 20 - 200% depending on the forest heights. However, for a temporal
baseline of 30 days, the level of temporal decorrelation remains high at P-band (0.9) and causes
much smaller height errors on the order of 10 - 60%. This result makes clear that the use of the
longer P-band wavelength has an advantage in repeat-pass SAR systems with respect to the
temporal decorrelation effect.
This thesis has proposed the estimation of the temporal decorrelations of  TV and  TG ,
respectively, using multi-baseline Pol-InSAR data sets with temporal baselines on the order of
days (maximum 15 days). The overall temporal decorrelations of  TV and  TG decrease with an
increase in the temporal baseline. However, the decorrelation processes within the volume layer
occur much faster than on the ground. The reason for this is that the scatterers in the vegetation
layers are much less stable against wind effects than those on the ground layer. However, the
temporal decorrelations of  TV and  TG are not only dependent on the wind-induced movement
but are also strongly affected by rain-induced changes (e.g., dielectric properties) in the volume
and on the ground layer at temporal baselines on the order of days. For validation, the estimated
temporal decorrelations of  TV and  TG were converted to height errors in time that were
subsequently compared with the inversion errors directly estimated from the Pol-InSAR
inversion heights. The validation result produced surprisingly high r2 values, on the order of 0.94
with an RMSE of 3.34%. These results are a strong indication for the successful estimation of
the temporal decorrelations of  TV and  TG at temporal baselines on the order of days.
The behavior of temporal decorrelation on the order of minutes was strongly related to the
displacements of scatterer positions induced by wind and showed a random nature in the forest
test sites due to the random behavior of wind in space and time. On the time scale of minutes,
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changes in the dielectric properties of the canopy and the ground layer can be ignored. A wind
speed of 2 m/s reduces the performance of Pol-InSAR inversion dramatically by biasing the
volume decorrelation over the test site. Therefore, the strength of the wind (wind speed) during
the acquisition is the most critical parameter for temporal decorrelation contributions for a short
repeat-pass time.
The presented results on a wide range of temporal baselines allow us to quantitatively assess and
understand the impact of temporal decorrelation on the Pol-InSAR inversion performance. To
successfully perform Pol-InSAR forest parameter estimation, characterization of the temporal
decorrelation over the forest is essential for any airborne SAR campaign and/or spaceborne
missions operating in repeat-pass mode.
The extrapolated spaceborne data sets generated by the simulation strategy were helpful to
demonstrate the performance of the Pol-InSAR algorithms. The first comparative analysis for the
Pol-InSAR inversion at L- and P-band was presented in chapter 6. While the available system
bandwidth at L-band of 85 MHz rarely affects the coherence level, the limited bandwidth of only
6 MHz at P-band makes spectral range filtering essential, leading to a loss of spatial resolution
loss. After range filtering, the reduction of resolution minimally affects the mean coherence level
but results in a higher variance due to inhomogeneous forest stands and land cover in the test site.
The degraded NESZ level and the increased range/azimuth ambiguity level increases the nonvolumetric decorrelation contributions. These contributions at L- and P-band were approximately
0.88 and 0.82 at HV polarization and caused height errors of up to 80% and 120%, respectively.
The temporal decorrelation is the most critical factor in the implementation of the Pol-InSAR
forest height inversion in space-borne repeat-pass configurations, especially at L-band. The
induced temporal decorrelation contribution is significantly larger than the system-induced
contribution. Moreover, the induced temporal de-correlation contribution cannot be mitigated by
increasing the spatial baseline. For the same temporal baseline, the temporal decorrelation can be
significantly lower at L-band than at P-band. However, even a moderate temporal decorrelation
level of 0.9 at P-band and the system-induced decorrelations led to a significant overestimation
that made the absolute forest height estimations valueless. One solution may be to employ
multiple (repeat-pass) Pol-InSAR acquisitions at different spatial baselines and coherently
combine the inversion results.

7.2 Contributions
The objective of this dissertation was to investigate the potential and the limitations of PolInSAR techniques for global forest parameter estimation at L- and P-band. The main
contributions of this dissertation can be summarized as follows:
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Multi-baseline inversion: The detailed description for “incoherent” combination methods
of the multi-baseline Pol-InSAR was introduced and examined. The results of multibaseline Pol-InSAR inversion using airborne SAR data led to the conclusion that the
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forest height can be estimated with a surprisingly high accuracy of 10% at L-band and
approximately 30% at P-band.


Slope correction: The impact of topography on the forest height inversion was
quantitatively estimated and mitigated. The vertical wavenumber corrected by the
topographic information did not introduce any bias into the retrieval of forest parameters.
The L-band derived DEM can also correct any height errors caused by terrain topography.
Without an external DEM, the impact of the topography on the retrieval of forest
parameter estimation can be corrected using an L-band derived DEM.



Estimation of temporal decorrelations: The temporal decorrelation and its impact on the
Pol-InSAR inversion performance were quantified, and the first proposal of temporal
decorrelation estimation in the Pol-InSAR model using non-zero spatial baselines
(  z  0 and ~  1 ) was presented. Two temporal decorrelations (  TV and  TG )
integrated into the RVoG model were separately estimated and validated.



Impact of temporal decorrelation: The height inversion errors caused by the temporal
decorrelation were quantitatively estimated for various temporal baselines. The
experimental results provided a better understanding of the properties of temporal
decorrelation in the Pol-InSAR model that depend not only on the acquisition time
interval but also on weather conditions (i.e., wind and precipitation) and wavelengths.



Implementation in spaceborne scenarios: Critical spaceborne mission parameters could
be identified and optimized, leading to a cost-efficient mission design for future satellite
SAR systems. While lower resolution at P-band is a prominent limiting parameter, the
temporal decorrelation is a critical factor for the Pol-InSAR inversion performance at Lband.

The main findings of the thesis could provide useful information for future airborne/satellite
missions for estimation of forest parameters by means of Pol-InSAR techniques.

7.3 Future work
Although this dissertation enhances the understanding of the actual status and potential of the
Pol-InSAR inversion techniques, it raises certain questions related to the retrieval of forest
parameters: systematic underestimation at P-band in less dense forests (such as boreal forests),
and compensation of non-volumetric decorrelation contributions (e.g., temporal decorrelation)
on the Pol-InSAR inversion performance. In response, the following directions for further
research should be pursued:
First, for a robust and unbiased Pol-InSAR inversion at P-band in less dense forests (e.g., boreal
forests), a new vertical structure function of the vegetation layer should be applied to the P-band
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Pol-InSAR data. A flexible parameterization of the vertical reflectivity functions has been
developed to model the vertical reflectivity functions, including the strong ground scattering
contributions (Kugler et al. 2009; Garestier and Le Toan 2010). In addition, the presence of
ground scattering contributions should be also accounted and compensated for during the PolInSAR inversion at P-band. This situation can be corrected using dual- or multi-baseline PolInSAR inversion (Kugler et al. 2009). Both approaches will improve the systematic
underestimation of height over less dense forests.
Second, from the quantitative estimation of the temporal decorrelation, it was confirmed that the
temporal decorrelation is the most critical parameter for a successful Pol-InSAR inversion in the
case of repeat-pass SAR systems, especially at L-band. At L-band, even temporal baselines on
the order of few days caused strong temporal decorrelations in volume and on the ground layer
that fairly reduced the quality of the forest height map depending on the weather conditions. For
future L-band satellite missions for Pol-InSAR forest applications, single-pass SAR systems (e.g.,
Tandem-L) are strongly recommended to provide accurate global forest parameter estimates.
However, in repeat-pass airborne/satellite SAR systems (e.g., F-SAR, BIOMASS), a multibaseline Pol-InSAR approach could be the most effective solution to overcome the constraint of
the temporal decorrelation. “Coherent” combination methods for each single Pol-InSAR
inversion can compensate for the impact of the temporal decorrelation and improve the quality of
the height estimation (Lee et al. 2012).
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