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Abstract

Soil conditions under vegetation cover and their spatial and temporal variations

from point to catchment scale are crucial for understanding hydrological processes

within the vadose zone, for managing irrigation and consequently maximizing

yield by precision farming.

Soil moisture and soil roughness are the key parameters that characterize the

soil status. In order to monitor their spatial and temporal variability on large

scales, remote sensing techniques are required. Therefore the determination of

soil parameters under vegetation cover was approached in this thesis by means

of (multi-angular) polarimetric SAR acquisitions at a longer wavelength (L-band,

λc=23cm). In this thesis, the penetration capabilities of L-band are combined with

newly developed (multi-angular) polarimetric decomposition techniques to sepa-

rate the different scattering contributions, which are occurring in vegetation and

on ground. Subsequently the ground components are inverted to estimate the soil

characteristics.

The novel (multi-angular) polarimetric decomposition techniques for soil parame-

ter retrieval are physically-based, computationally inexpensive and can be solved

analytically without any a priori knowledge. Therefore they can be applied with-

out test site calibration directly to agricultural areas.

The developed algorithms are validated with fully polarimetric SAR data acquired

by the airborne E-SAR sensor of the German Aerospace Center (DLR) for three

different study areas in Germany. The achieved results reveal inversion rates up

to 99% for the soil moisture and soil roughness retrieval in agricultural areas.

However, in forested areas the inversion rate drops significantly for most of the

algorithms, because the inversion in forests is invalid for the applied scattering

models at L-band.

The validation against simultaneously acquired field measurements indicates an

estimation accuracy (root mean square error) of 5-10vol.% for the soil moisture

(range of in situ values: 1-46vol.%) and of 0.37-0.45cm for the soil roughness

(range of in situ values: 0.5-4.0cm) within the catchment. Hence, a continuous

monitoring of soil parameters with the obtained precision, excluding frozen and

snow covered conditions, is possible.

Especially future, fully polarimetric, space-borne, long wavelength SAR missions

can profit distinctively from the developed polarimetric decomposition techniques

for separation of ground and volume contributions as well as for soil parameter

retrieval on large spatial scales.
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Zusammenfassung

Zur Verbesserung der hydrologischen Abflussmodellierung, der Flutvorhersage,

der gezielten Bewässerung von landwirtschaftlichen Nutzflächen und zum Schutz

vor Ernteausfällen ist die Bestimmung der Bodenfeuchte und der Bodenrauhigkeit

von grosser Bedeutung. Aufgrund der hohen zeitlichen sowie räumlichen Dyna-

mik dieser Bodenparameter ist eine flächenhafte Erfassung mit hoher Auflösung

und in kurzen zeitlichen Abständen notwendig. In situ Messtechniken stellen ei-

ne sehr zeit- und personalaufwändige Alternative dar, deshalb werden innovati-

ve Fernerkundungsverfahren mit aktivem Radar erprobt. Diese Aufnahmetechni-

ken sind von Wetter- und Beleuchtungsverhältnissen unabhängig und besitzen zu-

dem die Möglichkeit, abhängig von der Wellenlänge, in Medien einzudringen. Mit

dem in dieser Arbeit verwendeten polarimetrischen Radar mit synthetischer Aper-

tur (PolSAR) werden die Veränderungen der Polarisationen ausgewertet, da diese

aufgrund der physikalischen Eigenschaften der reflektierenden Medien objektspe-

zifisch verändert und gestreut werden. Es kann dadurch ein Bezug zwischen der

empfangenen Radarwelle und den dielektrischen Eigenschaften (Feuchtegehalt)

sowie der Oberflächengeometrie (Rauhigkeit) des Bodens hergestellt werden.

Da vor allem in den gemässigten Klimazonen die landwirtschaftlichen Nutzflä-

chen die meiste Zeit des Jahres mit Vegetation bestanden sind, wurden in die-

ser Dissertation Verfahren entwickelt, um die Bodenfeuchte und die Bodenrauhig-

keit unter der Vegetation erfassen zu können. Um die einzelnen Rückstreubeiträ-

ge der Vegetation und des Bodens voneinander zu trennen, wurde die Eindring-

fähigkeit von längeren Wellenlängen (L-band, λc=23cm) mit neu entwickelten

(multi-angularen) polarimetrischen Dekompositionstechniken kombiniert, um die

Komponente des Bodens zu extrahieren und auszuwerten. Für die Auswertung

wurden polarimetrische Streumodelle benutzt, um die Bodenkomponente zu mo-

dellieren und dann mit der extrahierten Bodenkomponente der aufgenommenen

Daten zu vergleichen. Die beste Übereinstimmung von Modell und Daten wurde

als die gegebene Bodencharakteristik gewertet und dementsprechend invertiert.

Die neu entwickelten, polarimetrischen Dekompositionstechniken für langwelliges

polarimetrisches SAR basieren auf physikalischen Prinzipien, benötigen wenig Re-

chenzeit, erfordern keine Kalibrierung und sind ohne Verwendung von a priori
Wissen analytisch lösbar.

Um die entwickelten Algorithmen zu testen, wurden in drei verschiedenen Unter-

suchungsgebieten in Deutschland mit dem flugzeuggetragenen E-SAR Sensor des

Deutschen Zentrums für Luft- und Raumfahrt (DLR) polarimetrische SAR Daten
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aufgenommen. Die Auswertungen der PolSAR Daten haben bestätigt, dass die bes-

ten Invertierungsergebnisse mit langen Wellenlängen erzielt werden können (L-

Band). Des Weiteren konnten bei der Bestimmung der Bodenfeuchte und der Bo-

denrauhigkeit hohe Inversionsraten erreicht werden (bis zu 99% der Untersuch-

ungsfläche). Es hat sich gezeigt, dass die polarimetrischen Streumodelle bei der

gegebenen Wellenlänge nicht für bewaldete Gebiete geeignet sind, was die An-

wendbarkeit des Verfahrens auf landwirtschaftliche Nutzflächen einschränkt.

Die Validierung mit Bodenmessungen in den Untersuchungsgebieten, die zeit-

gleich zu den PolSAR Aufnahmen durchgeführt wurden, hat ergeben, dass ei-

ne kontinuierliche Beobachtung des Bodenzustandes (ausgenommen in Zeiten

mit gefrorenem oder Schnee bedecktem Boden) mit einer Genauigkeit (Wurzel

des mittleren quadratischen Fehlers) von 5-10vol.% für die Bodenfeuchte (in si-
tu Messbereich: 1-46vol.%) und von 0.37-0.45cm für die Bodenrauhigkeit (in situ
Messbereich: 0.5-4.0cm) möglich ist.

Besonders künftige Fernerkundungsmissionen mit langwelligem, voll polarimetri-

schem SAR können von den entwickelten Dekompositionstechniken profitieren,

um die Vegetationskomponente von der Bodenkomponente zu trennen und die

Charakteristik des Oberbodens flächenhaft zu bestimmen.
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1.1. MOTIVATION

Part 1
Introduction

1.1. Motivation

Within the earth system the pedosphere acts as an interface between atmosphere,

biosphere, lithosphere and hydrosphere. Several hydrological processes, like sur-

face runoff, infiltration, plant water uptake and groundwater drainage, are af-

fected by the spatial and temporal variations of soil moisture within the pedo-

sphere, which are caused by boundary fluxes of energy and mass [39, 169, 17].

Both fluxes are inherently connected as the energy cycle initiates phase transitions

in the hydrologic cycle [53, 40]. In this way solar irradiation triggers evaporation

from soil and transpiration from vegetation resulting in a change of soil moisture

content [260]. These changes are still very difficult to simulate by models due to

the multiple and multi-dimensional dependencies of this highly varying parameter

and therefore require a continuous monitoring [206].

Monitoring of soil moisture content reveals for instance the retention capabilities

of the soil to store the infiltrated precipitation for a delayed and uncritical re-

lease in the discharge system [38, 28]. In this way hazard precautions, like flood

forecasting and dam management, can be supported to identify critical catchment

states (high pre-event soil moisture) before flooding events [39, 212]. Besides

flood prevention in humid regions also agricultural management practices in semi-

arid regions, like irrigation, benefit from the incorporation of soil moisture infor-

mation leading to crop yield optimization in terms of precision farming [260,322].

Another factor for yield optimization is the conservation of agricultural soils, which

is supported by erosion models to investigate wind erosion in the arid case or mud-

flow in the humid case [279,10,109]. These models require the soil roughness as

spatially distributed input variable.

In practice, soil parameters, like soil roughness and soil moisture, are mostly ac-

quired as single point measurements [35, 336, 54, 261, 44, 260], which are com-

bined to wireless sensor networks in the case of soil moisture in order to enlarge

the monitoring to the field scale [50,30]. In addition, soil moisture sensing on this

scale can be approached by geophysical methods, like Ground Penetrating Radar

(GPR) [137] and Spatial Time Domain Reflectometry (STDR) [345], or Ground

Albedo Neutron Sensing (GANS) [346, 259] using cosmic-ray probes. Whereas

1
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for soil roughness sensing, laser scanning [244, 230] and stereo-photogrammetry

[288,202] are widely applied.

As the spatial upscaling from point or field-wide measurements to large scales is

highly non-linear [208, 16, 82], remote sensing extends soil information retrieval

from local point or field studies to spatial investigations on sub-catchment or en-

tire catchment areas, including also very isolated regions [335,81,111,183].

Since optical remote sensing of soil properties [165, 115] relies on daylight and

clear weather conditions, RADAR-based methods turn out to be weather- and

illumination-independent supporting a continuous soil monitoring strategy. There-

fore passive microwave sensors (radiometers) [268, 145] as well as active mi-

crowave sensors (scatterometers [329,36,237], Synthetic Aperture Radars (SAR)

[310,312,311]) are used on airborne or space-borne platforms [91].

Space-borne radiometers and scatterometers, like MIRAS on SMOS [166] and AMI

on ERS [328], operate with low spatial resolution in the order of kilometers and

high temporal resolution in the range of one acquisition every second or third day

(in mid-latitudes), which is favorable for global monitoring purposes.

In contrary, SAR sensors, like PALSAR on ALOS [262] or ASAR on ENVISAT [85],

acquire data in the order of decameters with a temporal resolution in the range of

one acquisition every first to second week (in mid-latitudes), which fits to regional

imaging purposes [231, 330, 49]. In order to combine both spatial scales for an

spatially enhanced soil moisture retrieval on a global scale, an active-passive mi-

crowave sensor will be launched within the SMAP mission [97].

However, only SAR remote sensing enables a monitoring of the soil and its variabil-

ity down to the field scale due to the high spatial resolution compared to the other

microwave sensors. The sensitivity of SAR for soil characteristics is based on the

fact that the transmitted Electro-Magnetic (EM) wave interacts with two key pa-

rameters of the soil system: Soil moisture and soil roughness. SAR sensors, used

for soil parameter retrieval, acquire in different wavelengths (λc) ranging from

X-band (λc '3cm, TerraSAR-X [5]), C-band (λc '5cm, ENVISAT-ASAR [188]), L-

band (λc '23cm, ALOS [168]) to P-band (λc '75cm, AIRSAR [215]).

Moreover, SAR remote sensing has the capability to penetrate through natural me-

dia, like vegetation layers, especially with increasing wavelength [140, 66, 141].

Hence, also agricultural regions, which are most of the year covered by vege-

tation, can be investigated for their soil moisture and soil roughness conditions

[191, 205]. This enables a continuous soil monitoring along the whole plant

growth cycle, if the increasing scattering contribution from the vegetation is con-

sidered [124].

2
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1.2. State-of-the-art

Concerning SAR remote sensing approaches, the first soil moisture and soil rough-

ness analyses were carried out on single polarization intensities over bare soils

leading to ill-posed inversion problems, because the soil moisture and the soil

roughness influence are enclosed in one acquired signal [22, 88, 318, 250, 188,

323, 254]. With the emerging establishment of fully polarimetric SAR sensors,

the observation space has been enlarged allowing to separate soil roughness from

soil moisture influence for an unambiguous inversion of both soil parameters

[127,3,142].

For bare soils, three different categories of EM scattering models, which relate the

natural soil conditions with the characteristics of the scattered RADAR signature,

can be distinguished: Empirical models, semi-empirical models and theoretical

models [119,186,147].

As remote sensing relies on the understanding of Electro-Magnetic (EM) scatter-

ing on ground, only theoretical models can be considered as test site indepen-

dent and form the basis of this thesis. Among these models, the Integral Equation

Method (IEM) is widely applied for EM scattering of bare soils because of its broad

range of applicability in terms of soil roughness classes [107, 108, 57]. More spe-

cialized scattering models can be introduced (from smooth to rough surface scat-

tering): Small Perturbation Model (SPM) [255], Physical Optics (PO) Model [308]

and Geometric Optics (GO) Model [312].

So far the investigation of soil parameters, like soil moisture or soil roughness,

with polarimetric SAR remote sensing was constrained on bare soil areas due

to the lack of retrieval algorithms including the influence of a vegetation cover

[127]. The dielectric discontinuities in vegetation volumes, which can be for ex-

ample stems, branches, twigs and leaves, scatter the waves in a complex man-

ner [315,278,42,190,65].

In order to incorporate the influence of vegetation cover, different EM models have

been developed to describe vegetation scattering [175,314,308,33,99,246,199],

whereby the level of detail varies from a simple layer of uniformly shaped spheres

[9] until sophisticated three dimensional models of the vegetation volume, includ-

ing cylinders, dipoles and discs with their respective orientation distributions to

simulate stems, branches and leaves [164,87,285,337,66]. Especially for the lat-

ter models, the amount of required input parameters exceeds by far the potential

observable space of SAR remote sensing for direct inversion. On top, some of the

modeling approaches also include the scattering contributions of the underlying
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ground in order to simulate the total backscattered signature measured at the re-

ceiver.

Despite the variety of approaches, vegetation scattering models are mainly sepa-

rated in two classes: Vector Radiative Transfer (VRT) models [55, 298, 184, 146,

339, 74] and coherent wave models [197, 58, 302, 301, 303, 192, 15]. The first

class, including the widely used Water Cloud Model (WCM) [9] and the Michigan

Microwave Canopy Scattering Model (MIMICS) [313], is solely bound to the law

of energy conservation and calculates the incoherent sum of the independent scat-

tering contributions to model the backscattering signature. In contrary, the second

class, including the particle scattering model of [317], considers the coherent sum

of all scattering contributions in the resolution cell as the backscattering signature

and therefore preserves the phase information, which enables polarimetric and in-

terferometric investigations [143,197,245,87].

Unlike traditional retrieval approaches evaluating the total backscattered signa-

ture, an innovative soil information retrieval under vegetation cover should focus

on the separation of the individual scattering contributions from the soil and the

vegetation in order to extract only the soil properties for inversion. Therefore not

one single, but several observations are necessary for a sufficient parameterization

of the scattering scenario. Thus the observation space has to be enlarged using

either multi-angular, multi-temporal or multi-frequency observations in combina-

tion with the polarimetric observations to tackle this decomposition problem. This

thesis focus on the multi-angular polarimetric observation spaces for decomposi-

tion analyses of the single scattering components [151].

Polarimetric decompositions represent an established technique for separation of

elementary scattering processes and have quite a history in polarimetric SAR re-

mote sensing. First theoretical approaches towards polarimetric decompositions

were formulated in the PhD thesis of Huynen in 1970 [139]. Since then a plural-

ity of decompositions were proposed and comprehensive reviews on polarimetric

decompositions were published in [71, 65, 182]. Basically, decompositions can be

divided into coherent and incoherent types. Coherent decompositions, introduced

by Pauli [65], Krogager [172] and Cameron [48], are based on the assumption

that only one dominant scatterer is present within the resolution cell, which seems

quite unlikely for natural environments.

In contrary, incoherent decompositions assume more than one scatterer in the

resolution cell and are therefore based on second order statistics including de-

polarization effects. One type of incoherent decomposition analyzes the eigen-

space (eigen-based decomposition) to separate different elementary scattering
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processes, like the decompositions of Cloude [72], Holm [134] and van Zyl [319].

The other type is based on modeling the single scattering contributions by canon-

ical EM models (model-based decomposition). The most prominent model-based

decompositions were published by Freeman & Durden [106] and Yamaguchi [342,

343]. Originally, these decomposition methods were designed for forested envi-

ronments including scattering interactions with the ground, with the tree trunk

and the ground as well as with the tree canopy. Recently, the description of the

polarimetric vegetation volume component was considerably extended by Free-
man [105], Neumann [225] and Arii [6] using shape parameters for the scatter-

ing components (leaves, twigs, branches) and different orientation distributions

within the tree canopy to characterize the polarimetric volume scattering of var-

ious tree species in a more detailed way. Besides the polarimetric decomposition

models for forests, several (multi-angular) polarimetric decomposition methods

for the more complex scattering scenario of agriculture, including for instance a

depolarizing surface component due to soil roughness or an oriented vegetation

component due to plant structure, are under development and provide the me-

thodical foundation of this thesis [124,159,155,156].

1.3. Scope and organization of thesis

The retrieval of soil characteristics by polarimetric SAR remote sensing is inves-

tigated for agricultural areas using longer wavelength to enable a soil parameter

estimation along an entire vegetation growth cycle. The separation of the veg-

etation from the soil information should allow a continuous monitoring of soil

parameters for hydrological, agricultural and hazard warning (flood, drought) ap-

plications. The following scientific questions are addressed and answered in this

thesis:

• How and under which conditions can ground and vegetation scattering be sep-

arated by fully polarimetric SAR data?

• How and with which accuracy can soil parameters be inverted from fully polari-

metric SAR data?

• What acquisition configuration/observation space is required for remote sens-

ing of soil parameters under vegetation cover?

In order to address and answer these questions systematically, the thesis is struc-

tured as follows. Agricultural media are characterized by their physical properties
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and their relevance with respect to Electro-Magnetic (EM) scattering in Part 2.

The emphasis is put on parameterization of soil moisture, soil roughness and agri-

cultural crops.

In Part 3 the basic principles of SAR data acquisition and image formation are

described, including the definition of the backscattering coefficient and the speckle
phenomenon. The introduction of polarimetry starts from Maxwell’s equations

and leads to the polarization ellipse and the Jones vector formalism. Afterwards

the concept of polarimetric basis transformation is presented to reveal the poten-

tial of polarimetry to acquire data in one polarization basis and transform it by

unitary transformation in any other polarimetric basis. In addition, the scattering

matrix is described combining the incident with the scattered field and containing

the properties of the scatterer. A classification in coherent or distributed scatterers

follows. In the case of distributed scatterers, the vectorization of the scattering

matrix, yielding to the covariance and coherency matrix, is explained to include

the statistical effects of polarimetric scattering. In the following, eigen-based and

model-based decomposition techniques are introduced to analyze the backscat-

tered signature for its elementary scattering processes.

The methodology for soil parameter retrieval using longer wavelength polarimet-

ric SAR is explained in Part 4. This part starts with a review on bare soil scat-

tering models. The theoretically based X-Bragg model [127] is described in de-

tail representing an extension of the Small Perturbation Model (SPM) [255] for

rough surface scattering. Afterwards polarimetric methods for soil moisture and

soil roughness inversion close the chapter about bare soil parameter extraction.

The next chapter deals with polarimetric scattering and decompositions for vege-

tated soils, in which the canonical scattering components for surface, dihedral and

vegetation scattering are extended to describe rough surface (X-Bragg) and rough

dihedral (X-Fresnel) scattering on ground as well as oriented/random vegetation

scattering from variously shaped particles. Afterwards the entire polarimetric de-

composition process is explained, including various possibilities to separate the

volume from the ground components in a first step and to split the ground compo-

nents into a surface and a dihedral scattering contribution in a second step. In the

following the ground components are calculated exemplarily and inversion strate-

gies for both ground components (surface, dihedral) are proposed. In the next

chapter a hybrid polarimetric decomposition is introduced combining the benefits

of model-based and eigen-based decompositions for soil moisture inversion un-

der vegetation cover. Moreover, a multi-angular, model-based decomposition is

described to further extend the observable space in order to invert soil moisture
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under vegetation cover using several acquisitions with different incidence angles.

In the end of this part the polarimetric inversion of soil roughness under vegeta-

tion cover is presented using a technique with ground-to-volume ratios.

In order to test the presented inversion algorithms, the experimental field mea-

surement and polarimetric SAR data from three different study areas in Germany

are described in Part 5. The data were acquired by DLR’s E-SAR system within the

AgriSAR, OPAQUE and SARTEO campaigns from 2006 to 2008, including a multi-

temporal (AgriSAR) and a multi-incidence (OPAQUE 2008) data set for analyses.

Within this Part, also the acquisition and the processing of the polarimetric SAR

acquisitions are briefly described to explain the scene characteristics.

In Part 6 the experimental results for the soil moisture and the soil roughness

retrieval as well as for the validations with in situ measurements are presented to-

gether with a detailed discussion about potentials and limitations of the developed

algorithms. In the beginning the results for soil moisture inversion on bare soils are

analyzed, followed by the results for decomposition of the scattering contributions

as well as for soil moisture inversion on vegetated soils. The entire set of retrieval

methods ranging from single-angular to multi-angular polarimetric decomposition

and inversion algorithms is investigated and evaluated leading finally to a conclu-

sion for a best approach to invert soil moisture under vegetation cover. Thereafter

the results for soil roughness retrieval on bare and on vegetated soils are evalu-

ated against in situ measurements using polarimetric inversion techniques that are

based on established methods and a novel algorithm.

Part 7 starts with a synopsis of each presented retrieval method for soil moisture

and soil roughness summarizing the achieved results. This subsequently leads to

the conclusions of the thesis research, which are splitted in the contributions to

the science field and in an outlook. The outlook deals with the data assimilation

of spatially distributed soil moisture into hydrological models and further SAR

acquisition techniques for soil parameter retrieval.
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2.1. SOIL CHARACTERISTICS

Part 2
Characterization of agricultural
media with respect to
electro-magnetic scattering
In this Part the properties of agricultural media and their relevance with respect to

EM scattering are presented. The characterization is focused on the description of

bare soil and agricultural crops.

2.1. Soil characteristics

In a conceptual way the pedosphere can be defined as a three component medium,

containing soil particles, soil water and soil air [198]. The soil particles, which

form the soil matrix, depend mainly on the mineral composition, the soil texture

and the soil structure leading to different soil aggregates [267,131]. The soil water

and the soil air are filling the gaps between the soil particles within the matrix, as

shown in Figure 1. In general, the soil characteristics are a natural result of the

Figure 1: Simplified soil model (bright blue = adsorbed water, dark blue = water
within the field capacity (FC), white = soil pores, brown = soil matrix).

different influences given by the basic rock, the topography, the climate and the

vegetation [198]. All the single aspects can be incorporated to define an individual

soil type with specific soil layers.
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2.1.1. Soil moisture

The soil is an intermediate reservoir for storage, regulation and distribution of

water guided by the saturation conditions within the soil volume, which specify

the infiltration and evaporation rates. The proportion of water compared to soil

particles is expressed by the soil moisture content. Depending on the consideration

of the soil volume, the water fraction in the soil can be defined as volume fraction

(volumetric soil moisture) mv, using the water volume vw divided by the total

volume vt , or as mass fraction (gravimetric soil moisture) mg, dividing the mass of

the water mw by the mass of the dry soil mso [198,310]:

mv =
vw

vt
and mg =

mw

mso
(1)

mg =
mv ·ρw

ρb
. (2)

The volumetric and the gravimetric definitions are linked in Equation 2 by the

density of the involved media: ρw = mw�vw (water) and ρb = mso�vt (bulk).

After precipitation the infiltrating water increases the moisture content of the soil.

As long as the soil is not saturated by former lateral or vertical water inflow, the

pore space of the soil is filled until a certain water storage capacity, which is de-

fined as Field Capacity (FC) [267]. As soon as the moisture content exceeds the

FC, percolation downwards into the ground water reservoir is observed due to sat-

urated soil conditions. If the infiltration rates are stable over time, the water flow

J can be described by Darcy’s law along an infiltration distance s [18]

J =−K · ∂ψh

∂ s
. (3)

K represents the hydraulic conductivity and ψh the hydraulic potential. If the soil

medium is unsaturated, the water flow inside the porous medium can be described

with the Richards equation, which represents the combination of the mass conser-

vation equation with Darcy’s law under pre-defined boundary conditions [256].

∂mv

∂ t
=

∂

∂ s

[
K (mv)

(
∂ψh

∂ s
+1
)

.

]
(4)

The soil water is available for plants, as long as the saturation does not drop

below the Permanent Wilting Point (PWP). This point tags the minimal amount

of soil water, which is necessary for plants not to wilt. Beyond this point soil

water is tightly bound to the soil particles, known as adsorbed or bound water,
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and is not available anymore for plants [130]. Therefore the amount of soil water

between the Field Capacity (wet boundary) and the Permanent Wilting Point (dry

boundary) is decisive for plant growth and plant cultivation.

Figure 2 illustrates the different stages of soil saturation (pF) as a function of

soil water content and grain size [267]. Sandy, silty or clayey soils reveal a low,

Figure 2: Relation between soil moisture and soil matrix suction depending on
different grain size, (FC = field capacity, PWP = permanent wilting
point) [267, p. 178].

intermediate or high water storage capacity. The increase in retention capabilities

due to a stronger adsorption can be traced back to the increase of total surface

area with decreasing grain diameter [267]. However, the complexity of retention

capabilities in natural soils complicates simple conclusions about the behavior of

water in porous media.

Nonetheless, the basis for this behavior is established by the special properties of

water. The water molecule acts like a dipole due to the higher electronegativity

of the oxygen atom compared to the two hydrogen atoms [198]. This difference

of charge attracts water molecules to each other and other dipolar media. This

attraction, known as hydrogen bonding, causes its high melting point, high surface

tension, capillary action and leads to the dielectric properties of the soil [198]. The

dielectric properties are described by the absolute complex dielectric constant εc,
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also called absolute complex permittivity [310]:

εc = ε
′
c− iε

′′
c = ε0

(
ε
′
r− iε

′′
r

)
with ε0 = 8.85 ·10−12[F/m]. (5)

εc represents an absolute complex parameter, whereas εr stands for the relative

complex dielectric constant. The latter describes the intrinsic properties of the

medium and can be split into a real part (ε
′
r) and an imaginary part (ε

′′
r ). ε

′
r

corresponds to the relative permittivity and refers to the dielectric content of the

medium. ε
′′
r is linked to the absorption capabilities of a medium and relates to its

conductivity as well as its dielectric loss.

Hence, the dielectric constant of the soil represents a link between the soil mois-

ture and the Electro-Magnetic (EM) waves of remote sensing devices. In order to

transform the relative dielectric constant of the soil εr into soil moisture values, a

variety of methods exists, which are grouped after Wagner et al. [326]:

• Empirical and semi-empirical conversion functions [296,194,284]

• Theoretical mixing models [130,84,90,25,263]

• Numerical mixing models [34,306]

• Phenomenological relaxation models [327]

• Mixing models combined with phenomenological material equations [213,243,

235]

In this thesis the empirical conversion function of Topp et al. is applied to convert

the real part of the relative dielectric constant ε
′
r into volumetric soil moisture

using volume percent (mv [vol.%]=mv ·100) as unit [296].

mv =−5.3 ·10−2 +2.92 ·10−2
ε
′
r−5.5 ·10−4

ε
′
r
2
+4.3 ·10−6

ε
′
r
3
. (6)

Equation 6 represents a widely applicable polynomial for agricultural soils, be-

cause the dependence on soil texture is reduced to a minimum (only selection

between organic and inorganic soils) [296]. Moreover, it does not need to be

additionally parameterized, like for different soil fractions, which is favorable for

inversion purposes [326].

The imaginary part of the relative dielectric constant ε
′′
r is not considered in the

later analyses, in order to further reduce the parameter space and due to its minor

role for longer wavelength ( fc=1.3GHz) stated by the Cole-Cole diagram in [310,

p.2024]. Focusing on the real part of the relative dielectric constant, a dry soil
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sensed with microwaves of more than 5cm wavelength (λc) shows an ε
′
r of 2-3,

whereas a very moist soil has an ε
′
r of 35-40 [90, 263]. This difference results in

an increase of the backscattering signal with rising moisture content, in which the

relation is non-linear.

Since the water is bound tightly to the matrix, as the soil is dry (bound water),

the dielectric constant increases only slightly [98]. But if the content of soil mois-

ture increases, the water dipoles will be able to move within the soil medium with

relative ease (free water) compared to the bound water. The free water dipoles

can be aligned stronger by the wave-induced electromagnetic field, which results

in an increased backscatter signal and a shallower penetration into the soil [130].

Equation 7 defines the penetration depth δpen as [310]

δpen '
λc
√

ε
′
r

2πε
′′
r

assuming ε
′
r� ε

′′
r . (7)

In summary, the soil moisture content and the respective relative dielectric con-

stant are a function of the fraction of bound to free water, the bulk soil density,

the shape of the soil particles, the shape of the water inclusions, the salinity and

the soil temperature [130]. Concerning the effect of soil temperature on εr, a

significant change occurs, when the temperature drops below zero and the water

in the soil starts to freeze [310]. Therefore the subsequently presented inversion

algorithms for soil moisture and soil roughness are not applicable for frozen soils.

2.1.2. Soil roughness

The geometrical structure of the air-soil boundary is defined as soil roughness.

For a precise description of this parameter, it would be necessary to know the ex-

act size, shape and geometry of the single objects on the soil surface as well as

their exact position to each other. Therefore the description of this component

can be only a statistical approximation for natural media. Mostly two param-

eters are applied [80, 323]: The Root Mean Square (RMS)-height hrms for the

vertical roughness characterization and the correlation length l for the horizontal

roughness characterization [89]. Thus the RMS-height along n samples is defined

as [132,47]:

hrms =

√√√√√ n
∑

i=1

(
hi−h

)2

n−1
, (8)
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where hi is the vertical height at location i and h represents the mean vertical

height of the soil surface for n samples.

In order to specify the correlation length l, a surface correlation function ρcorr, also

known as Auto Correlation Function (ACF), has to be selected, which describes the

statistical independence of two locations on a surface separated by a distance x.

Regarding the shape of the surface correlation function exponential, Gaussian or

power law distributions are commonly used [107,47]:

ρcorr(x) = exp
(
−x2

l2

)
Gaussian (9)

ρcorr(x) = exp
(
−
√

2
|x|
l

)
Exponential (10)

ρcorr(x) = exp
(
−
(x

l

)n)
Power law. (11)

In terms of measurements, the autocorrelation function describes the degree of

correlation between the height hi at location i and the height hi+x at a horizontal

distance x from i [132,47]:

ρcorr =
∫

hihi+x di∫
h2

i di
, (12)

where the limits of integration extend over the overlapping segment of the height

profiles. The horizontal displacement, at which the correlation ρcorr drops below

1/e, is defined as correlation length l [132].

With increasing soil roughness, agricultural fields can be grouped into three dif-

ferent tillage stages: Seedbed, harrowed and ploughed [223]. During ploughing

clods are formed from the soil crumb turning the topsoil upside down. Within the

harrowing process the clods are shreddered. Finally the seedbed is prepared by

flattening the surface using grubbers and rolls.

Due to these cultivation and tillage practices, agricultural fields have a preferential

direction, which results in a superposition of different roughness components with

a specific directionality and size (in decreasing sense): Topography, furrows, clods

and soil aggregates [26, 323, 196]. Besides the mechanical soil tillage, also a nat-

ural change of roughness occurs along the vegetation growth period due to rain

and root growth of the plants, which supports the idea of multi-temporal sensing

of soil roughness [4].

Concerning remote sensing devices, it is of importance that the observable soil

roughness differs with wavelength, meaning that with lower frequency the soil

appears less rough. This turns for instance a smooth surface sensed in L-band
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(λc=23cm) into a rough surface in X-band (λc=3cm). With rising roughness, the

incoherent scattering parts of the scattered wave gain importance compared to

the coherent scattering part, which is sketched in Figure 3 for the three tillage

stages. This process reaches its limit, when the scattering appears isotropic, like

for a Lambertian scatterer. Therefore the remotely sensed parameter represents an

Figure 3: Different soil roughness levels (schematically); Left: Smooth surface
(seedbed), middle: Semi-rough surface (harrowed field), right: Rough
surface (ploughed field); Red solid arrows = coherent scattering part;
Black dashed arrows = incoherent scattering parts.

‘effective’ vertical (ks) or horizontal (kl) roughness. It is expressed as a combina-

tion of the RMS-height hrms or the correlation length l with the wave number k of

the transmitted EM wave and therefore dimensionless:

ks = k ·hrms =
2π

λc
·hrms (13)

kl = k · l =
2π

λc
· l. (14)

ks will be called ‘soil roughness’ in the course of this thesis.

2.2. Agricultural vegetation characteristics

The different agricultural crops, which are taken for field investigations and vali-

dation in this thesis, are cereals, oilseed rape, maize and sugar beet. For the culti-

vation of these crops some of the main influencing factors are the day light period,

the light intensity, the soil temperature, the soil fertility and the water availability

along the growing season [223]. The development stages of agricultural plants

are characterized by the ‘BBCH’-scale of Meier, which represents a standard for

discrimination of phenological stages along the growth period [207]:

• Germination / sprouting

• Leaf development
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• Formation of side shoots / tillering

• Stem elongation or rosette growth / shoot development

• Development of harvestable vegetative plant parts or vegetatively propagated

organs / booting

• Inflorescence emergence / heading

• Flowering

• Development of fruit

• Ripening / maturing of fruit

• Senescence / beginning of dormancy

As cereal plants represent the majority of crop types within the later investigated

study areas, a visualization and a detailed description of their phenological devel-

opment along the growing season are given in Figure 4 and as follows [224]:

The crop species, the seedbed preparation, the depth of seeding and the seeding

time are decisive for the germination, the optimum coverage and the best den-

sity of plants per field [223]. A very dense and leaf-dominated canopy should be

avoided to prevent disease development. The stem elongation is activated by spe-

cial weather conditions like a cold period (vernalization) for winter cereals [223].

Within this stage the main shoot grows intensively and the head develops. Finally

the flag leaf appears and indicates the finalization of this stage.

In the booting stage the head is pushed through the flag leaf and the heading fol-

lows as soon as the ears are directly visible. Flowering sets in, either before or after

head emergence depending on the plant species. All plant heads flower within a

few days and the grain (or fruit) development stages follow.

During the water ripe stage, kernel length and width develop and the size of the

kernel increases distinctively containing mostly fluid, which turns into a milk-like

fluid in the subsequent milk stage. When the consistency of the kernel content has

a dough-like appearance, the soft dough stage is reached, which transforms with

ongoing hardening of the kernel material to the hard dough stage. Now the kernel

arrives at the maturity stage and the water content in the kernel drops to 30-40%.

During the following kernel hard stage, the cereal plant becomes yellow and the

water concentration lowers to 20-25%. If it drops below 13-14%, the harvest ripe

stage sets in and the kernels can be stored after harvest without any additional

drying.
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Figure 4: Phenology of cereal plants [207].

Further figures of phenological stages for oilseed rape, maize and sugar beet are

attached in Appendix B. While oilseed rape develops very similar compared to ce-

real plants, maize and sugar beet do not have a booting stage and no side shoots

are developed. Sugar beet can be grown together with wheat and barley in a crop

rotation over several years, as the top leaves of the beet are serving as a natural

fertilizer for the soil.

Concerning Electro-Magnetic (EM) scattering, the vegetation covers the soil sur-

face by a certain height, density and extent, which is a function of seeding density,

plant geometry and plant biomass. The geometry depends on the distribution of

leaves, twigs, branches and stems. Each entity of the plant has its own shape and

three dimensional orientation resulting in a distribution of orientations within the

entire vegetation canopy, which has to be taken into account for EM modeling.

In addition, the plant density and the moisture of plants within the field mainly

determine the penetration of the EM waves into the vegetation canopy [65]. A

variety of formulas is reported in literature to model the plant dielectric proper-

ties [241,277,78,276,170,59,307,93,300,309,289].

For reasons of space, only the two-phase dielectric mixture model of Ulaby is intro-

duced exemplarily [310]. The two-phase mixture consists of a host material (i.e.

air in the case of agriculture) and its inclusions (e.g. spheroidal particles). The

inclusions are modeled as identically shaped particles of the same size as well as
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orientation and represent the plants in the vegetation volume. The particles and

the host material have the relative complex dielectric constants εi and εh, respec-

tively. If both media are considered isotropic (uniform in all directions), εh and εi

are scalars. If both media are assumed anisotropic, the relative complex dielectric

constants change to positive semi-definite hermitian matrices [236,65].

Moreover, the volume fraction vi of the particles in the host material is defined

by [310]

vi =
π · x1 · x2 · x3 ·Ne

6
, (15)

where x1, x2, x3 are the particle dimensions along the x-, y- and z-axis. In addition,

Ne represents the number of particles per unit volume of the mixture.

The relative complex dielectric constant of the two-phase mixture εm is described

by the Polder-Van Santen/de Loor formula [249,83], assuming a small volume frac-

tion (vi<0.01) and a low-frequency approach, where the particle dimensions are

considerably smaller than the wavelength (x1, x2, x3� λc) [65]:

εm = εh +
vi(εi− εh)

1+Li

(
εi
εh
−1
) . (16)

Li is the particle shape function along the ith dimension and is defined for the

general three dimensional case as [310,65]

L1 =
∫

∞

0

x1x2x3

16(s+
(x1

2

)2)
3
2 (s+

(x2
2

)2)
1
2 (s+

(x3
2

)2)
1
2

ds

L2 =
∫

∞

0

x1x2x3

16(s+
(x1

2

)2)
1
2 (s+

(x2
2

)2)
3
2 (s+

(x3
2

)2)
1
2

ds

L3 =
∫

∞

0

x1x2x3

16(s+
(x1

2

)2)
1
2 (s+

(x2
2

)2)
1
2 (s+

(x3
2

)2)
3
2

ds.

(17)

General condition: L1 +L2 +L3 = 1. (18)

A closed form of the integrals in Equation 17 exists, when spheroids (ellipsoid

with two equal axes x1=x2) are used as particles in the two-phase mixture [310].

In order to simulate different plant structures or different phenological stages of a

plant, three canonical shapes are proposed:
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1. Prolate spheroid (x1=x2 and x3>x1)

L3 =
1− e2

e
2e3

e

(
ln
(

1+ ee

1− ee

)
−2ee

)
L1 = L2 =

1−L3

2
(19)

ee =

√
1−
(

x1

x3

)2

.

2. Sphere (x1=x2=x3)

L1 = L2 = L3 =
1
3
. (20)

3. Oblate spheroid (x1=x2 and x3<x1)

L3 =
1
e2

e

(
1−

√
1− e2

e
ee

arcsin(ee)

)
L1 = L2 =

1−L3

2
(21)

ee =

√
1−
(

x3

x1

)2

.

According to Equations 19, 20 and 21 three differently shaped vegetation volumes

can be formed: A volume of prolate spheroids, a volume of spheres and a volume

of oblate spheroids. The three vegetation volumes are shown in Figure 5. While

Figure 5: Three vegetation volumes with different plant inclusions for the two-
phase dielectric mixture model of Ulaby: Prolate spheroids (‘needles’)
modeling a thin, stalk-dominated crop (left), spheres (middle), oblate
spheroids (‘discs’) modeling a broad, leaf-dominated crop (right) [310,
65].
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the position of the single particles is random within the vegetation layer, the ori-

entation is identical leading to strongly oriented vegetation volumes in the case

of spheroids. For this case the wave propagation is anisotropic within the media

and consequently the relative complex dielectric constant enlarges from a scalar

εm, like in the case of spheres as particles, to a matrix [εm]. In addition, it is as-

sumed for simplicity that the coordinate systems (x, y, z) of the EM wave and of

the particles coincide. Hence, the full matrix [εm] reduces to a diagonal matrix

[εm] = diag(εx
m,εy

m,εz
m) [65]. Equations 22 to 24 introduce the relative complex di-

electric constant of the two-phase mixture εm for the three canonical vegetation

volumes of Figure 5 [310,65]:

1. Vegetation volume of prolate spheroids like ‘needles’ (L1=L2=0.5 and L3=0)

ε
x
m = εh

(
1+2vi

εi− εh

εi + εh

)
ε

y
m = ε

x
m (22)

ε
z
m = εh + vi(εi− εh).

2. Vegetation volume of spheres (L1=L2=L3)

εm = εh

(
1+3vi

εi− εh

εi +2εh

)
. (23)

3. Vegetation volume of oblate spheroids like ‘discs’ (L1=L2=0 and L3=1)

ε
x
m = εh + vi(εi− εh)

ε
y
m = ε

x
m (24)

ε
z
m = εh

(
1+ vi

(
1− εh

εi

))
.

Totally oriented vegetation volumes, like in Equations 22 and 24, represent an

exceptional case in nature. Therefore the case of a randomly oriented vegetation

volume of spheroids should be also taken into account resulting in

εm = εh +
vi

3
(εi− εh) ∑

i=1,2,3

1

1+Li

(
εi
εh
−1
) . (25)
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Besides the general formula in Equation 25, εm for a randomly oriented volume of

prolate spheroids is obtained by

εm = εh +
vi(εi− εh)(5εh + εi)

3(εh + εi)
(26)

and for a randomly oriented volume of oblate spheroids by

εm = εh +
vi

3
(εi− εh)

(
2+

εh

εi

)
. (27)

In conclusion, the orientation and the shape of the inclusions (particles) charac-

terize the dielectric properties of the vegetation layer and therefore the influence

of the vegetation layer on the polarization signature. Hence, both parameters will

be included in the modeling of polarimetric scattering from vegetation volumes in

Chapter 4.2.1.3..

As vegetation is not static over time, it changes its phenology resulting in a growth

cycle, which is mostly driven by the different seasons. The vegetation change rep-

resents a challenge for a continuous soil moisture monitoring in agricultural areas

due to the non-stationarity of the scattering scenario. Thus several volume cases,

presented above, might be applicable within a growth cycle of a plant. This has

to be considered in the later developed EM scattering models used for parameter

inversion in agricultural environments.
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Part 3
SAR principles and polarimetry
In this Part the principles of SAR and the basic concepts of SAR polarimetry are

introduced.

3.1. SAR principles

In the middle of last century, Wiley discovered the SAR principle and since then

numerous airborne and space-borne SAR systems have been operated success-

fully [75]. SAR is an active microwave imaging technique widely weather- and

illumination-independent, allowing high spatial resolution imaging of large areas.

Therefore this remote sensing technique qualifies for diverse environmental appli-

cations, like monitoring agricultural regions, forests, glaciers, oceans and urban

areas [312,310,76,132,94].

3.1.1. Imaging geometry

SAR is based on a coherent imaging technique and acquires two-dimensional

reflectivity maps of a given scene. In a conceptual description the transmitter,

mounted on a space- or airborne platform, transmits a microwave pulse in slant

direction towards the ground. After interaction with the ground the scattered

pulse is received by the receiver. If transmitter and receiver are co-located, the ac-

quisition system is called monostatic, which is the case for the airborne data used

in this thesis. Differently, bistatic systems have a spatially separated transmitter

and receiver.

Figure 6 shows the standard imaging geometry of a SAR system. The platform

moves along azimuth in flight direction. The microwave pulses are transmitted

perpendicular to azimuth in Line of Sight (LoS) direction (slant range), under a

given incidence angle θ as depicted in Figure 7. If the terrain is flat, the incidence

angle θ is equal to the Radar Look Angle (RLA) θr. The illuminated area on the

ground is known as RADAR footprint. As the platform moves along the azimuth
direction, the swath (ls) on ground is generated. As airborne data are exclusively

used in this thesis, the earth curvature is neglected in this conceptual description.

However, terrain slopes influence the imaging geometry, as shown in Figure 8. The

slope angle αsl and the Local Incidence Angle (LIA) θl are defined with respect to
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Figure 6: SAR imaging geometry; LoS=Line of Sight.

Figure 7: Imaging geometry in range direction; θr=Radar Look Angle,
θ=incidence angle, HF=flight altitude, βel=antenna opening angle in
elevation.
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the surface normal

θl = θr−αsl. (28)

Figure 8: Acquisition geometry involving terrain slopes αsl for local incidence;
θl=Local Incidence Angle.

3.1.2. Imaging resolution

The resolution of a SAR system is defined in slant range and in azimuth direction.

The pulses of the SAR system, received from different scatterers, are resolved due

to their time delay. Therefore the resolution in slant range direction δrgRAR is a

function of the pulse duration (pulse length) τp [76]

δrgRAR =
c · τp

2
. (29)

c is the velocity of the EM wave. As it is rather difficult to increase the slant range
resolution by transmitting shorter pulses, the use of frequency modulated pulses

has been established. Commonly, a linear Frequency Modulated (FM) pulse of

the form s(t) = exp(iπ fcrt2), called chirp (cf. Chapter 3.1.3.), is applied, with a

bandwidth Bw = | fcr|τp leading to the following slant range resolution of a SAR

[76]

δrgSAR =
c

2Bw
. (30)

fcr is known as the range chirp rate. The azimuth resolution of a real antenna at a

certain slant range distance R is given by [75]

δazRAR '
λc

Daz
R' βazR, (31)
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where Daz represents the physical dimension of the antenna in azimuth direction,

and λc the radiation wavelength. The opening angle of the antenna βaz in azimuth
direction, is described as [75]

βaz '
λc

Daz
. (32)

Equation 31 describes the resolution of a Real Aperture Radar (RAR) in azimuth
direction. In order to obtain a constantly high resolution across the whole swath,

i.e. with varying slant range distances, Wiley proposed the formation of a synthetic

aperture in azimuth direction by operating the antenna in a pulsed mode, as in-

dicated in Figure 9. As the same scatterer is then imaged multiple times during

overflight, a large antenna (with a narrow beam) can be synthesized by coherently

combining the received pulses.

The antenna opening angle for the synthetic aperture is obtained from βazSAR '
Daz/(2R), accounting for the two-way path length 2R [75]. Using this relation,

the spatial resolution in azimuth direction of a SAR δazSAR becomes independent of

the slant range distance as well as of the wavelength λc and depends only on the

dimension of the antenna in azimuth Daz [75]

δazSAR ' βazSARR' Daz

2
. (33)

It is important to note, that the image resolution is not the same as the image

Figure 9: Formation of synthetic aperture Lsa.

sampling. The range and azimuth sampling (∆rg, ∆az) are defined as [75]

∆rg =
c
2
· f−1

rg and ∆az = vp ·PRF−1, (34)

where frg is the range sampling frequency and PRF the Pulse Repetition Frequency

in azimuth. vp represents the speed of the platform.
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3.1.3. Impulse response

After the definition of the acquisition geometry, the SAR image formation is ad-

dressed for the simple case of a point-like scatterer. The transmitted linearly FM

pulse str can be described by a real-valued envelope wr, which is a rect-function,

and a phase term including the carrier frequency f0 and the range chirp rate

fcr [51,222]

str = wr(t)exp
(
ı
(
2π f0t +π fcrt2)). (35)

The received pulse from the point scatterer sre at distance Rp from the sensor

can be understood as a time delayed and attenuated replica of the transmitted

pulse [51,222]

sre(t;Rp) = ϒ wr

(
t−

2Rp

c

)
exp

(
ıπ

(
2 f0

(
t−

2Rp

c

)
+ fcr

(
t−

2Rp

c

)2
))

, (36)

where the time delay of the received pulse is given by tr = 2Rp/c. ϒ represents the

complex reflectivity of the scatterer. After demodulation, the carrier frequency is

removed leading to the baseband signal [51,222]

sreb(t;Rp) = ϒ wr

(
t−

2Rp

c

)
exp

(
ıπ

(
−

4 f0Rp

c
+ fcr

(
t−

2Rp

c

)2
))

. (37)

As the platform is moving in azimuth direction a and consecutively transmitting

pulses, the point scatterer is imaged multiple times. The received pulses corre-

spond to different slant range distances Rp, which can be approximated as [77]

Rp(R0;a) =
√

R2
0 +a2 ' R0

(
1+

a2

2R2
0

)
= R0 +

a2

2R0
= R0 +

(vp(t− ta))
2

2R0
, (38)

where R0 denotes the slant range distance, when the scatterer is located within the

LoS-plane. ta is the time corresponding to the beam center in azimuth direction.

The phase derivative in the azimuth direction leads to the azimuth frequency fa at

time t

fa(t) =
∂φa

2π∂ t
=

∂

(
−4πRp

λc

)
2π∂ t

=
−2v2

p (t− ta)

λc

√
R2

0 + v2
p(t− ta)2

≈
−2v2

p(t− ta)
λcR0

=− fca (t− ta) .

(39)

fca stands for the chirp rate in azimuth direction. Consequently, an approximately

linear frequency variation is introduced by the movement of the platform. Using
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Equation 39 and considering, that c� vp, the recorded two dimensional signal can

be approximated as

sreb(t;a)' ϒ wr

(
t−

2Rp

c

)
wa

(
t− ta

tt

)
exp
(
−

ı4π f0Rp

c

)
·exp

(
ıπ fcr

(
t−

2Rp

c

)2
)

︸ ︷︷ ︸
range chirp

exp
(
−ıπ fca (t− ta)

2
)

︸ ︷︷ ︸
azimuth chirp

,
(40)

where wa represents the envelope of the antenna pattern in azimuth direction, as-

sumed to be of rectangular shape, and tt the total illumination time of the scatterer

in azimuth direction.

The concept of ‘matched filtering’ is applied for obtaining the desired resolution of

a SAR image sim, which comprises a two dimensional convolution of the recorded

signal of Equation 40 with its two dimensional, time reversed and complex conju-

gated chirp replica s∗rep (−tr− t,−ta− t)

sim(t;a) = sreb(t;a)⊗⊗ s∗rep (−tr− t,−ta− t) . (41)

⊗⊗ defines the two dimensional convolution and ∗ is the complex conjugate oper-

ator. The compressed signal of a point scatterer is finally obtained by

scomp(t;a)' ϒ exp
(
−

ı4π f0Rp

c

)
sinc(π fcrtrt)sinc(π fcattt) , (42)

where sinc(x)=sin(x)/x. A thorough description of SAR signal processing and im-

age formation, using several algorithms in different implementations, is given

in [75,294,51,104,95,76,19].

3.1.4. Backscattering coefficient

The acquisition system and the scatterer are linked by the RADAR equation:

Pr =
PtGtAr

(4π)2R4
p

σRCS. (43)

Assuming a point-like scatterer in the far field of a lossless medium [143,312], the

received power Pr can be written as a function of the

• Pt: Transmitted power

• Gt: Gain of transmitting antenna

28



3.1. SAR PRINCIPLES

• Ar: Effective aperture of receiving antenna, linked to the receiver gain Gr by

Ar = (λ 2
c Gr)/(4π)

• Rp: Range distance to the scatterer

• σRCS: Radar cross section of the scatterer

• 1/(16π2R4
p): Two way radial spreading loss.

The Radar Cross Section (RCS) σRCS expresses the cross section of an idealized

isotropic scatterer that generates the equivalent scattered power density as the

observed scatterer in direction of the receiving antenna [182]. It depends on the

geometry (orientation, shape, size) and properties (dielectric content, density) of

the scatterer as well as on system and acquisition parameters (wavelength, local

incidence).

For natural media, with distributed scatterers (cf. Chapter 3.2.), the averaged

〈σRCS〉 is used, which is normalized by unit ground area Agr leading to the normal-

ized backscattering coefficient σ0 [252,182]

σ
0 = 〈σRCS

Agr
〉 with Agr =

∆rg∆az

sin(θl)
. (44)

3.1.5. Speckle reduction

Inherent of SAR image data is a granular effect, also known as speckle, which is

caused by the interference of the signals received from differently located scatter-

ers within the resolution cell [118]. As the detailed structure within each reso-

lution cell is not known, the properties of the speckle phenomenon are described

statistically [181].

Speckle can be modeled by a multiplicative noise model [182] and can be reduced

by multi-looking or filtering techniques to enhance the radiometric resolution on

the cost of spatial resolution [182,180,179].

Multi-looking is performed by an averaging operation. The averaging can be done

in the spatial domain by including the neighboring pixels or in the frequency do-

main by splitting the synthetic aperture in several sub-apertures and add them

incoherently [101,182]. For quantization the effective number of looks Lne can be

approximated by the number of looks Ln using [133,299]

Lne =
∆rg∆az

δrgδaz
·Ln. (45)
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3.2. Polarimetry

SAR polarimetry is based on the different oscillation patterns of the transmit-

ted/received pulses, known as polarizations. The polarization of the transmitted

pulse is modified during the interaction with the scatterers. The modification is

inherently linked to the geometry (size, shape, orientation) and the physical prop-

erties (dielectric content, density) of the scatterer. Therefore, polarimetry provides

unique information for the physical interpretation of scattering processes and for

physical parameter retrieval.

Basically, EM waves are described by the Maxwell equations [144]

∇×E (R, t) =−∂B(R, t)
∂ t

(46)

∇×H (R, t) = J (R, t)+
∂D(R, t)

∂ t
(47)

∇ ·D(R, t) = ρ f (R, t) (48)

∇ ·B(R, t) = 0, (49)

where ∇×E (R, t), ∇×H (R, t), ∇ ·D(R, t), J (R, t), ρ f (R, t), ∇ ·B(R, t) represent the

space-time variable electric field, magnetic field, electric induction, total current

density, volume density of free charges and magnetic induction, respectively. As-

suming a linear (free of saturation and hysteresis) and source-free medium, the

wave equation can be defined as [182]

∆E (R, t)−µcεc
∂ 2E (R, t)

∂ t2 −µcΩ
∂E (R, t)

∂ t
=− 1

εc

∂∇ρ f (R, t)
∂ t

. (50)

Due to the homogeneity and isotropic nature of the medium assumed, the absolute

complex permittivity εc, the absolute complex permeability µc and the conductiv-

ity Ω are scalars and independent of the fields. For a solution of Equation 50,

monochromatic plane waves with a constant complex amplitude |Ec| are assumed.

Hence, the right side of Equation 50 becomes zero and a complex expression Ec (R)
of the monochromatic time-space electric field can be defined as [182]

Ec (R, t) = ℜ
[
|Ec|exp(−ıkprR)

]
regarding Ec (R, t) · k̂ = 0, (51)
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where ℜ represents the real part of a complex number and kpr is the propagation

vector defined by the direction of propagation k̂ and the complex wave number kc

kc = k
′
c− ık

′′
c = ω f

√
µcε

′
c

√
1− ı

ε
′′
c

ε
′
c
. (52)

The corresponding propagation Equation can be written as [182]

∆E (R)+ω
2
f µcε

′
c

(
1− ı

Ω

ε
′
cω f

)
E (R) = ∆E (R)+ k2

cE (R) = 0, (53)

incorporating the absolute complex dielectric constant εc (cf. Equation 5) [182]

εc = ε
′
c− ıε

′′
c = ε

′
c− ı

Ω

ω f
. (54)

If the electrical field is defined in an orthogonal basis (x̂,ŷ,ẑ) with k̂ = ẑ, the electric

field in the time domain, assuming a loss-free medium, can be described as [182]

E(z, t) =

 E0xcos
(
ω f t− kcz+φx

)
E0ycos

(
ω f t− kcz+φy

)
0

 . (55)

Figure 10 outlines the polarization ellipse as a two dimensional representation of

Figure 10: Conceptual, two dimensional representation of a polarization ellipse
with orientation angle φe and ellipticity angle τe.

wave polarization. The ellipse is parameterized by three variables [182]:
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1. The amplitude of the ellipse:

Ae =
√

E2
0x +E2

0y (56)

2. The ellipse orientation angle φe ∈ [−π/2,π/2]:

tan(2φe) = 2
E0xE0y

E2
0x−E2

0y
cos(δe) and δe = φy−φx (57)

3. The ellipse aperture or ellipticity angle τe ∈ [−π/4,π/4]:

|sin(2τe) |= 2
E0xE0y

E2
0x +E2

0y
|sin(δe) |. (58)

The sense of rotation is determined by the sign of the ellipticity angle τe, while

looking in the direction of propagation ẑ. A right hand rotation is linked to a neg-

ative sign, whereas a positive sign is connected to a left hand rotation [29].

An alternative representation of plane monochromatic waves is given by the com-

plex Jones vector [182]

E j = Ec|z=0 = Ec(0) =

[
E0xexp(ıφx)
E0yexp(ıφy)

]
. (59)

The Jones vector is associated with the parameters of the polarization ellipse in the

following way [182]

E j = Aeexp(ıφ)

[
cos(φe)cos(τe)− ısin(φe)sin(τe)
sin(φe)cos(τe)+ ıcos(φe)sin(τe)

]

= Aeexp(ıφ)

[
cos(φe) −sin(φe)
sin(φe) cos(φe)

][
cos(τe)
ısin(τe)

] , (60)

while φ represents an absolute phase term.

The power of polarimetry reveals in the ability to transform an EM wave acquired

in one polarization basis (e.g. (H,V)-basis) into any other polarization basis (e.g.

(A,B)-basis) by a unitary transformation, called basis transformation [182]

E j(H,V ) = [U ](A,B)→(H,V ) E j(A,B)

with [U ](A,B)→(H,V ) = [U ] (φe,τe,φ)−1 = [U ] (−φ) [U ] (−τe) [U ] (−φe).
(61)
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The special unitary transformation matrix U2 can be rewritten in terms of the

polarization ellipse parameters [182]

[U ] (φe,τe,ϕ) = [U ] (φe) [U ] (τe) [U ] (φ) (62)

=

[
cos(φe) −sin(φe)
sin(φe) cos(φe)

][
cos(τe) ısin(τe)
ısin(τe) cos(τe)

][
exp(ıφ) 0

0 exp(−ıφ)

]
.

3.2.1. Scattering matrix

The incident and the scattered Jones vectors (E i, Es) for a plane wave under far

field conditions are related by a complex 2x2 scattering matrix [S] [182]:

Es =
exp(−ıkcR)

R
[S]E i∗. (63)

At first, the scattering matrix [SBI] for a bistatic acquisition in the (H,V)-basis is

presented

[SBI] =

[
SHH SHV

SV H SVV

]

= exp(ıφHH)

[
|SHH | |SHV |exp(ı(φHV −φHH))

|SV H |exp(ı(φV H−φHH)) |SVV |exp(ı(φVV −φHH))

]
,

(64)

where the first letter of the subscript in Equation 64 indicates the received po-

larization and the second letter the transmitted polarization [167, 182, 65]. The

absolute phase term (φHH) is of secondary importance in polarimetric analyses.

The complex scattering matrix [S] consists of seven parameters: Four amplitudes

and three differential phases.

In the case of a monostatic configuration the scattering matrix [SM] is obtained by

the [182,65]

reciprocity theorem: SHV = SV H = SXX (65)

[SM] =

[
SHH SXX

SXX SVV

]

= exp(ıφHH)

[
|SHH | |SXX |exp(ı(φXX −φHH))

|SXX |exp(ı(φXX −φHH)) |SVV |exp(ı(φVV −φHH))

]
.

(66)

In this configuration the parameter space is confined to five values, three ampli-

tudes and two differential phases, which can be used for characterization of the
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scatterer. The total energy backscattered from the scatterer and recorded at the

sensor can be expressed by the span of [S] [182,65]:

span([S]) = Tr
(
[S][S]∗T

)
, (67)

where T represents the transpose matrix operator.

3.2.2. Coherent and distributed scatterers

Assuming a single scatterer within the resolution cell Agr, the scatterer can be fully

described by the scattering matrix [S] [182]. Hence, this deterministic scatterer is

coherently imaged like a single ‘point scatterer’. In contrary, distributed scatterers

consist of multiple scatterers that induce depolarization and require a complete

description from a second order formulation. Therefore the scattering matrix [S] is

vectorized by a vector operator (Vec{x}) to generate a system vector

[S] ⇒ k = Vec{[S]}=
1
2

Tr ([S]Ξ) , (68)

where Ξ represents a set of 2x2 complex basis matrices [60,63]. In the field of SAR

polarimetry two basis matrix sets are commonly used: The Pauli basis matrices

(ΞP) and the lexicographic basis matrices (ΞL) [182,65].

3.2.2.1. Scattering vectors

The set of Pauli basis matrices ΞP4 in the bistatic case is given by [61]

ΞP4 =

{
√

2

[
1 0
0 1

]
,
√

2

[
1 0
0 −1

]
,
√

2

[
0 1
1 0

]
,
√

2

[
0 −ı

ı 0

]}
, (69)

which results in the bistatic Pauli scattering vector kP4
:

kP4
=

1√
2

[
SHH +SVV SHH−SVV SHV +SV H ı(SHV −SV H).

]T
(70)

The set of lexicographic basis matrices ΞL4 is given by [63]:

ΞL4 =

{
2

[
1 0
0 0

]
,2

[
0 1
0 0

]
,2

[
0 0
1 0

]
,2

[
0 0
0 1

]}
. (71)
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After vectorization the bistatic lexicographic scattering vector kL4
is obtained as

kL4
=
[

SHH SHV SV H SVV

]T
. (72)

The span can be calculated from the scattering vectors k by

span(S) = k∗T · k = |k|2 [182]. (73)

Using a special unitary SU(4) transformation matrix the two scattering vectors

(kP4
, kL4

) can be transformed into each other by [71]

kP4
= [U4T ]kL4

using [U4T ] =
1√
2


1 0 0 1
1 0 0 −1
0 1 1 0
0 ı −ı 0

 . (74)

In the monostatic case the set of Pauli basis matrices ΞP3 reduces to [63]

ΞP3 =

{
√

2

[
1 0
0 1

]
,
√

2

[
1 0
0 −1

]
,
√

2

[
0 1
1 0

]}
. (75)

The three dimensional Pauli scattering vector kP3
is defined as

kP3
=

1√
2

[
SHH +SVV SHH−SVV 2SXX

]T
. (76)

The set of Lexicographic basis matrices ΞL3 in the monostatic case becomes [63]

ΞL3 =

{
2

[
1 0
0 0

]
,2
√

2

[
0 1
0 0

]
,2

[
0 0
0 1

]}
. (77)

After vectorization the monostatic lexicographic scattering vector kL3
is

kL3
=
[

SHH
√

2SXX SVV

]T
. (78)

The transformation from Pauli basis to lexicographic basis can be done with the

special unitary SU(4) transformation matrix [71]:

kP3
= [U3T ]kL3

using [U3T ] =
1√
2

 1 0 1
1 0 −1
0
√

2 0

 . (79)
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In a next step the scattering vectors are used to form the polarimetric coherency

matrix and the polarimetric covariance matrix [60].

3.2.2.2. Coherency and covariance matrix

The outer product of the scattering vectors (kP4
, kL4

) and their adjoint vectors

together with an averaging operation 〈. . .〉 leads to the coherency 〈[T4]〉 and co-

variance 〈[C4]〉 matrix in the bistatic case [182]

〈[C4]〉= 〈kL4
· k∗TL4
〉 and 〈[T4]〉= 〈kP4

· k∗TP4
〉. (80)

The full expressions are given as [182,65]

〈[C4]〉=


〈|SHH |2〉 〈SHHS∗HV 〉 〈SHHS∗V H〉 〈SHHS∗VV 〉
〈SHV S∗HH〉 〈|SHV |2〉 〈SHV S∗V H〉 〈SHV S∗VV 〉
〈SV HS∗HH〉 〈SV HS∗HV 〉 〈|SV H |2〉 〈SV HS∗VV 〉
〈SVV S∗HH〉 〈SVV S∗HV 〉 〈SVV S∗V H〉 〈|SVV |2〉

 (81)

〈[T4]〉=
1
2


〈|SHH +SVV |2〉 〈(SHH +SVV )(SHH−SVV )∗〉 . . .

〈(SHH−SVV )(SHH +SVV )∗〉 〈|SHH−SVV |2〉 . . .

〈(SHV +SV H)(SHH +SVV )∗〉 〈(SHV +SV H)(SHH−SVV )∗〉 . . .
〈ı(SHV −SV H)(SHH +SVV )∗〉 〈ı(SHV −SV H)(SHH−SVV )∗〉 . . .

〈(SHH +SVV )(SHV +SV H)∗〉 〈−ı(SHH +SVV )(SHV −SV H)∗〉
〈(SHH−SVV )(SHV +SV H)∗〉 〈−ı(SHH−SVV )(SHV −SV H)∗〉

〈|SHV +SV H |2〉 〈−ı(SHV +SV H)(SHV −SV H)∗〉
〈ı(SHV −SV H)(SHV +SV H)∗〉 〈|SHV −SV H |2〉

 .

(82)

In the monostatic case the expressions change to

〈[T3]〉= 〈kP3
· k∗TP3
〉, 〈[C3]〉= 〈kL3

· k∗TL3
〉 (83)

leading to [182,65]

〈[T3]〉=
1
2


〈|SHH+SVV |2〉 〈(SHH+SVV )(SHH−SVV )∗〉 2〈(SHH+SVV )S∗XX〉

〈(SHH−SVV )(SHH+SVV )∗〉 〈|SHH−SVV |2〉 2〈(SHH−SVV )S∗XX〉

2〈SXX(SHH+SVV )∗〉 2〈SXX(SHH−SVV )∗〉 4〈|SXX |2〉


(84)
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〈[C3]〉=

 〈|SHH |2〉
√

2〈SHHS∗XX〉 〈SHHS∗VV 〉√
2〈SXX S∗HH〉 2〈|SXX |2〉

√
2〈SXX S∗VV 〉

〈SVV S∗HH〉
√

2〈SVV S∗XX〉 〈|SVV |2〉

 . (85)

Special unitary transformation matrices relate the two scattering vectors and also

the coherency and covariance matrix with each other (cf. Equations 74 and 79)

[182,65]:

Bistatic: 〈[T4]〉= [U4T ]〈[C4]〉[U4T ]−1 Monostatic: 〈[T3]〉= [U3T ]〈[C3]〉[U3T ]−1.

(86)

From this point on, only the monostatic case (〈[T3]〉, 〈[C3]〉) will be considered and

the matrices will be labeled 〈[T ]〉 and 〈[C]〉.

3.2.3. Symmetry properties

Symmetry properties lead to a simplified scattering problem. Various assumptions

of scattering symmetries are reported in the literature [317, 229, 71, 182, 65]. In

the context of the thesis only the reflection, rotation and azimuthal symmetry are

of relevance and are introduced in the following for the coherency matrix 〈[T ]〉.
For reflection symmetry, the scatterers are assumed to have an axis of symmetry

in the plane defined by the LoS- and the nadir-vector. In this way, the correlation

terms between co- and cross-polarized signals are zero (T13 = T23 = T31 = T32 = 0)

[71]

〈[T ]〉re f =

 T11 T12 0
T ∗12 T22 0
0 0 T33

 . (87)

A reflection symmetric coherency matrix 〈[T ]〉re f is fully characterized by five pa-

rameters.

Another type of symmetry is rotation symmetry implying invariance to rotations

around the LoS. It can be expressed by the eigenvalues (λ1, λ2, λ3 and λ1 > λ2 >

λ3 > 0) of 〈[T ]〉re f (cf. Chapter 3.2.4.1. [182,67])

〈[T ]〉rot =

 λ1 0 0
0 (λ2 +λ3)/2 ı(λ2−λ3)/2
0 −ı(λ2−λ3)/2 (λ2 +λ3)/2

 . (88)

The rotationally symmetric coherency matrix 〈[T ]〉rot is fully characterized by the

three eigenvalues, while the condition T22 = T33 holds. In addition, the correlation

terms T23 and T32 are non-zero in contrast to all other off-diagonal elements.
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Assuming both previous symmetries results in azimuthal symmetry that presents

the highest level of symmetry: All planes containing the LoS vector are valid sym-

metry planes [71]

〈[T ]〉azim =

 2λ1 0 0
0 (λ2 +λ3) 0
0 0 (λ2 +λ3)

 . (89)

The azimuthal symmetric coherency matrix 〈[T ]〉azim is fully characterized by only

two parameters (T11,T22 = T33), while all off-diagonal elements are zero.

3.2.4. Decomposition theorems

The received SAR signal of almost any natural media is a mixed response of dif-

ferent scattering processes occurring within the resolution cell. Therefore polari-

metric decomposition techniques have been developed and used to separate the

different scattering contributions [182]. Equation 90 describes a generic example

of an incoherent decomposition using the coherency matrix notation

〈[T ]〉=
N

∑
i=1

[Ti] = [T1]+ [T2]+ . . .+[TN ] . (90)

Two different types of incoherent decompositions can be deduced for polarimetric

SAR data analyses: Eigen-based decompositions and model-based decompositions.

3.2.4.1. Eigen-based decomposition

The diagonalization of the averaged coherency matrix 〈[T ]〉 into real, non-negative

eigenvalues and complex eigenvectors refers to the characteristics of a positive-

semidefinite hermitian matrix [60,62,71].

〈[T ]〉= [E3][Σ][E3]−1 =
[

e1 e2 e3

] λ1 0 0
0 λ2 0
0 0 λ3

[ e1 e2 e3

]−1

=
3

∑
i=1

λiei · e∗Ti = [T1]+ [T2]+ [T3].

(91)

Equation 91 can be interpreted as a decomposition of the coherency matrix 〈[T ]〉 in

up to three statistically independent scattering components ([T1], [T2], [T3]). Each

component refers to a deterministic scatterer and is of rank one. The eigenvalues
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quantify the power of each uncorrelated component and their sum expresses the

total power backscattered to the sensor, known as the span [65]:

span(〈[T ]〉) = λ1 +λ2 +λ3. (92)

If only one eigenvalue of 〈[T ]〉 is non-zero, a deterministic scatterer is present,

which can be fully described by the scattering matrix [S]. In contrary, if all eigen-

values of 〈[T ]〉 are non-zero, three orthogonal scattering mechanisms occur.

The normalized eigenvectors can be unitarily parameterized with the parame-

ters α, β , γ, δ and φ for the ith eigenvector, where φ = ϕ1, δ = ϕ2 − ϕ1 and

γ = ϕ3−ϕ1 [63,71,182,65]

ei = exp(ıφi)

 cos(αi)
sin(αi)cos(βi)exp(ıδi)
sin(αi)sin(βi)exp(ıγi)

=

 ei1

ei2

ei3

 for [E3] =
[

e1 e2 e3

]
. (93)

In a more general way, any reciprocal polarimetric backscattering mechanism can

be tracked back to the identity [1,0,0]T by the point reduction theorem expressed

by three matrix transformation operators [63,65]1
0
0

=e−ıφ

 cos(α) sin(α) 0
−sin(α) cos(α) 0

0 0 1


1 0 0

0 cos(β ) sin(β )
0−sin(β ) cos(β )


1 0 0

0 e−ıδ 0
0 0 e−ıγ

kP. (94)

The parameters α, β , δ , γ can be linked to physical parameters. The α scattering

angle represents an intrinsic scattering type, which is depicted in Figure 11 and

is calculated in Equation 95 [70]. If α is close to zero, surface scattering will be

assumed. For α around 45° dipole scattering occurs, while dihedral scattering is

characterized by α-values close to 90°.

The β angle can be related to the orientation of the scatterer in azimuth direction

by β/2 and is obtained from [100]

αi = acos(|ei1|) αi ∈ [0◦,90◦] (95)

βi = atan
(
|ei3|
|ei2|

)
βi ∈ [0◦,90◦] . (96)

The differential propagation between linear polarizations is represented by φli =

−δ = ϕ1−ϕ2 = linear scattering phase [70]. In addition, the differential propaga-

tion between circular polarizations is allocated to φci = γ−δ = ϕ3−ϕ2 = helicity
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Figure 11: Physical interpretation of the alpha scattering angle (from surface scat-
tering α=0° to dihedral scattering α=90°).

scattering phase [70].

The eigenvector-derived parameters (i.e. α1, α2, α3) are not independent due

to the orthogonality of the eigenvectors, which leads to a probabilistic Bernoulli
model [65]. The scatterer is modeled as a combination of the parameterized eigen-

vectors and the pseudo-probabilities Pi [182]

Pi =
λi

3
∑

k=1
λk

regarding
3

∑
k=1

Pk = 1 and λ1 > λ2 > λ3 (97)

to express an average scattering mechanism [182,65]:

α = P1α1 +P2α2 +P3α3 (98)

β = P1β1 +P2β2 +P3β3 (99)

δ = P1δ1 +P2δ2 +P3δ3 (100)

γ = P1γ1 +P2γ2 +P3γ3. (101)

If only the dominant scattering mechanism is of importance, the parameters of the

first (dominant) eigenvector (i.e. α1) serve as a reference for analysis.

The pseudo-probabilities Pi of Equation 97 can be also used as weights to define

a degree of disorder of each scattering type [60], which is represented by the

polarimetric entropy after von Neumann [63]

H =−
3

∑
i=1

Pi log3 Pi with H = [0,1] . (102)
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There are two extreme cases to distinguish:

Non-depolarizing scatterers: H = 0 ⇒ [T ] =

 x 0 0
0 0 0
0 0 0

 (103)

Fully-depolarizing scatterers: H = 1 ⇒ [T ] =

 x 0 0
0 x 0
0 0 x

 (104)

For natural media the entropy should range between the two extreme cases of

Equations 103 and 104.

A physically-meaningful representation of the scatterers can be obtained by dis-

playing the data within the so-called polarimetric entropy - mean scattering alpha

angle plane, for which Cloude and Pottier defined a segmentation scheme for L-

band, as indicated in Figure 12 [72].

Figure 12: Scattering plane of polarimetric entropy - mean scattering alpha angle
with segmentation scheme of [72] for L-band (dashed lines).

Another polarimetric parameter, which puts more emphasis on the lower order
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eigenvalues and therefore on the secondary scattering mechanism, is the anisotropy

A [182,65]:

A =
λ2−λ3

λ2 +λ3
=

P2−P3

P2 +P3
. (105)

The anisotropy gains importance in higher entropy environments (e.g. vegetation

scattering) with H > 0.7. There are two extreme cases:

One single secondary scattering mechanism:

A = 1 (λ3 = 0) ⇒ [Σ] =

 λ1 0 0
0 λ2 0
0 0 0

 (106)

Two equal secondary scattering mechanisms:

A = 0 (λ2 = λ3) ⇒ [Σ] =

 λ1 0 0
0 λ2 0
0 0 λ2

 (107)

In this way the anisotropy classifies as an indicator for azimuthal symmetry, where

λ2 = λ3 like in densely vegetated areas.

3.2.4.1.1. Roll-invariance of eigen-based parameters

Terrain slopes cause LoS rotations and distort the measured coherency matrix

〈[T ]〉. These LoS rotations can be expressed by [71]

[
R2ψ

]
=

 1 0 0
0 cos(2ψ) sin(2ψ)
0 −sin(2ψ) cos(2ψ)

 . (108)

If the eigen-based decomposition is rotated azimuthally by
[
R2ψ

]
〈[T

′
]〉=

[
R2ψ

]
[E3] [Σ] [E3]

−1 [R2ψ

]−1 =
[
E
′
3

]
[Σ]
[
E
′
3

]−1
, (109)

the new unitary eigenvector-matrix [E
′
3] is given by [182][

E
′
3

]
= cos(α1)exp(ıφ

′
1) cos(α2)exp(ıφ

′
2) cos(α3)exp(ıφ

′
3)

sin(α1)cos(β
′
1)exp(ı(δ

′
1+φ

′
1)) sin(α2)cos(β

′
2)exp(ı(δ

′
2+φ

′
2)) sin(α3)cos(β

′
3)exp(ı(δ

′
3+φ

′
3))

sin(α1)sin(β
′
1)exp(ı(γ

′
1+φ

′
1)) sin(α2)sin(β

′
2)exp(ı(γ

′
2+φ

′
2)) sin(α3)sin(β

′
3)exp(ı(γ

′
3+φ

′
3))

 .

(110)
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The eigenvalues λi are not affected by the azimuthal rotations. Thus the eigenvalue-

based parameters A, H, Pi and span are independent of LoS rotations, which makes

them more robust for physical parameter retrieval in hilly terrain. In addition, the

scattering mechanisms αi and the mean scattering mechanism α are not compro-

mised as well by the rotations. Consequently, the characteristics of the scatter-

ing mechanism are independent from scatterer orientations with respect to the

LoS [65]. In contrary, the parameters βi, δi and γi are roll-variant and need correc-

tions before physical interpretation.

Unfortunately, the single components of the eigen-based decomposition ([T1],[T2],
[T3]) may not represent directly different physical scattering mechanisms, as depo-

larizing mechanisms can be distributed over several eigenvalues and eigenvectors

inhibiting direct allocation.

3.2.4.2. Model-based decomposition

Model-based decompositions for natural scatterers use pre-defined, physical scat-

tering models to interpret the scattering process. Compared to the eigen-based

decomposition, scattering mechanisms with a rank higher than one, as for exam-

ple vegetation scattering, can be included in the modeling. A simple and generic

case of model-based decompositions considers a non-penetrable surface superim-

posed by a volume of particles [65]. This can be modeled with three components

defined as surface [TS], dihedral [TD] and volume [TV ] scattering [106,343,342]

〈[T ]〉= [TS]+ [TD]+ [TV ] . (111)

In addition, the total power Ptot of all components can be retrieved by summation

of the power contributions PS, PD, PV , which are calculated from the trace of the

single scattering component matrices

Ptot = Tr ([TS])+Tr ([TD])+Tr ([TV ]) = PS +PD +PV . (112)

Finally, the normalized power of each scattering component can be obtained by

division with Ptot . This provides the opportunity to compare the strength of the

different scattering contributions with respect to each other.

3.2.4.2.1. Surface component

The first component in Equation 111 represents direct backscatter from a smooth

surface (ks<0.3), which can be expressed by the SPM or Bragg scattering model
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[65]. In [343, 124] the parameterization of the rank-1 surface component in the

coherency matrix notation is given as

[TS] = fS

 1 β ∗S 0
βS |βS|2 0
0 0 0

 . (113)

The surface scattering intensity fS and the surface scattering mechanism ratio βS

are defined as

fS =
m2

s
2
|Rh +Rv|2 and βS =

Rh−Rv

Rh +Rv
. (114)

The coefficients Rh and Rv are the horizontal and the vertical Bragg scattering coef-

ficients and ms represents the soil roughness influence on the intensity component

fS. Both Bragg scattering coefficients depend only on the dielectric constant of the

soil εs and the local incidence angle θl. Equation 113 does not account for depo-

larization effects of rough soils and will be extended for this purpose in Chapter

4.2.1.1. in order to explain cross-polarized scattering on natural surfaces due to

surface roughness.

3.2.4.2.2. Dihedral component

The dihedral scattering component can be modeled as a double Fresnel reflection

on smooth dielectric media leading to the following rank-1 coherency matrix [124]

[TD] = fD

 |αD|2 αD 0
α∗D 1 0
0 0 0

 . (115)

The dihedral scattering intensity fD and the dihedral scattering mechanism ratio

αD are given by

fD =
m2

d
2
|RshRth +RsvRtv exp(ıφd)|2, αD =

RshRth−RsvRtv exp(ıφd)
RshRth +RsvRtv exp(ıφd)

, (116)

where the horizontal and vertical Fresnel coefficients of the soil plane (Rsh,Rsv) and

of the trunk plane (Rth,Rtv) depend on the soil and trunk dielectric constant (εs and

εt) and the respective incidence angle θs = θl and θt = π/2−θl [124]. The phase φd

incorporates differential propagation in the case of an orientated vegetation layer,

while md represents the scattering loss on the intensity component fD.

Therefore this dihedral component assumes lossy, but non-depolarizing reflections,
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which are only the case for very smooth surfaces. A further development of this

component is shown in Chapter 4.2.1.2. including a rough surface for the soil

scattering plane to incorporate depolarization effects.

3.2.4.2.3. Volume component

The most challenging component with respect to EM modeling is the vegetation

volume. A widely used approach deals with the vegetation volume as a cloud

of equally shaped particles with a certain orientation distribution, as detailed in

[317, 67, 342, 124, 189]. In one of the simplest ways the volume component is

modeled as randomly oriented cloud of dipoles. The initial vertical dipole can be

expressed with the following scattering matrix [Svdi]:

[Svdi] =

[
0 0
0 1

]
. (117)

After expansion to the coherency matrix, the matrix is rotated around the LoS by

an angle of 2ψ to account for the orientation of the scattering particles

[Trot ]=
[
R2ψ

]
[Tvdi]

[
R2ψ

]T (118)

=

 1 0 0
0 cos(2ψ) sin(2ψ)
0 −sin(2ψ) cos(2ψ)


 1/2 −1/2 0
−1/2 1/2 0

0 0 0


 1 0 0

0 cos(2ψ) −sin(2ψ)
0 sin(2ψ) cos(2ψ)

 .

In order to respect all the different orientations occurring within vegetation, the

rotated coherency matrix [Trot ] is integrated together with the specific probability

density function pd f (ψ) of orientations assuming a uniform angular distribution

pd f (ψ) = 1/(2π) and a distribution width ∆ψ = ψ2−ψ1 = 2π in the case of a

randomly oriented vegetation volume [343]

[TV ] = fV
∫

ψ2

ψ1

pd f (ψ) [Trot ]dψ = fV


1
2 0 0
0 1

4 0
0 0 1

4

 . (119)

In Chapter 4.2.1.3. the volume modeling will be extended to different orientation

distributions simulating different vegetation geometries. Furthermore, investiga-

tions on the shape of the volume particles will be conducted to widen the approach

for a variety of vegetation scattering scenarios in agriculture.
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Part 4
Methodology of soil parameter
retrieval using SAR polarimetry
In this chapter polarimetric decomposition techniques are established for the re-

trieval of soil moisture and soil roughness in the presence of vegetation cover. A

simplified scattering scenario of a single-layered vegetation volume over a soil sur-

face, as shown in Figure 13, is considered [305].

For this scenario the validity of the distorted Born approximation [174,304], includ-

ing the Foldy-Lax approximation [176, 102] and the truncation of the Born series
at the first order term (Born approximation) [32], is assumed (cf. Figure 13). The

approximation supposes no interactions between the single (discrete) scatterers,

neglecting multiple scattering at the expense of single scattering [32]. In a general

Figure 13: Volume over ground scattering model according to Born approximation
including (A) surface scattering from the underlying ground (i.e. single
bounce scattering), (B) direct volume scattering, (C) ground-volume-
ground scattering (i.e. triple bounce scattering), (D,E) ground-volume
scattering (i.e. double bounce or dihedral scattering) [225].

agricultural scattering scenario the polarimetric signature contains contributions

from the vegetation layer and the underlying ground. In order to be able to re-

trieve the soil parameters, the scattering contribution of the ground has first to

be isolated from the one of the vegetation. After removing the vegetation compo-

nent, the contributions from soil roughness and soil moisture need to be separated

in terms of the remaining ground component. This separation is also necessary

in the case of bare soil scattering. In this context, the use of (simple) scattering
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models for description of the individual scattering contributions is essential.

4.1. Scattering models for bare soil

Historically, the retrieval of soil moisture from SAR acquisitions started on bare

soils, which represent the simplest scattering case due to the absence of the vegeta-

tion disturbance. Three different model categories, for relating the soil parameters

to the scattering signature, can be distinguished: Empirical models, semi-empirical

models and theoretical surface scattering models [119,186,147].

4.1.1. Empirical models

These models are based on empirically established relations between the scatter-

ing signature and soil parameters. The advantage lies in the simplicity of the

approaches, which are set up quickly without complicated modeling of the scatter-

ing scenario. The price for this is that the derived relations are hardly transferable

to other field and site conditions [349, 177, 250, 219, 331, 43, 56]. Hence, the re-

lations have to be adapted for different soil conditions and for different seasons.

Consequently, their usefulness is rather restricted.

4.1.2. Semi-empirical models

Semi-empirical models start from a theoretical basis and use regressions from

experimental data to derive simplified inversion models. The most commonly

used semi-empirical models are the ones, developed by Oh et al. and Dubois et
al. [234, 232, 92, 238, 24]. Due to the advantage of a theoretical basis, these

models are more general and transferable for different soil conditions obeying

the validity criterion, under which they were developed. Their applicability is

confined to bare or sparsely vegetated soils with 2.6 < kl < 19.2, 0.1 < ks < 6.0,

9vol.%< mv < 31vol.% as well as 10°<θl<70° for the Oh model and ks < 2.5 as well

as θl > 30° for the Dubois model [234,232,92]. Unfortunately, both are incoherent

models, describing only a subset of the available observation space. Accordingly,

none of the two models can explain roughness induced depolarization effects.

4.1.3. Theoretical models

For theoretical models, the roughness induced geometry is parameterized and an-

alytical approximations of the scattering signature are derived based on Electro-
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Magnetic (EM) theory. Topical reviews on numerous theoretical surface scattering

models can be found in [264,312,305,304,96]. Many theoretical scattering mod-

els originate from the Stratton-Chu Integral Equation under the plane wave and far
field approximations [287,143]. As no direct solution for randomly rough surfaces

exists, approximations are applied restricting each EM scattering model to a cer-

tain validity range (cf. Table 1), which is defined by the horizontal and the vertical

roughness (kl,ks). If ks and kl are large, a rough surface can be approximated by

Table 1: Validity range of theoretical surface scattering models for bare soil [312,
127,107,325].

Scattering
model

Vertical roughness Horizontal roughness Dielectric constant

SPM ks < 0.3 kl >
√

2/0.3 · ks -

PO ks<1/
(

4
√

2
)
· kl kl = 4

√
2 · ks -

SSA ks = sin(θl) · kl kl = sin−1(θl) · ks -
GO ks>

√
10/(2cos(θl)) kl>6∗, l2=2.76sλ ∗c -

IEM ks<1.2
√

εs/kl + kl<1.2
√

εs/ks + εs = ks2 · kl2/1.44+

∗validity criterion of the Kirchoff model, +for a Gaussian correlation function

the concatenation of tangential planes, known as tangential plane approximation
or Kirchhoff approximation [20,312]. Assuming only specular reflections under the

stationary phase approximation, the Geometric Optics (GO) model can be formu-

lated from the Kirchhoff approximation [308,312]. Integrating the Kirchhoff model
over the entire rough surface within the resolution cell (scalar approximation) re-

sults in the Physical Optics (PO) model for medium rough surfaces [308, 312].

In order to fill the gap between the GO model (for rough surfaces) and the PO

model (for medium rough surfaces), Voronovich developed the Small Slope Ap-

proximation (SSA) model [325, 324] and Fung et al. proposed the Integral Equa-

tion Method (IEM) model. This model introduces a multiple scattering term into

the Kirchoff approximation [107, 108, 57, 338]. Due to the broad applicability,

this model and the Advanced Integral Equation Method (AIEM) are well estab-

lished within the SAR community [350, 13, 274, 292, 318, 280]. In the case of

very rough surface characteristics (ks� 1) the IEM model simplifies to the GO

model and in the case of slightly rough surfaces (ks� 1) it turns into the Small

Perturbation Model (SPM), also known as Bragg scattering model [255, 316].

The SPM emanates from the Taylor series expansion of perfectly conducting sur-

faces [312,308]. Thus, depolarization effects due to rough surfaces are not taken

into account, which is the same for all the aforementioned models. For this reason

Hajnsek et al. proposed an extension of the SPM, including a roughness-induced
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depolarization component to account for cross-polarized scattering (ks < 1), which

is called Extended Bragg or X-Bragg model [127].

4.1.4. Polarimetric soil moisture inversion

The inversion procedure for surface soil moisture in Hajnsek et al. is based on the

comparison of the eigen-analysis of the data coherency matrix 〈[TData]〉, introduced

in Chapter 3.2.4.1. [127], with the eigen-analysis of the coherency matrix from the

X-Bragg model [TXB] for surface scattering, which is introduced in the following.

Starting from the Bragg scattering matrix [SB] in Equation 120, the coherency ma-

trix [TB] is calculated

[SB] = ms

[
Rh 0
0 Rv

]
⇒ [TB] = kP3B

· k∗TP3B
⇒ [TBR] =

[
R2ψ

]
[TB]

[
R2ψ

]T
.

(120)

Roughness can be incorporated by rotating [TB] by an angle ψ about the LoS

[TBR] =
[
R2ψ

]m2
s

2

 |Rh +Rv|2 (Rh +Rv)(Rh−Rv)∗ 0
(Rh−Rv)(Rh +Rv)∗ |Rh−Rv|2 0

0 0 0

[R2ψ

]T (121)

and integrating ψ over a given width of a uniform Probability Density Function

(PDF) (pd f (ψ) = 1/(2ψl)) depending on the surface roughness [127]:

[TXB] =
∫

ψl

−ψl

pd f (ψ) · [TBR]dψ

= m2
s

 TB11 TB12 · sinc(2ψl) 0
T ∗B12 · sinc(2ψl) TB22 · (1+ sinc(4ψl)) 0

0 0 TB22 · (1− sinc(4ψl))

 (122)

TB11 =
1
2
|Rh +Rv|2 (123)

TB12 =
1
2
(Rh +Rv)(Rh−Rv)∗ (124)

TB22 =
1
4
|Rh−Rv|2. (125)

Besides uniform, also Gaussian and exponential PDFs have been proposed and ap-

plied [275]. At the end, the roughness induced depolarization is incorporated in

the scattering formalism and is controlled by the range of the rotation angle dis-

tribution width ψl.
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The X-Bragg model can be used to replace the classical surface scattering com-

ponent within the model-based decomposition (cf. Chapter 3.2.4.2.1.) and is

expressed in the notation of the model-based decomposition as [124]

[TXB] = fS

 1 β ∗S sinc(2ψl) 0
βSsinc(2ψl) 1

2 |βS|2(1+ sinc(4ψl)) 0
0 0 1

2 |βS|2(1− sinc(4ψl))

 . (126)

In Figures 14 and 15 the behavior of the individual coherency matrix components

of [TXB] with respect to the local incidence angle θl for two different soil roughness

levels (ψ1=[30°, 55°]) is shown. The components of [TXB] rise with increasing

local incidence angle θl, while TXB11 reveals the strongest backscattering followed

by TXB12 and TXB22. For a high soil roughness level (ψ1=55° in Figure 15), TXB33

outruns the TXB22-component due to the roughness induced depolarization.

Figure 14: Behavior of [TXB]-components in [dB] with respect to the incidence
angle θl, εs = 20,ψl = 30°: TXB11 (blue), TXB12 (purple), TXB22 (red),
TXB33 (green).

Hajnsek et al. identified ratios of the coherency matrix elements that are indepen-

dent of the soil dielectric content εs (cf. Equation 127) or of the soil roughness ψ1

(cf. Equation 128) [127]

sinc(4ψ1) =
TXB22−TXB33

TXB22 +TXB33
(127)

|Rh−Rv|2

|Rh +Rv|2
=

TXB22 +TXB33

TXB11
. (128)
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Figure 15: Behavior of [TXB]-components in [dB] with respect to the incidence
angle θl, εs = 20,ψl = 55°: TXB11 (blue), TXB12 (purple), TXB22 (red),
TXB33 (green).

In this way, the influence of the dielectric constant (soil moisture) and of the soil

roughness can be separated by using the polarimetric entropy and the mean scat-

tering alpha angle. In order to invert for both soil parameters, the difference be-

tween the polarimetric entropy and the mean scattering alpha angle of the X-Bragg
model and of the polarimetric SAR data is minimized. Furthermore, the use of po-

larimetric entropy and mean scattering scattering alpha angle has the advantage

of independence on LoS rotations, as introduced in the presence of topographic

terrain variations (cf. Chapter 3.2.4.1.1.).

4.1.5. Polarimetric soil roughness inversion

The second key parameter of the soil is the roughness. Over the last decades sev-

eral methods for soil roughness retrieval on bare soils were developed, which can

be distinguished in empirical, semi-empirical and theoretical methods. Similar as

in the case of soil moisture, empirical and semi-empirical approaches compromise

robustness and generality [323, 349, 348]. Theoretical models, as the IEM, al-

low the derivation of a more general roughness descriptions [239, 323]. As this

soil scattering model needs input from both, the soil roughness and the moisture,

some roughness retrieval approaches use multi-angular/multi-temporal acquisi-

tions to calibrate the model in order to bypass the dependency on soil moisture

and to estimate the soil roughness [73,266,11,251].

In order to separate the roughness from the soil contribution for a subsequent

derivation of the roughness parameter ks, polarimetric approaches have been pro-
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ven to be effective:

• Cloude et al. derived a semi-empirical, linear relationships of ks and the anisotropy

A [64,68,119]

ks = 1−A. (129)

The anisotropy is a function of the minor eigenvalues, which can be prone to

noise errors [127]. Thus polarimetric noise filtering, as presented in Appendix

A, improves the reliability of the roughness retrieval method.

• Mattia et al. proposed the modulus of the circular coherence |γRRLL| for surface

roughness [204]. This study was deepened in [270] for different incidence

angles, where a decrease of |γRRLL|was correlated with an increase of the surface

roughness ks. The comparison of A and |γRRLL| reveals an increased sensitivity

of the circular coherence towards smooth surfaces (ks<0.5), if compared to the

anisotropy. This is due to the fact that the third eigenvalue decreases much

faster than the cross-component 〈|SXX |2〉 [126, 270]. Following [270], a simple

linear relationship between ks and |γRRLL| was defined in [126]

ks = 1−|γRRLL|= 1−

∣∣∣∣∣ 〈SRRS∗LL〉√
〈|SRR|2〉 · 〈|SLL|2〉

∣∣∣∣∣ (130)

SRR =
1
2

(SHH−SVV + ı2SXX) and SLL =
1
2

(SVV −SHH + ı2SXX) . (131)

• Hajnsek et al. proposed a ratio of the coherency matrix elements as shown in

Equation 127, which depends only on the depolarization angle ψl controlling

the surface roughness in the X-Bragg model [127]. In a second step the soil

roughness parameter ks of Equation 13 can be calculated as a first approxima-

tion by ks = 2/π ·ψl [150]

ks =
1

2π
·arcsinc

(
T22−T33

T22 +T33

)
. (132)

Figure 16 depicts the trend of the ratio for different roughness levels, leading to

negative values of the ratio for high roughness levels (ψl>45°).

Assuming reflection symmetry, the equivalence of |γRRLL| and sinc(4ψl) can be ver-

ified underlining the similarity of the two approaches [127,65]:

|γRRLL|=
∣∣∣∣T33−T22

T22 +T33

∣∣∣∣= T22−T33

T22 +T33
= sinc(4ψl). (133)

53



4.2. SCATTERING AND DECOMPOSITION MODELS FOR VEGETATED SOILS

Figure 16: Roughness term of coherency matrix elements sinc(4ψl) = (T22 −
T33)/(T22 + T33) depending only on the rotation angle ψl, which refers
to different soil roughness induced depolarization states.

For azimuthal symmetry the calculus even simplifies to

|γRRLL|= |(λ3−λ2)/(λ2 +λ3)| . (134)

An overview of several polarimetric estimation approaches for soil roughness is

provided by Marzahn and Ludwig in [202].

4.2. Scattering and decomposition models for

vegetated soils

Instead of modeling and inverting for the total scattered signal, polarimetric scat-

tering decompositions may allow to separate the single scattering components and

to invert them individually reducing the dimensionality of the inversion problem.

The general work flow for soil parameter retrieval using polarimetric decomposi-

tions, is shown in Figure 17. For the retrieval of soil information under vegetation

using fully polarimetric SAR data, an inversion method using theoretically-based

EM models is required, which still allows an analytical solution of the decompo-

sition model without inclusion of a priori knowledge to obtain test site indepen-

dence.

A fully polarimetric SAR system operated at longer wavelengths (e.g. L-band with

λc=23cm) is considered suitable to achieve the needed penetration through the
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Figure 17: General work flow of soil parameter retrieval from polarimetric SAR
data using polarimetric decomposition techniques.

agricultural vegetation layer and to retrieve information about the underlying soil.

Thus the assumptions of the following polarimetric scattering models are adapted

to fit longer wavelength SAR acquisitions.

4.2.1. Modifications of model-based decompositions

As introduced in Chapter 3.2.4.2. model-based decompositions can be used to

decompose a polarimetric scattering signature into a set of (canonical) scattering

contributions. Therefore the decomposition techniques can be utilized to separate

the vegetation from the ground, including surface and dihedral scattering compo-

nents:

Figure 18: Schematical representation of ground (surface, dihedral) and vegeta-
tion (volume) components of model-based decompositions.

However, the canonical scattering components, used in standard decomposition

approaches and described in Chapter 3.2.4.2., are not flexible enough to be able

to describe a realistic agricultural scattering scenario. Therefore the scattering
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components needs to be modified and enlarged with respect to Chapter 3.2.4.2.

in order to be able to represent different natural scattering scenarios including

depolarizing ground scattering or oriented volume scattering.

4.2.1.1. Modification of the surface component

A Bragg surface scattering model, like addressed in Equation 113, is applied in

standard polarimetric model-based decompositions as presented in Equation 111.

The validity range of this scattering model is limited to a vertical surface rough-

ness of ks < 0.3, appearing in the roughness loss factor ms = 2cos(θl)2 ·ks · kl·
exp(−1

2(klsin(θl))2) [312, 308]. Many natural soil scatterers are beyond the valid-

ity range of Bragg (ks|s < 0.3|1.1cm). A second key limitation is the inability of the

Bragg surface scattering model to describe roughness induced depolarization oc-

curring for instance on agricultural fields. The X-Bragg model, introduced in Chap-

ter 4.1.4., allows to compensate both limitations at least partially (ks|s < 1|3.7cm)

and will be used as a more realistic alternative to Bragg in the following. The price

to pay is the increase of required parameters from two (Bragg) to three (X-Bragg).

4.2.1.2. Modification of the dihedral component

In Chapter 3.2.4.2.2. the classical dihedral component has been introduced as

double Fresnel reflection. A first step to consider the losses due to surface rough-

ness on fD is done by incorporating the so called modified Fresnel scattering coef-

ficients [178]. The polarization independent loss component md is defined as

mdg = exp(−2 · k2 · s2 · cos(θl)2) Gaussian ACF

mde = exp(−2 · k · s · cos(θl)) Exponential ACF,
(135)

depending on the Auto Correlation Function (ACF) of the surface description

[65,124,312]. The behavior of the Gaussian m2
dg

and of the exponential m2
de

rough-

ness intensity loss with respect to the local incidence angle θl and the vertical sur-

face roughness s is given in Figures 19 and 20. Figure 19 indicates a decreasing

loss with increasing incidence angle, which is more pronounced for a Gaussian
surface at high roughness scenarios. In Figure 20 a rougher soil causes a bigger

loss of the dihedral intensity, which is stronger for small local incidence angles.

The exponential ACF induces stronger losses than the Gaussian ACF for low verti-

cal roughness, while the situation is reversed in high roughness scenarios for steep

local incidence angles (θl = 20°). In addition, a vegetation attenuation loss term

mdv/vθl
for the dihedral intensity component fD, accounting for a two-way vegeta-
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Figure 19: Behavior of the m2
dg/e

-component with respect to the local incidence an-
gle (θl) in [dB] for three roughness conditions s: Red=2cm, blue=4cm,
green=5cm; Dashed=exponential ACF, solid=Gaussian ACF.

Figure 20: Behavior of the m2
dg/e

-component with respect to the vertical surface
roughness (s) in [dB] for three local incidence angles θl: Red=20°,
blue=40°, green=60°; Dashed=exponential ACF, solid=Gaussian ACF.
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tion attenuation during the propagation through the vegetation layer [159, 129],

can be defined as

mdv = exp
(

−1
2(µmax−µmin)

)
, where µmax =

λ1

PV
and µmin =

λ2

PV
, (136)

or as function of the local incidence θl:

mdvθl
= exp

(
−sin(θl)2

2(µmax−µmin)

)
. (137)

In Equations 136 and 137 µmax and µmin are the maximum and minimum polari-

metric ground-to-volume ratios, which can be calculated from the eigenvalues (λ1,

λ2) of the summed ground component matrix ([Tg] = [TS]+ [TD]) after removal of

the volume component and the power of the volume component from a model-

based decomposition PV (cf. Equation 112). Figure 21 establishes the relation

between the ground-to-volume difference µmax− µmin and the vegetation height

with R2 = 0.9, while Figure 22 displays the sensitivity of the vegetation atten-

uation component m2
dv(θl )

with respect to the ground-to-volume difference. The

dependence of mdvθl
on the local incidence leads to a decrease of the vegetation

attenuation loss for shallower local incidence angles.

Figure 21: Sensitivity of the ground-to-volume ratio difference (µmax−µmin) to the
height of the vegetation for OPAQUE campaign data of May 2007 in
L-band (after model-based decomposition including volume power cor-
rection); Blue diamonds= mean of field, red squares= median of field,
black line= regression curve.
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Figure 22: Sensitivity of the m2
dv

-component (black) and the m2
dvθl

-component (col-
ored) in [dB] to the ground-to-volume difference (µmax− µmin) for dif-
ferent local incidence angles: m2

dvθl=25◦
(red), m2

dvθl=35◦
(blue), m2

dvθl=45◦

(green), m2
dvθl=55◦

(yellow).

Despite all modifications, the md-component can not account for roughness in-

duced depolarization. The following model approach with an extended dihedral

scattering matrix [SXD] copes with this shortcoming.

Natural soil surfaces exhibit a distinct surface roughness and thus depolarize the

dihedral scattering signal. This can be modeled, similar to the X-Bragg case, by

integrating along a LoS-rotation distribution of the soil plane. The LoS-rotation

of the soil plane (Rsh,Rsv) with rotation angle ψ is incorporated in Equation 138

[154]. Scattering of the vertical plane (Rth,Rtv) is still represented by a non-

depolarizing Fresnel reflection of a vertical plant stalk/stem (cf. Equation 199)

[154]:

[SXD]=

[
SXD11 SXD12

SXD21 SXD22

]
=

mde/g/v/vθl

2
· (138)(([

1 0
0−1

][
1 0
0 exp(ıφd)

][
cosψ sinψ

−sinψ cosψ

][
Rsh 0
0 Rsv

][
cosψ −sinψ

sinψ cosψ

][
Rth 0
0 Rtv

])
+([

Rth 0
0 Rtv

][
cosψ sinψ

−sinψ cosψ

][
Rsh 0
0 Rsv

][
cosψ −sinψ

sinψ cosψ

][
1 0
0 exp(ıφd)

][
1 0
0−1

]))
.
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As natural media consists of distributed scatterers the scattering matrix [SXD] is

expanded to the coherency matrix [TXD] using the Pauli scattering vector kPXD

[154]:

kPXD
=

mde/g/v/vθl√
2

[
SXD11 +SXD22 SXD11−SXD22 SXD12 +SXD21

]T
. (139)

After rotation, the coherency matrix is integrated over ψ assuming a uniform PDF

of 2ψl width. This results in a reflection symmetric coherency matrix [TXD] for a

depolarizing dihedral scattering component with a soil roughness influence repre-

sented by ψl by means of an Extended Fresnel or X-Fresnel formalism [154]:

[TXD] = m2
de/g/v/vθl

∫
ψl

−ψl

kPXD
· k∗TPXD

· pd f (ψ) dψ

= m2
de/g/v/vθl

 TXD11 TXD12 0
TXD21 TXD22 0

0 0 TXD33

= fDXD

 cdXD αXD 0
α∗XD 1 0

0 0 xdXD

 . (140)

In this way the X-Fresnel components for a dihedral scattering can be defined as

follows

fDXD = m2
de/g/v/vθl

TXD22, αXD =
TXD12

TXD22
, cdXD =

TXD11

TXD22
, xdXD =

TXD33

TXD22
, (141)

where αXD and fDXD correspond to the rank-1 Fresnel components α and fD [154].

Figures 23 and 24 show the behavior of the coherency matrix elements TXD11,

TXD12, TXD22 and TXD33 on the local incidence angle θl, the rotation angle account-

ing for soil roughness ψl and the dielectric constants εs,εt . The plot of Figure 23

indicates a positive trend for TXD33 and a negative trend for the remaining matrix

elements stating the increase of roughness induced depolarization until at least

ψl=60° [154].

The dependency on the local incidence angle (θl), shown in Figure 24, has a max-

imum or a minimum, depending on the coherency matrix element, at approxi-

mately 45°. Thus it rises from 0° until 45° and then decreases from 45° until 90°

or vice versa. TXD11 and TXD12 decrease approximately until 45° due to decreasing

odd bounce scattering and then increase again up to the starting level at almost

grazing angles (θl → 90°). TXD22 and TXD33 increase until mid-range of the local

incidence angle due to increasing even bounce scattering as well as rising depo-

larization and then decrease to the starting level, while it depends on the depo-

larization level (ψl) which curve is superior with respect to each other [154]. The

Brewster angles, where vertically polarized scattering (SVV ) drops to zero, are at
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the crossing points (red dots in Figure 24), where TXD11 equals TXD22.

Figure 23: Behavior of the coherency matrix elements TXD11 (blue), TXD12 (purple),
TXD22 (red), TXD33 (green) in [dB] with respect to the rotation angle
accounting for soil roughness ψl, md = 1, φd = 0°, εs = 20, εt = 10, θl =
30° [154].

Figure 24: Behavior of the coherency matrix elements TXD11 (blue), TXD12 (purple),
TXD22 (red), TXD33 (green) in [dB] with respect to the local incidence
angle θl (red points = Brewster angle), md = 1, φd = 0°, εs = 20, εt = 10,
ψl = 30° [154].

Comparing Figures 25 and 26 with Figures 27 and 28 reveals the sensitivity of

TXD33 +TXD22 on the dielectric constants (εs,εt) and its insensitivity on the surface

roughness ψl. Therefore this term is preferable for the retrieval of the dielectric
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Figure 25: Behavior of the coherency matrix combination TXD33 + TXD22 in [dB]
with respect to the rotation angle accounting for soil roughness ψl, md =
1, φd = 0°, εs = 20, εt = 10, θl = 30° [154].

Figure 26: Behavior of the coherency matrix combination TXD33 + TXD22 in [dB]
with respect to the rotation angle accounting for soil roughness ψl, md =
1, φd = 0°, εs = 20, εt = 10, θl = 50° [154].

properties of the soil εs and trunk εt , avoiding at the same time the influence of

soil roughness. But due to the coupling of the two dielectric constants within the

Fresnel coefficients, they can not be retrieved independently from each other.

Finally, Figures 29 to 31 show the behavior of the ratio (TXD22−TXD33)/(TXD22 +
TXD33) with respect to the soil roughness ψl. The function sinc(4ψl) is also plot-
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Figure 27: Behavior of the coherency matrix combination TXD33 + TXD22 in [dB]
with respect to the dielectric constant of the soil εs, md = 1, φd = 0°,
εt = 10, θl = 30°, ψl=30° [154].

Figure 28: Behavior of the coherency matrix combination TXD33 + TXD22 in [dB]
with respect to the dielectric constant of the trunk εt , md = 1, φd = 0°,
εs = 20, θl = 30°, ψl=30° [154].

ted as a reference. The overlap of the two functions for the different ranges

of local incidence θl and dielectric constants (εs,εt) is distinct [154], indicating

that the ratio only depends on the soil roughness and not on the dielectric prop-

erties of the media [154]. Furthermore, the trend with soil roughness ψl can be

modeled by a simple sinc(4ψl)-function [154]. It is worth noting that the ratio
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Figure 29: Behavior of the coherency matrix combination (TXD22−TXD33)/(TXD22 +
TXD33) with respect to the rotation angle accounting for soil roughness
ψl (blue) and comparison with the function sinc(4ψl) (purple), φd = 0°,
εs=20, εt=10, θl=30° [154].

Figure 30: Behavior of the coherency matrix combination (TXD22−TXD33)/(TXD22 +
TXD33) with respect to the rotation angle accounting for soil roughness
ψl (blue) and comparison with the function sinc(4ψl) (purple), φd = 0°,
εs=20, εt=10, θl=60° [154].

(TXD22−TXD33)/(TXD22 + TXD33) is independent of the loss factor mde/g/v/vθl
, unlike

the term TXD33 + TXD22. But both terms still include the dependency on the dif-

ferential phase φd, which becomes important in the case of strongly oriented me-

dia [154].
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Figure 31: Behavior of the coherency matrix combination (TXD22−TXD33)/(TXD22 +
TXD33) with respect to the rotation angle accounting for soil roughness

ψl (blue) and comparison with the function sinc(4ψl) (purple), φd = 0°,

εs=20, εt=30, θl=30° [154].

4.2.1.3. Modification of the volume component

The vegetation volume component [TV ] reveals as the most complex of all model-

based scattering components due to its geometrical variability in space and its

phenological variability in time. Numerous scattering models for vegetation have

been developed and an overview is given in Chapter 1.2.. For the present case, a

coherent model approach, using small scattering particles (ps� λc), describes the

vegetation as a one-layer volume, sparsely filled with three dimensional scattering

centers in a homogeneous background [317,174,65,225]. For a sparsely and ho-

mogeneously distributed medium of non-interacting discrete scatterers concerning

extinction and refractivity effects, the Effective Field Approximation (EFA), which

considers the exciting field to be equal to an ‘effective’ field, holds [174,305,245].

Each of these discrete scattering centers represents a particle with a specific shape

and material properties. To retrieve the scattered field a large amount of these par-

ticles is considered to provide a macroscopic description of the scattering medium

[65]. Thus the scattering matrix [S] of an arbitrary vegetation volume can be re-

trieved by the integration over a particle shape, defined with dimensions x1, x2,

x3, and over a distribution of orientation angles multiplied by a constant factor

Sxy [281, 65]. The orientation angles are given by the Euler’s rotation angles ψ, τ
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and χ, including a certain Probability Density Function (PDF) for each orientation

angle distribution. For a random orientation, the distribution width is set to the

maximum and results in the following scattering matrix [65]

[S] =
∫

∞

0

∫
∞

0

∫
∞

0

∫ 2π

0

∫
π

0

∫ 2π

0
Sxy pd f (x1,x2,x3,χ,τ,ψ) dx1dx2dx3dχdτdψ. (142)

Hence, the vegetation volume becomes a function of the shape and orientation of

the particles in the three dimensional space including their orientation distribution

means, PDFs and widths.

However, the starting point for the volume modeling is the single particle of arbi-

trary shape, which is supposed to be small compared to the wavelength implying

Rayleigh scattering [317,32]. The incident field induces an electric dipole moment

pdi and a magnetic dipole moment mdi [317]. The relation between the incident

fields and the induced moments is established by diagonal 3x3 polarizability ten-

sors, like for example [ρee] = diag(ρee1,ρee2,ρee3) [2,65,1][
pdi
mdi

]
=

[
[ρee] [ρem]

[−ρem] [ρmm]

][
E i

H i

]
, where (143)

E i =
[

E i
H E i

V 0
]T

and H i =
√

ε0/µ0

[
−E i

V E i
H 0

]T
. (144)

ε0 and µ0 are the permittivity and the permeability of the free space. The polar-
ization tensors have to be transformed from their local coordinate system into the
coordinate system of the observer to calculate the moments in the three dimen-
sional space (cf. Figure 32). This is carried out by the Euler rotation angles (spin
χ, tilt τ, canting ψ), which can be integrated into a single general rotation matrix
[Rg] [281,65]

[Rg]=

 cos(χ) sin(χ) 0

−sin(χ) cos(χ) 0

0 0 1


cos(τ) 0−sin(τ)

0 1 0

sin(τ) 0 cos(τ)


 cos(ψ) sin(ψ) 0

−sin(ψ) cos(ψ) 0

0 0 1

= (145)

 cos(ψ)cos(τ)cos(χ)−sin(ψ)sin(χ) cos(ψ)sin(χ)+sin(ψ)cos(τ)cos(χ)−sin(τ)cos(χ)

−cos(ψ)cos(τ)sin(χ)−sin(ψ)cos(χ) cos(ψ)cos(χ)−sin(ψ)cos(τ)sin(χ) sin(τ)sin(χ)

cos(ψ)sin(τ) sin(ψ)sin(τ) cos(τ)

 .
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Hence, the general expression of Equation 143 can be rewritten for the three di-

mensional case [65][
preal

di
mreal

di

]
=

[ [
R−1

g
]
[ρee] [Rg]

[
R−1

g
]
[ρem] [Rg][

R−1
g
]
[−ρem] [Rg]

[
R−1

g
]
[ρmm] [Rg]

][
E i

H i

]
(146)

Instead of evaluating Equation 146 and estimate the scattering matrix [S] for a

Figure 32: Orientation of a spheroid in three dimensional observation space in
terms of the Euler rotation angles for canting ψ, tilt τ and spin χ and
the geometry of the SAR acquisition.

particle with arbitrary shape, it makes sense to concentrate on scattering from

natural environments described by non-chiral particles of canonical shape. For an

appropriate particle shape, spheroids with major axis (x1) and two equally long

minor axes (x2 = x3) are a realistic assumption for agricultural vegetation that

simplify Equation 142 [162, 67, 189] (cf. Figure 33). Depending on the ratio of

the particle axes Lr = x1/x2, the shape of spheroids can vary from thin dipoles via

discs with prolate or oblate shape to spheres [1]. The polarizabilities along the

major ρee1 and minor axes ρee2 are then defined as [67]

ρee1 =
V

4π(L1 +1/(εr−1))
and ρee2 =

V
4π(L2 +1/(εr−1))

, (147)
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Figure 33: Model of a prolate (left) and oblate (right) spheroid with principal (x1)
and minor axes (x2 = x3) in the particle reference frame.

where εr stands for the complex relative dielectric constant of the particle. V is the

particle volume (e.g. V = π/6x1x2
2) and L1, L2 and L3 are particle shape functions,

defined for the general case in Equation 17, which for the special case of spheroids

(cf. Figure 33) simplify to [317,31,225]

L1 =

 prolate: 1−e2

e2

(
−1+ 1

2e ln1+e
1−e

)
x1 > x2 = x3 e2 = 1− x2

2
x2

1

oblate: 1+ f 2

f 2

(
1− 1

f arctan( f )
)

x1 < x2 = x3 f 2 = x2
2

x2
1
−1

(148)

L2 = L3 =
1
2
(1−L1).

Under the assumption of non-chiral spheroids for Equation 146, the polarizability

tensors [ρem] and [ρmm] become zero, so that the induced magnetic dipole moment

vanishes (mdi = 0). Moreover, the assumption of the two equal minor axes sim-

plifies the polarizability tensor further to [ρee] = diag(ρee1,ρee2,ρee2) [65]. For this

reason, the rotation about the spin angle χ becomes obsolete (χ = 0) [189] and

Equation 146 turns out as follows

[
preal

di

]
=

 cos(τ)cos(ψ) −sin(ψ) sin(τ)cos(ψ)
cos(τ)sin(ψ) cos(ψ) sin(τ)sin(ψ)
−sin(τ) 0 cos(τ)


 ρee1 0 0

0 ρee2 0
0 0 ρee2



 cos(τ)cos(ψ) cos(τ)sin(ψ) −sin(τ)
−sin(ψ) cos(ψ) 0

sin(τ)cos(ψ) sin(τ)sin(ψ) cos(τ)


 E i

H

E i
V

0

 . (149)
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The particle anisotropy Ap can be defined as the ratio of the principle polarizabili-

ties (cf. Figure 34) [65]

Ap =
ρee1

ρee2
=

L2 +1/(εr−1)
L1 +1/(εr−1)


Ap < 1 oblate spheroids

Ap = 1 spheres

Ap > 1 prolate spheroids

. (150)

It reveals that Ap can be used to a certain degree a reference for the particle shape.

The dielectric constant of the particle confines the range of possibles values for Ap

stronger with decreasing dielectric content, degrading the quality of Ap as a shape

indicator [65]. This means, the higher the plant moisture, the easier the particle

shape can be obtained.

Ap is also related to the effective particle scattering anisotropy δa of Neumann et
al. by using δa = (Ap−1)/(1+Ap +2Apcot(τ)2) [225,227], to the alpha scattering

angle of Cloude and Pottier by using α = arctan((|Ap−1|)/(Ap +1)) [226,227] and

to the shape parameter of Freeman via ρ = (1+3Ap)/(3+Ap) for oblate spheroids

and via ρ = (3 + Ap)/(1 + 3Ap) for prolate spheroids [105, 129]. Hence, the ro-

tated polarizability tensor [ρeerot ] =
[
R−1

g
]
[ρee] [Rg] in Equation 149 can be further

simplified with [ρee] = diag(Ap,1,1) resulting in [65]

[ρeerot ]=

ρeerot11ρeerot12ρeerot13

ρeerot21ρeerot22ρeerot23

ρeerot31ρeerot32ρeerot33

= (151)

 1+(Ap−1)cos(τ)2cos(ψ)2 (Ap−1)cos(τ)2sin(ψ)cos(ψ)(1−Ap)cos(τ)sin(τ)cos(ψ)
(Ap−1)cos(τ)2sin(ψ)cos(ψ) 1+(Ap−1)cos(τ)2sin(ψ)2 (1−Ap)cos(τ)sin(τ)sin(ψ)
−(Ap−1)cos(τ)sin(τ)cos(ψ)−(Ap−1)cos(τ)sin(τ)sin(ψ) Apsin(τ)2+cos(τ)2

 .

The monostatic scattering matrix [SMV ] of a spheroidal particle is given by [189,

Figure 34: Particle scattering anisotropy Ap, ranging from a oblate spheroid Ap = 0
to a prolate spheroid Ap→ ∞ in the x-y plane.
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317,65]

[SMV ] =

[
ρeerot11 ρeerot12

ρeerot12 ρeerot22

]

=

[
(Ap−1)cos(τ)2cos(ψ)2 +1 (Ap−1)cos(τ)2sin(ψ)cos(ψ)

(Ap−1)cos(τ)2sin(ψ)cos(ψ) (Ap−1)cos(τ)2sin(ψ)2 +1

] (152)

and can be decomposed into a LoS rotation about ψ and a matrix of the tilted

spheroidal particle [65]

[SV ]=

[
cos(ψ) sin(ψ)
−sin(ψ) cos(ψ)

][
sin(τ)2+Apcos(τ)2 0

0 1

][
cos(ψ) sin(ψ)
−sin(ψ) cos(ψ)

]T

. (153)

The corresponding coherency matrix [TV S] is

[TV S]= (154)

1
2

 (2+Ncos(τ)2)2 (2+Ncos(τ)2)N∗cos(τ)2cos(2ψ) (2+Ncos(τ)2)N∗cos(τ)2sin(2ψ)
(2+N∗cos(τ)2)Ncos(τ)2cos(2ψ) (Ncos(τ)2cos(2ψ))2 N2cos(τ)4cos(2ψ)sin(2ψ)
(2+N∗cos(τ)2)Ncos(τ)2sin(2ψ) N2∗cos(τ)4cos(2ψ)sin(2ψ) (Ncos(τ)2sin(2ψ))2

 ,

where N = Ap−1 is applied [65].

So far, only one single particle with orientation τ,ψ in the three dimensional

space is considered. In order to model a cloud of uniformly shaped particles,

a uniform PDF of canting angles (pd f (ψ) = 1/(2∆ψ)) and tilt angles (pd f (τ) =
cos(τ)/(2cos(τ)sin(∆τ))) with mean orientation distribution angles (ψ, τ) and

given orientation distribution widths (ψw = 2∆ψ, τw = 2∆τ) are assumed.

The representative volume coherency matrix [TV G] after element-wise integration

is given in Equation 155 for the respective case of mean angles ψ and τ (detailed

solution in Appendix C):

[TV G] =
∫

ψ+∆ψ

ψ−∆ψ

∫
τ+∆τ

τ−∆τ

[TV S]pd f (τ)pd f (ψ) dτdψ. (155)

The special case with mean orientation around zero ψ = 0 and τ = 0 (horizontal

mean orientation) is given as follows (detailed solution in Appendix C):

[TV GH ] =
∫ +∆ψ

−∆ψ

∫ +∆τ

−∆τ

[TV S]pd f (τ)pd f (ψ) dτdψ. (156)

In Figure 35 two different tilt distributions widths (∆τ = 45° and ∆τ = 90°) are in-

corporated in the volume modeling of [TV GH ]. For prolate spheroids, the coherency
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matrix elements are independent of the tilt angle width τw centered around zero.

The absolute values do not change, despite ∆τ changes from 45° to 90°. This

can be explained by the fact that the major particle axis overlaps with the LoS-

axis, which is congruent with the plane of tilt rotations. For oblate spheroids the

TV GH11-component decreases with decreasing tilt distribution width ∆τ, whereas

the TV GH12-, TV GH22- and TV GH33-components behave in the opposite way. The sen-

sitivity of the volume matrix [TV GH ] with varying canting angle distribution ∆ψ is

explained later in Figure 37.

Figure 35: Normalized volume coherency matrix components TV GH11 (blue),
TV GH12 (purple), TV GH22 (green), TV GH33 (red) as function of the ori-
entation angle width ∆ψ around ψ = 0° ;From left to right: Oblate
spheroids (Ap = 0), prolate spheroids (Ap = 100); From top to bottom:
∆τ = 45° and ∆τ = 90° centered around τ = 0°.

Hence, a vegetation volume of spheroidal particles allows the variation of particle

shape (N = Ap−1), of orientation angle PDFs (pd f (ψ),pd f (τ)), of mean orienta-

tion angles (ψ,τ) and of orientation angle widths (ψw,τw). This enables a flexible

modeling of a variety of agricultural crops from thin stalk-dominated to broad

leaf-dominated geometries with different orientation distributions. In Equations

155 and 156 uniform PDFs are assumed. However, a variety of orientation an-

gle PDFs, including uniform [67, 189, 124], trigonometric [342, 158, 123, 159, 7],

Gaussian [225] and von Mises [227] functions, have been proposed and used in
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the literature.

Figure 36 describes the influence of the distribution width of the orientation an-

gles (ψw,τw) on the modeling of the vegetation orientation, ranging from strongly

oriented to randomly oriented vegetation volumes.

Figure 36: Degree of orientation for the vegetation volume component as a func-
tion of the distribution width of the orientation angles (ψw,τw).

For a further simplification of the volume modeling, the tilt rotation can be as-

sumed to follow a uniformly random distribution (∆τ = π

2 ) resulting in τw = π and

a PDF of pd f (τ) = cos(τ)
2 . Thus only the azimuthal rotation (ψ) can vary uniformly

and a simplified vegetation volume [TV GS] is obtained [65]

[TV GS]=

 2+4
3N+ 4

15N2 (2
3N+ 4

15N2)sinc(2∆ψ) 0(2
3N+ 4

15N2)sinc(2∆ψ) 2
15N2 (1+sinc(4∆ψ)) 0

0 0 2
15N2 (1−sinc(4∆ψ))

 .

(157)

So far, only the Born approximation was considered leading to a polarization inde-

pendent attenuation and refraction due to the random orientation of the volume

particles. Consequently, the mean extinction σ and the mean refraction ν are in-

cluded in the intensity component of the volume fV (cf. Chapter 3.2.4.2.).

If the vegetation volume has a preferred orientation (i.e. ψw � 2π or τw � π),

a differential extinction ∆σ and a differential refractivity ∆ν occur [301, 65]. In

this case the distorted Born approximation applies for anisotropic volume scatter-

ing [15].

In the presence of differential extinction and refraction the polarization state of

the wave changes constantly during propagation through the vegetation volume

[301, 69]. Only the so-called eigen-polarization states (A,B) of the volume, that

are orthogonal to each other for homogeneous volumes, propagate undistorted

through the volume [193, 41]. The general volume matrix [TV G] can be trans-
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formed from the measured (H,V )-basis to the (A,B)-eigen-basis[
T A,B

V G

]
= [R2Γ]

[
T H,V

V G

]
[R2Γ]T . (158)

Subsequently, the volume coherency matrix in its eigen-basis
[
T A,B

V G

]
can be taken

to correct for differential propagation effects ξ inside the oriented volume by a

LoS-rotation, as defined in Equations 159-161 [301,69,65]. The differential prop-

agation effects ξ are calculated as [65]

ξ = (νB−νA− ık(σA−σB))z = (∆ν + ık(∆σ))
hv− z0

cos(θl)
, (159)

where k is the wave number in free space. z represents the local incidence-de-

pendent (θl) path length through the vegetation layer with upper boundary hv

(vegetation height) and lower boundary z0 (position of the ground) [314, 15].

The matrix accounting for propagation effects [Pξ ] is [65]

[Pξ ] = exp(−ı(kcA + kcB)z)

 cosh(ıξ ) sinh(ıξ ) 0
sinh(ıξ ) cosh(ıξ ) 0

0 0 1

 (160)

and can be used to correct the volume matrix
[
T A,B

V G

]
for differential propagation

effects [65][
T A,B

V GP

]
=
∫ hv

0
exp
(
−2(νB +νA)(hv− z0)

cos(θ)

)[
Pξ

][
T A,B

V G

][
Pξ ∗
]

dz. (161)

In order to work again in the measured (H,V)-basis, the corrected volume matrix[
T A,B

V GP

]
is rotated back using the inverse transformation of Equation 158. It be-

comes clear, that the inversion of the general volume case including anisotropic

propagation effects is beyond the potential provided by conventional polarimet-

ric acquisitions. In order to obtain a balanced inversion problem, the parameter

space has to be reduced. Following assumptions can be made for a simplified vol-

ume scattering model:

• Differential propagation effects are neglected (ξ = 0), and an isotropic mean

refraction ν and mean extinction σ are considered.

• The spheroidal particles are non-chiral ([ρem] = [ρmm] = 0), untilted (τ = 0) and

spin-symmetric (χ = 0).

• The orientation variation is limited to an azimuthal LoS-rotation around the
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canting angle (ψ).

• The PDF of the canting angle (ψ) is of sine, cosine or uniform shape.

• The distribution width (ψw) is confined between 0 and π or 0 and 2π, which

represents moderately oriented or randomly oriented volumes.

Under these assumptions the scattering matrix [SV G] can be expressed as [65]

[SV G] =
∫

ψ

[
cos(ψ) sin(ψ)
−sin(ψ) cos(ψ)

][
Ap 0
0 1

][
cos(ψ) sin(ψ)
−sin(ψ) cos(ψ)

]T

pd f (ψ)dψ.

(162)

The volume is normalized with respect to the total power (Span([SV G]) = Tr([TV G]))
[342, 343] and the corresponding volume coherency matrix [TV GD] is obtained by

using a uniform PDF

[TV GD]=
1

1+A2
p
· (163)

1
2(Ap+1)2 1

2(A2
p−1)sinc(2∆ψ) 0

1
2(A2

p−1)sinc(2∆ψ) 1
4(Ap−1)2 (1+sinc(4∆ψ)) 0

0 0 1
4(Ap−1)2 (1−sinc(4∆ψ))

 .

Figure 37 shows the behavior for the single coherency matrix elements of [TV GD]
varying the particle anisotropy Ap and canting angle distributions ∆ψ. Figure

37 demonstrates that for a spherical particle (Ap = 1) only the T11-element is

different from zero. For (Ap 6= 1) the behavior of oblate (Ap = 0) and prolate

(Ap = 100) particles as a function of the canting angle width ∆ψ is identical ex-

cept for the T12-element, where the sign changes. For absolutely oriented volumes

(∆ψ = 0°), T33 is zero and |T11| = |T22| = |T12| = 0.5. In addition, the coherence of

T12 (γT12=T12/
√

T11 ·T22) is one. For randomly oriented oblate (Ap = 0) and prolate

(Ap = 100) spheroids (∆ψ = 90°), the T11-element is still 0.5, while the other two

diagonal elements of the coherency matrix (T22, T33) have the same level of 0.25.

Hence, there are no oriented features in the volume any more (T12 = 0).

In order to predefine certain parameters of the vegetation model, Yamaguchi et al.
proposed the copolarization power ratio Prv

Prv = 10log
〈|SVV |2〉
〈|SHH |2〉

(164)

to distinguish between the three canonical orientation cases in natural media:

Horizontally oriented, vertically oriented and randomly oriented vegetation [342,

341,124]
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Figure 37: Normalized volume coherency matrix component TV GD11 (blue), TV GD12
(purple), TV GD22 (green), TV GD33 (red) as function of the orientation an-
gle width ∆ψ; From top to bottom: Oblate spheroids (Ap = 0), spheres
(Ap = 1) and prolate spheroids (Ap = 100).
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• Random volume: -2dB < Prv < 2dB, ∆ψ=2π, pd f (ψ)= 1
2ψ

, 0<ψ<2π

• Vertical volume: Prv < -2dB, ∆ψ=π, pd f (ψ)=1
2sin(ψ), 0<ψ<π

• Horizontal volume: Prv > 2dB, ∆ψ=π, pd f (ψ)=1
2cos(ψ), −π/2<ψ<π/2

The corresponding volume coherency matrices for oblate (Ap → 0) or prolate

spheroids (Ap→ ∞) result in the randomly oriented volume [TV R] [124]

[TV R] =
1
4

 2 0 0
0 1 0
0 0 1

 , (165)

the horizontally oriented volume [TV H ]

[TV H ] =
1

30

 15 −5 0
−5 7 0
0 0 8

 (166)

and the vertically oriented volume [TVV ]

[TVV ] =
1

30

 15 5 0
5 7 0
0 0 8

 . (167)

For the strongly oriented cases, Hajnsek et al. also introduced volume coherency

matrices with a stronger orientation using PDFs of 1√
2
cos(ψ) (horizontal) as well

as of 1√
2
sin(ψ) (vertical) and a distribution width of ψw = π

2 , which are presented

in detail in [124].

While dipoles are widely used as volume particles, they are not sufficient to de-

scribe the wide variety of agricultural volumes [106,105,343]. Instead of keeping

the particle shape constant, the particle orientation within the volume can be fixed

using a uniform PDF (∆ψ = 2π, pd f (ψ) = 1
2ψ

, 0 < ψ < 2π) and the particle shape

can be varied by the shape parameter ρ leading to the following volume coherency
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matrices [128,123,124]

[TV Sh]=

1+ρ 0 0
0 1−ρ 0
0 0 1−ρ

 , [TVApoblate ]=
2

3+Ap

2(1+Ap) 0 0
0 1−Ap 0
0 0 1−Ap

 ,

[TVApprolate]=
2

1+3Ap

2(Ap+1) 0 0
0 Ap−1 0
0 0 Ap−1

 .

(168)

ρ is another representation of the particle anisotropy Ap, given by ρ =(1+3Ap)/(3+
Ap) for oblate spheroids and ρ = (3 + Ap)/(1 + 3Ap) for prolate spheroids [105,

129]. Thus, different particle shapes from (oblate ⁄prolate) spheroids to spheres

can be included in the vegetation volume modeling and linked to a variable or a

fixed orientation scenario.

In this thesis both, three component and two component model-based decompo-

sitions were examined for agriculture [128]. However, both ground components,

surface and dihedral, are highly probable to occur in agricultural vegetation scat-

tering (cf. Chapter 6.1.2.1.). Therefore, the results in Part 6 focus on three com-

ponent model-based decompositions.

4.2.2. Separation of volume from ground components

The separation of the volume [TV ] and the ground [TG] component is accomplished

by subtracting the modeled vegetation volume component with its volume inten-

sity fV from the measured Polarimetric Synthetic Aperture Radar (PolSAR) data

〈[TData]〉. For a volume component with reflection symmetry this can be written in

a general way as

[TG] = 〈[TData]〉− fV [TV ] =

 T11 T12 0
T ∗12 T22 0
0 0 T33

− fV

 V11 V12 0
V12 V22 0
0 0 V33

 . (169)

In the ideal case, where the vegetation volume model fits perfectly to the reality,

the remaining ground component is unbiased. However, if the volume modeling

is inappropriate, Equation 169 leads to biased or even non-physical results for the

ground component [TG]. To avoid this, several methods were proposed introducing

mathematical and/or physical constraints:

• Positive-semidefiniteness of Hermitian ground matrix [TG]
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The real eigenvalues of the Hermitian ground matrix [TG] must be greater or

equal zero. If this is not the case, the volume intensity fV is modified accordingly

[320, 321]. The eigenvalues of the ground matrix are calculated, confined to

zero and solved for the volume intensity components fV 1, fV 2 and fV 3:

eigenv([TG]) = {λ1,λ2,λ3}= 0⇒ Solve for the three solutions of fV (170)

fV 1=
T ∗12−T22V11+T12V ∗12−T11V22−

√
AT

2(|V12|2−V11V22)
(171)

fV 2=
T ∗12−T22V11+T12V ∗12−T11V22+

√
AT

2(|V12|2−V11V22)
(172)

AT=(T22V11−T ∗12V12−T12V ∗12+T11V22)2−4(|T12|2−T11T22)·(|V12|2−V11V22)

fV 3=
T33

V33
(173)

Finally the minimum volume intensity fVmin is estimated

fVmin = min( fV 1, fV 2, fV 3). (174)

In this way, the volume intensity fV is corrected, but the assumed volume type

[TV ] itself is not changed.

• Positive-semidefiniteness of Hermitian ground matrix [TG] and minimization of

a remainder matrix [TRe]
In this case not only the criterion of non-negative eigenvalues is applied for

correction, but also a remainder matrix [TRe] is introduced and minimized by

varying the shape and/or the particle orientation.

〈[TData]〉− [TV ] = [TG]+ [TRe]⇒

 T11 T12 0
T ∗12 T22 0
0 0 T33

− fV

 V11 V12 0
V12 V22 0
0 0 V33



=

 TG11 TG12 0
T ∗G12

TG22 0
0 0 TG33

+

 TR11 TR12 TR13

TR21 TR22 TR23

TR31 TR32 TR33

 . (175)

Arii and van Zyl developed this constraint and generated a so called adaptive
non-negative eigenvalue decomposition, which included an adaptive vegetation

volume model [7,8]. It should be noted, that this decomposition is not unique.

Multiple solutions can occur, when iterating through the search space of the

volume model.
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• Weighting of volume component with normalized Pauli-based ground-to-volume

ratios (PaS,PaD,PaG)

This more physical constraint uses ground/volume intensity ratios to weight the

influence of the volume component on the co-polarized 〈[TData]〉-elements [150].

Figure 38 indicates the separation of the cross-component T33 = x · 〈|SXX |2〉 into

a part coming from the vegetation (volume) and another part coming from

the soil (roughness). Accordingly, each coherency matrix element TXY can be

Figure 38: Split of the cross-component x · 〈|SXX |2〉 into a vegetation ((1−PaX) ·
x · 〈|SXX |2〉) and a soil roughness (PaX ·x · 〈|SXX |2〉) part by normalized
Pauli-based ground-to-volume ratios PaX [150].

corrected for roughness and/or vegetation using the normalized Pauli-based

ground-to-volume ratios Pa in the following way:

Surface-to-volume ratio: PaS =
T11−T33

T11 +T33
(176)

Dihedral-to-volume ratio: PaD =
T22−T33

T22 +T33
(177)

Combined ratio: PaG =
T11 +T22−2T33

T11 +T22 +2T33
(178)

Correction of roughness influence:

TXY cr = TXY −PaX · x · 〈|SXX |2〉= TXY −PaX ·VXY · fV (179)

Correction of vegetation influence:

TXY cv = TXY − (1−PaX) · x · 〈|SXX |2〉= TXY − (1−PaX) ·VXY · fV . (180)

A weighted matrix of the vegetation volume [TVwei] is subtracted from the mea-

sured coherence matrix 〈[TData]〉. In this way, the ratio of the ground and the

volume scattering components results in a physically meaningful estimate of

the occurring ground and volume components and their relative dominance

[TGcv]=〈[TData]〉− fV [TVwei]

=

T11 T12 0
T ∗12 T22 0
0 0 T33

− fV

 (1−PaS)V11 (1−PaG)V12 0
(1−PaG)V12 (1−PaD)V22 0

0 0 V33

 . (181)

79



4.2. SCATTERING AND DECOMPOSITION MODELS FOR VEGETATED SOILS

It is worth mentioning, that the Surface Eigenvalue Relative Difference (SERD)

and the Dihedral Eigenvalue Relative Difference (DERD) defined by Allain as

relative measurements of ground compared to volume scattering, are very sim-

ilar to the proposed ratios PaS and PaD [3]. The implementation of the normal-

ized Pauli-based ground-to-volume ratios Pa in the retrieval of soil moisture is

described in Chapter 4.2.5.3. and of soil roughness in Chapter 4.2.8.1..

• Physically constrained volume component including Bragg surface scattering αb

or Fresnel dihedral scattering α f

The volume intensity component fV is constrained by a Bragg surface or Fresnel
dihedral scattering component [152,153,65]. The constrained volume intensity

fV c is obtained from Equation 182, using a best estimate of the expected Bragg
surface or Fresnel dihedral scattering αb/ f and solving for fV

α = arccos

 1√
1+4

∣∣∣ T ∗12− fVV12
T11−T22− fVV11+ fVV22±RT

∣∣∣2
 . (182)

RT=
√

T 2
11+(T22+ fVV11)2+4(T12− fVV12)(T ∗12− fVV12)−2T11(T22+ fV (V11−V22)) . . .

. . .−2 fV (T22+ fVV11)V22+ f 2
VV 2

22. (183)

In this way, the former volume intensity fV component is physically constrained

by the expected Bragg surface or Fresnel dihedral scattering to obtain fV c

fV c=
4V12cos(2αb/ f )(T ∗12−T12+(T12+T ∗12)cos(2αb/ f ))+2(T11−T22)(V22−V11)sin(2αb/ f )2

(4V 2
12−(V11−V22)2+(4V 2

12+(V11−V22)2)cos(4αb/ f )

±2
√

((T12−T ∗12)(V11−V22)+(2(T11−T22)V12−(T12+T ∗12)(V11−V22))cos(2αb/ f ))2sin(2αb/ f )2)

(4V 2
12−(V11−V22)2+(4V 2

12+(V11−V22)2)cos(4αb/ f )
.

(184)

Further details of this approach will be given in Chapter 4.2.6.1.. Whereas

more complex ground scattering models, like X-Bragg or X-Fresnel, can also be

included in the formalism, but require a higher parameterization that is unfa-

vorable for inversion purposes.
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4.2.3. Separation of ground components using a scattering
dominance criterion

The subtraction of the volume scattering component from the measured polari-

metric SAR data represents the first step of a polarimetric decomposition process

resulting in the retrieval of the ground components.

In a second step, the two ground components (surface, dihedral) have to be

separated from each other, whereby a difference in the co-polarization phase

∠〈SHHS∗VV 〉 is used as indicator. Dominant dihedral scattering exhibits a ∠〈SHHS∗VV 〉
close to π, whereas dominant surface scattering causes a ∠〈SHHS∗VV 〉 close to zero

due to the different backscattering geometry [71]. Table 2 summarizes the scat-

tering dominance criteria. In Figure 39 two images of the occurring dominant

Table 2: Scattering dominance criteria after volume subtraction [106, 319, 6, 65,
157].

Dominance criterion Surface dominant Dihedral dominant References
Real part of 〈SHHS∗VV 〉 ℜ [〈SHHS∗VV 〉]>0 ℜ [〈SHHS∗VV 〉]<0 Freeman, 1998;

Yamaguchi,
2006

Alpha scattering an-
gle α

α<45° α>45° van Zyl, 1992;
Arii, 2009;
Cloude, 2010

Phase of T12 (no vol-
ume subtraction)

φT12<0° φT12>0° Cloude, 2010

Imaginary part of
〈SHHS∗VV 〉

ℑ [〈SHHS∗VV 〉]>0 ℑ [〈SHHS∗VV 〉]<0 Jagdhuber, 2012

scattering together with the land use map of the AgriSAR campaign and a Pauli-
RGB image for the 19th of April 2006 are shown. Red color represents surface

dominance and blue color dihedral dominance. A frame in the images highlights

the dihedral dominance for the ℜ [〈SHHS∗VV 〉]-criterion (3rd image) and the surface

dominance for the ℑ [〈SHHS∗VV 〉]-criterion (4th image). The land use indicates a

winter wheat field (orange). The Pauli-image indicates a double bounce (dihe-

dral) signature. But field survey reports the absence of any vertically oriented

vegetation component (e.g. stalk) at that time, because the plants had only devel-

oped their leaves, covering the soil. Therefore the criterion using the imaginary

part of 〈SHHS∗VV 〉 might be a valid alternative to the well known ℜ [〈SHHS∗VV 〉]-
criterion of [106]. The soil moisture level of 20-30vol.%, as reported by the field

measurements in Figures 53 and 54, makes penetration into the soil unlikely.

The orthogonality of the Bragg (surface) and the Fresnel (dihedral) component is
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Figure 39: Scattering dominance criterion using the real part and imaginary part
of 〈SHHS∗VV 〉 for 19th of April 2006 within the AgriSAR campaign (from
left to right): Land use map, RGB-composite of Pauli power compo-
nents (R: even bounce, G: volume, B: odd bounce), dominance criterion
ℜ [〈SHHS∗VV 〉] and dominance criterion ℑ [〈SHHS∗VV 〉]; Surface (dihedral)
dominance refers to red (blue) areas. The frame indicates a winter
wheat area.
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favorable for the well separation of the two components within the decomposi-

tion [71]. In Figure 40 the degree of orthogonality Kocomp1−comp2 given for rank-1

mechanisms by the scalar product of the two Pauli-vectors (cf. Chapter 3.2.2.)

and for rank-2 and higher mechanisms by the trace of the matrix product of the

coherency matrices for a given range of local incidence angles θl [228,65]:

Rank = 1: Korank1 = 20 · log
(∣∣∣k∗TPcomp1

· kPcomp2

∣∣∣) (185)

Bragg: kPBragg
= ms/

√
2
[

Rh +Rv Rh−Rv 0
]T

Fresnel: kPFresnel
= md/

√
2
[

RshRtv−RsvRtv exp(ıφd) RshRtv +RsvRtv exp(ıφd) 0
]T

Rank > 1: Korank>1 = 10 · log
(∣∣∣Tr

([
Tcomp1

]
·
[
Tcomp2

]∗T)∣∣∣) (186)

X-Bragg: [TX−Bragg] = [TXB] (cf. Equation 126)

X-Fresnel: [TX−Fresnel] = [TXD] (cf. Equation 140)

Randomly oriented volume: [TVolume] = [TV GS] (cf. Equation 157) .

The lower the degree of orthogonality Ko becomes, the higher is the orthogonal-

ity and the easier a possible separation of the two scattering mechanisms. The

two ground mechanisms remain orthogonal over a wide range of soil εs and trunk

moisture states εt as well as roughness stages ψl (not shown, cf. [65] p.188-189).

For local incidence angles below ∼20° as well as above ∼70°, the orthogonality for

the ground mechanisms already declines significantly (Ko>-10dB) in Figure 40, if

a distinct soil moisture (εs = 20), a moderate trunk moisture (εt = 10), a moderate

surface roughness (ψl = 30°), no scattering losses (md = ms = 1) and no differential

propagation (φd = 0°) are assumed. Therefore, the separation of the two ground

components gets difficult at very steep as well as grazing incidence.

In addition, the separation of the ground components shows a minimum of Ko

around a local incidence of θl ≈50° for εs = 20, εt = 10 and ψl = 30°, which en-

courages a soil moisture inversion under shallow local incidence angle conditions.

Moreover, different dielectric constants of soil and of trunk do not significantly

influence the orthogonality of the ground scattering mechanisms. However, the

change in dielectric constants affects for instance the position of the minima for

KoBragg−Fresnel due to the shift of the Brewster angles.

Figure 41 demonstrates the degree of orthogonality Ko between ground ([TG]) and

volume ([TV ]) scattering for a range of local incidence angles θl. As the vegetation

volume is assumed randomly oriented (∆ψ = 180°, ∆τ = 90°), the influence of the

soil roughness (ψl = 30°) vanishes, which explains the similarity of the orthogo-

nality of Extend Bragg (Extended Fresnel) scattering to volume scattering compared
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Figure 40: Degree of orthogonality Ko of surface and dihedral scattering mech-
anisms with local incidence angle θl in [dB] (from top to bottom):
KoBragg−Fresnel, KoX-Bragg−Fresnel, KoX-Bragg−X-Fresnel, (using no scattering
loss for both ground components: md = ms = 1, no differential phase:
φd = 0°, a distinct soil moisture: εs = 20, a moderate plant moisture:
εt = 10 and a moderate soil roughness: ψl = 30°).
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Figure 41: Degree of orthogonality Ko of ground and volume scattering mech-
anisms with local incidence angle θl in [dB]; a) KoX-Bragg−Volume, b)
KoX-Fresnel−Volume, c) KoBragg−Volume, d) KoFresnel−Volume, (using no scat-
tering loss for both ground components: md = ms = 1, no differential
phase: φd = 0°, a distinct soil moisture: εs = 20, a moderate plant mois-
ture: εt = 10, a moderate soil roughness: ψl = 30°, and a random vol-
ume of untilted prolate spheroids: Ap = 100, ∆ψ = 180°, ∆τ = 90°).

85



4.2. SCATTERING AND DECOMPOSITION MODELS FOR VEGETATED SOILS

with the orthogonality of Bragg (Fresnel) scattering to volume scattering. For X-
Fresnel and Fresnel a slightly higher change in orthogonality behavior with respect

to volume scattering can be noticed (cf. Figure 41). In addition, it is clearly visible

for all local incidence angles, that the dihedral and the surface scattering mech-

anisms exhibits no orthogonality (Ko>25dB) to volume scattering of randomly

oriented dipoles. In this case the scattering contributions of the vegetation com-

ponent are spread over several eigenvectors and a model-based decomposition is

necessary for separation of the volume and surface scattering components.

4.2.4. Calculus of ground components

First, a criterion for ground scattering dominance is selected (cf. Table 2) to set

the non-dominant ground scattering mechanism (αD or βS) to zero [343]. In this

way, the under-determined problem (e.g. in [106, 343]) becomes balanced and

the remaining ground components (αD or βS, fS, fD, fV ) can be calculated from

the polarimetric observables (T11,T22,T33,T12).

In Equations 187-194 an exemplary calculus of the ground components for a

model-based coherency matrix including Bragg surface scattering (cf. Equation

113), Fresnel dihedral scattering (cf. Equation 115) and a reflection-symmetric

rank-3 volume scattering is performed, assuming a real dielectric constant. T11 T12 0
T ∗12 T22 0
0 0 T33

= fS

 1 β ∗S 0
βS |βS|2 0
0 0 0

+ fD

 |αD|2 αD 0
α∗D 1 0
0 0 0

+ fV

 V11 V12 0
V12 V22 0
0 0 V33

 (187)

fV =
1

V33
T33 (188)

Dominant surface scattering (αD = 0) :

fS = T11−V11 fV (189)

βS =
−|T12|−V12 fV

T11−V11 fV
(190)

fD = T22−V22 fV −|βS|2 · fS (191)

Dominant dihedral scattering (βS = 0) :

fD = T22−V22 fV (192)

αD =
|T12|−V12 fV
T22−V22 fV

(193)

fS = T11−V11 fV −|αD|2 · fD. (194)
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This decomposition incorporates a variable vegetation component substitutable

with the volume cases proposed in Equations 165 to 167 within Chapter 4.2.1.3..

In addition, more complex ground scattering components like X-Bragg (cf. Equa-

tion 126) or X-Fresnel (cf. Equation 140) can be included to account for depolar-

izing ground scattering.

Furthermore the separation of the volume and the ground scattering components

can be modified (cf. Chapter 4.2.2.) to improve the removal of the volume com-

ponent.

4.2.5. Inversion for soil moisture under vegetation cover

After the polarimetric decomposition, the surface and dihedral components are in-

verted to retrieve soil moisture under vegetation cover.

An alternative inversion of the ground components is presented that includes the

Pauli-based ground-to-volume ratios and therefore incorporates a separation of

volume and roughness contributions within the involved cross-polarized compo-

nent.

4.2.5.1. Inversion of surface component

The surface scattering components fS and βS of [TS] are functions of the horizon-

tal and vertical Bragg scattering coefficients (Rh, Rv) as well as ms (cf. Chapter

3.2.4.2.1.)

Rh =
cos(θl)−

√
εs− sin(θl)2

cos(θl)+
√

εs− sin(θl)2
, Rv =

(εs−1)
(
sin(θl)2− εs

(
1+ sin(θl)2))(

εscos(θl)+
√

εs− sin(θl)2
)2 , (195)

defined by the dielectric constant of the soil εs and the local incidence angle θl. Ad-

ditionally, fS depends on the surface scattering loss ms (cf. Equation 114). There-

fore βS is employed for inversion, as it allows to bypass the dependency on ms. The

scattering mechanism ratio βS for Bragg and X-Bragg scattering can be calculated

as

Bragg: βS =
Rh−Rv

Rh +Rv
X-Bragg: βS =

Rh−Rv

Rh +Rv
· sinc(2ψl). (196)

The left plot of Figure 42 presents the variation of βS with dielectric constant

of the soil εs and local incidence angles θl for Bragg scattering. An increasing

sensitivity of βS towards lower soil moistures and shallower incidence angles is

visible. The depolarization-term (sinc(ψl)) acts as a diminishing factor leading

to higher moisture estimates due to the smaller βS-value with increasing surface
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roughness (cf. Figure 42 right). The dielectric constant of the soil εs is obtained

Figure 42: βS as function of the soil dielectric constant εs for different local inci-
dence angles θl (left); Depolarization (i.e. sinc(2ψl)) as function of the
rotation angle ψl representing the soil roughness influence (right).

by minimizing the difference between the modeled βS-values, which are function

of the local incidence angle and the dielectric constant of the soil, and the beta

values βSd from the data decomposition:

min
εs

(
|βS(θl|εs)−βSd |

)
. (197)

The universal transformation function of Topp et al., given in Equation 6, is finally

used to convert the dielectric constant into volumetric soil moisture [vol.%].

4.2.5.2. Inversion of dihedral component

As discussed in Chapter 3.2.4.2.2., the dihedral scattering components fD and αD

of [TD] are functions of the dihedral loss factor mde/g/v/vθl
, the differential phase φd

as well as the horizontal and vertical Fresnel coefficients of the soil (Rsh,Rsv) and

of the trunk (Rth,Rtv)

fD =
m2

de/g/v/vθl

2
|RshRth +RsvRtv exp(ıφd)|2, αD =

RshRth−RsvRtv exp(ıφd)
RshRth +RsvRtv exp(ıφd)

. (198)

The horizontal and vertical Fresnel coefficients of the soil and of the trunk depend

on the soil and trunk dielectric constant (εs, εt) and the respective incidence angles
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θs = θl and θt = π/2−θl.

Rih =
cos(θi)−

√
εi− sin(θi)2

cos(θi)+
√

εi− sin(θi)2
, Riv =

εicos(θi)−
√

εi− sin(θi)2

εicos(θi)+
√

εi− sin(θi)2
, (199)

where i ∈ {t,s}. The inversion of the dihedral component has a twofold depen-

dency on the dielectric constant of the soil εs and of the trunk εt . For this reason

fD and αD are used jointly to estimate εt and εs for a given local incidence θl.

Figure 43 depicts the sensitivity of fD and αD on the dielectric constants (εs, εt)

for different local incidence angles θl. For steep local incidence (θl=25°), the sen-

sitivity to the dielectric constant of the trunk εt is pronounced compared to the

dielectric constant of the soil εs. The situation is reversed for shallow local inci-

dence (θl=55°), whereas at θl=45° the sensitivity to both dielectric constants is

balanced. The different md-factors in Equations 135-137, which account for the

roughness mdg/e
or vegetation attenuation loss mdv/vθl

, cause a decline of the fD-

component, which leads to higher moistures estimates. The dielectric constant of

the soil εs and the trunk εt are obtained by minimizing the difference between

the modeled αD- and fD-values and the αDd - and fDd -values obtained from the

decomposition

min
εs,εt

(
| fD(θl|εs,εt)− fDd |
|αD(θl|εs,εt)−αDd |

)
. (200)

Finally the transformation function of Topp et al. is used to obtain the volumetric

soil moisture [vol.%].

4.2.5.3. Inversion of surface and dihedral components using Pauli-based
ground-to-volume ratios

The cross-polarized scattering component SXX is characterized by a mixed scat-

tering response of the vegetation cover and the underlying soil. Hence, a data

derived criterion for splitting the cross-polarized component into a roughness and

vegetation contribution is highly desirable [150]. The normalized Pauli-based

ground-to-volume ratios already introduced in Equation 176 are a possible op-

tion to approach this problem [150]. Hajnsek et al. [127] derived a polarimetric

ratio from the X-Bragg model for bare soils, which is sensitive to soil moisture and

independent of soil roughness induced depolarization. The presence of vegetation

requires an adapted T33-element accounting for the influence of the vegetation

leading to a modified polarimetric ratio, which is only sensitive to soil moisture

89



4.2. SCATTERING AND DECOMPOSITION MODELS FOR VEGETATED SOILS

Figure 43: Sensitivity of the dihedral scattering components αD and fD on the di-
electric constants (εs, εt) for different local incidence angles, θl=25°
(upper left), θl=35° (upper right), θl=45° (lower left), θl=55° (lower
right); εs=εt=[2, 41], (example line of triangles=difference of εs by
±1, example line of squares=difference of εt by ±1, black arrows show
main direction of increase of εs and εt).
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under vegetation:

Bare soil:
|Rh−Rv|2

|Rh +Rv|2
=

T22 +T33

T11
Vegetated soil:

|Rh−Rv|2

|Rh +Rv|2
=

T22cv +PaG ·T33

T11cv
.

(201)

A second type of ratios for soil moisture estimation can be derived from the ground

component of the model-based decomposition, as presented in Chapters 4.2.2.-

4.2.5.. In Equations 187-194 volume scattering (Cxy · f v) is already considered

by the three component model-based decomposition, but the fV -element is not

explicitly separated into a vegetation and soil roughness contribution. This can

be done as in Equation 202, where only the vegetation part of fV is subtracted

from the coherency matrix elements using the normalized Pauli-based ground-to-

volume ratios of Equations 176-179.

Surface inversion from X-Bragg scattering:

Rh−Rv

Rh +Rv
· sinc(2ψl) =

T12cv

T11cv
=

T12− (1−PaG) ·V12 · fV
T11− (1−PaS) ·V11 · fV

. (202)

Dihedral inversion from modified Fresnel scattering:

m2
de/g/v/vθl

2
|RshRth +RsvRtv exp(ıφd)|2 = T22cv = T22− (1−PaD) ·V22 · fV (203)

RshRth−RsvRtv exp(ıφd)
RshRth +RsvRtv exp(ıφd)

=
T12cv

T22cv
=

T12− (1−PaG) ·V12 · fV
T22− (1−PaD) ·V22 · fV

. (204)

This way, all ground components for the soil moisture retrieval are calculated by

using only the vegetation contribution of the cross-polarized component for the

separation of vegetation and ground. Finally the retrieval of soil moisture from

the surface and dihedral scattering components is performed as discussed in the

previous Chapters 4.2.5.1. and 4.2.5.2..

4.2.6. Hybrid decomposition and inversion for soil moisture
under vegetation cover

The term ‘hybrid decomposition’ implies the combination of a model-based decom-

position, used to separate a depolarizing vegetation from the ground components

(as introduced in Chapter 4.2.2.), with an eigen-based decomposition, used to

separate the ground component into a surface and a dihedral contribution (cf. in

Chapter 4.2.3.) [152, 153, 156]. Equation 205 represents a hybrid decomposition
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of 〈[Tdata]〉 into surface [TS] = f ( fSh,αs), dihedral [TD] = f ( fDh ,αd), and random

volume scattering [TV ] = f ( fVh,αv) [156]:

〈[Tdata]〉=[TS]+[TD]+[TV ] (205)

= fSh

 cos(αs)2 −cos(αs)sin(αs) 0
−cos(αs)sin(αs) sin(αs)2 0

0 0 0

+ fDh

 sin(αd)2 cos(αd)sin(αd) 0
cos(αd)sin(αd) cos(αd)2 0

0 0 0



. . .+ fVh

cos(αv)2 0 0
0 1

2sin(αv)2 0
0 0 1

2sin(αv)2

 . (206)

The randomly oriented volume component includes a particle shape αv variable

ranging from spheres (αv = 0) to dipoles (αv = 45°). In a first step, the volume

intensity component fVh is calculated [156]

fVh = 2T33csc(αv)2 =
2T33

sin(αv)2 (207)

and the volume coherency matrix [TV ] is subtracted from 〈[Tdata]〉 to obtain the

ground component ([TS]+ [TD]) as [156]

[TS]+[TD]=

T11 T12 0
T ∗12 T22 0
0 0 T33

− fVh

cos(αv)2 0 0
0 1

2sin(αv)2 0
0 0 1

2sin(αv)2

 . (208)

In a second step the eigen-based decomposition of ([TS]+ [TD]) leads to the corre-

sponding eigenvalues ( fDh, fSh) and eigenvector elements (αs,αd) [156]

fDh,Sh=
1

16

(
8T11+8T22− fV (6+2cos(2αv))±

√
22 f 2

V +64(4|T12|2+(T11−T22)2)+

32 fV (T22−T11)+6 fV (( f v−4T11+4T22)4cos(2αv)+3 fV cos(4αv))
)

(209)

αd,s=arccos

((
1+256

∣∣∣∣ T ∗12

2 fV−8T11+8T22+6 fV cos(2αv)±
√

AR

∣∣∣∣)− 1
2
)

(210)

AR=22 f 2
V +64(|T12|2+(T 11−T 22)2)+32 fV (T22−T11)+6 fV (( fV−4T11+4T22)·

4cos(2αv)+3 fV cos(4αv)).

The eigenvalues ( fDh, fSh) represent the intensity of the two different ground com-

ponents (surface, dihedral). The components αs and αd symbolize the ground

(surface, dihedral) scattering mechanisms. Due to their orthogonality the relation
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αd = π/2−αs applies resulting in a physical separation between surface and dihe-

dral scattering [65,152]. According to Figure 11, alpha angles between 0° and 45°

are assigned to surface scattering, whereas the orthogonal alpha angles, ranging

between 45° and 90°, are classified as dihedral scattering. fDh and fSh are allocated

according to the corresponding alpha angles.

4.2.6.1. Physically constrained volume component

The principle of a physically constrained volume intensity component fV c was al-

ready established in Chapter 4.2.2.. In this approach a Bragg surface scattering

component (introduced in Chapter 3.2.4.2.1.) is employed in the fVh-calculus to

derive a physically constrained volume intensity component fV ch. The Bragg model

is chosen, because of the reduced number of parameters required, compared to the

higher parameterized X-Bragg, Fresnel or X-Fresnel models.

The fVh-component is reformulated including the Bragg surface scattering angle αb

obtained from the eigen-decomposition of Equation 113 [153,156]

fV ch=
4(T11−T22+csc(2αb)2

√
|(−T12+T ∗12+(T12+T ∗12)cos(2αb))2sin(2αb)2|)

1+3cos(2αv)
. (211)

In order to run the Bragg model in a forward sense to obtain αb, the local incidence

angle θl and the mean dielectric level εest must be known.

In order to estimate εest the dominant alpha angle α1 [65, p.98] is calculated and

only the dominant surface scattering areas (α1 < 25°) are considered. This in-

tends to narrow the analysis down to the areas, which are dominated by surface

scattering (cf. Figure 11) and should be less biased by vegetation scattering.

Afterwards Equation 211 is solved for a variety of possible εest-levels (εest = [5,40]),

which might occur within the study area, leading to a set of αs-layers with differ-

ent dielectric level (αs( fV ch(εest))).
The selection of the relevant εest-level is then based on minimizing the mean value

of the difference between α1 and the different αs-layers. The procedure is defined

as α1-criterion in Equation 212 and obtains additionally the fitting αb, the fitting

fV ch and the fitting surface scattering mechanism αs for subsequent soil moisture

inversion.

α1-criterion [153,156]:

{mean(α1−αs fV ch
(εest )

)}
α1<25°→ 0 ⇒ εest ⇒ αb ⇒ fV ch ⇒ αs. (212)
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If the physically constrained volume component fV ch is applied to Equations 209-

210, the influence of αv cancels out within the soil moisture inversion procedure

[153]. Consequently, the soil moisture inversion is by definition independent of

the particle shape [153,156].

4.2.6.2. Inversion for soil moisture

The inversion procedure of the hybrid decomposition is developed from the inver-

sion procedures described in Chapter 4.2.5.. In order to convert from the notation

of the hybrid decomposition to the notation used in Chapter 4.2.5., the following

Equations are employed [156]:

Surface component: βS =−tan(αs) (213)

Dihedral components: αD = tan(αd), fD = fDh · cos(αd). (214)

After conversion the inversion schemes as well as the sensitivities of the inversions

are equivalent to Chapter 4.2.5..

4.2.7. Multi-angular model-based decomposition and
inversion for soil moisture under vegetation cover

During the thesis studies it revealed that the soil moisture inversion seems to

be practically confined between a local incidence angle of ∼25° and ∼65° (cf.

[159, 151, 39] and Chapter 4.2.3.) and performs better for shallow incidence an-

gles [155] (cf. Chapter 4.2.3., 4.2.5.1. and 4.2.5.2.). This is of importance for soil

moisture inversion in study areas with distinct topographic variations. A possible

solution is to combine data acquired at different flight headings (cf. Figure 64)

and use them in a multi-angular inversion scheme.

Using multi-angular data for soil information retrieval is not a novel idea. Multi-

angular inversion approaches for soil moisture have been proposed in [347, 12,

251, 265, 282, 283, 334] for C-band single-polarimetric and for fully-polarimetric

data [114]. However, the change of soil (moisture/roughness) and vegetation

(plant moisture/phenology) conditions in time between the acquisitions limits

drastically the approach and restricts a rigorous soil moisture retrieval.

Here, polarimetric decomposition techniques are applied on quasi-simultaneously

acquired, multi-angular data to develop a multi-angular polarimetric decompo-

sition for soil moisture inversion over bare and vegetated soils. In this way the

polarimetric and the multi-incidence observable space are combined for soil mois-
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ture retrieval.

After removal of the vegetation component, using one of the methods presented

in Chapter 4.2.2. for each of the different scenes n, the surface and dihedral

components are estimated as introduced in Chapter 4.2.4.. Figure 44 shows the

processing scheme of the multi-angular polarimetric decomposition.

Figure 44: Processing scheme of multi-angular polarimetric decomposition and in-
version procedure from bare and vegetated soils.

4.2.7.1. Inversion for soil moisture using a sum of absolute differences

For the single acquisition case, the inversion of the surface and dihedral compo-

nents is already established in Chapter 4.2.5.. Within these inversions the absolute

of the difference between the model and the data is minimized. This principle can

be extended introducing the p-norm for p=1, which yields to a sum of absolute

differences for up to k acquisitions.

Starting with the surface scattering case, the absolute of the difference between

the modeled βS and the data derived βSd is minimized for all k acquisitions by

varying the soil dielectric constant εs

min
εs

(
k

∑
n=1
|βSn

(θln|εs)−βSdn
|

)
. (215)
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To underline the effect of multi-angularity and the sensitivity of the βS-component

to different ranges of local incidence, Figure 45 depicts the maximum beta differ-

ence |βS|max (|βS|max=
∣∣∣βSθl

−βSθl=0

∣∣∣
εs

) varying with the local incidence angle θl for

different levels of the soil dielectric constant εs. For local incidence angles larger

Figure 45: Maximum |βS| difference (|βS|max=
∣∣∣βSθl

−βSθl=0

∣∣∣
εs

) along the local inci-

dence angle θl for different levels of the soil dielectric constant εs [155].

than 20°, |βS|max is rising strongly and continuously for all levels of dielectric con-

stant, which indicates an increasing sensitivity at shallower local incidence. This

is especially evident for wet soils with high values of dielectric constant.

Turning now to the dihedral scattering, the absolute difference between the mod-

eled αD, fD and the data derived αDd , fDd values is minimized for the soil εs and

the trunk εt dielectric constants across all k acquisitions

min
εs,εt

(
∑

k
n=1 | fDn

(θln|εs,εt)− fDdn
|

∑
k
n=1 |αDn

(θln|εs,εt)−αDdn
|

)
. (216)

It is of special interest to have a closer look to the behavior of αD and fD at steep

(θl = 30°) and shallow (θl = 60°) local incidence angles as shown in Figures 46 and

47.

While the dihedral intensity parameter fD does not vary considerably with local

incidence angle θl, the dihedral scattering mechanism αD reveals a distinct vari-

ation. Small angles of local incidence evince a strong dependence of αD on the

dielectric constant of the trunk εt (left plot in Figure 47), whereas large angles of

96



4.2. SCATTERING AND DECOMPOSITION MODELS FOR VEGETATED SOILS

Figure 46: Variation of the dihedral scattering intensity fD as function of the di-
electric constant of the soil εs and of the trunk εt for local incidence
angle θl=30° (left) and θl=60° (right).

Figure 47: Variation of the dihedral scattering mechanism αD as function of the
dielectric constant of the soil εs and of the trunk εt for local incidence
angle θl=30° (left) and θl=60° (right) [155].
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local incidence cause a strong variation of αD dominated by the dielectric constant

of the soil εs (right plot in Figure 47).

4.2.8. Inversion of soil roughness under vegetation cover

Both, the vegetation cover and the soil roughness, influence the cross-polarized

scattering component Sxx and the T33-component respectively due to their intricate

structure. Hence, it is a challenge to separate the scattering contribution of the soil

roughness from the scattering contribution of the vegetation geometry using only

polarimetric SAR data. The question arises, how much of the scattering energy in

the cross-polarized scattering component originates from each of the two contribu-

tions. In the following, physically-based weights are applied on the T33-component

to separate both scattering contributions.

4.2.8.1. Modified X-Bragg ratio using Pauli-based ground-to-volume
ratios

The ratio of the coherency matrix elements introduced in Equation 132 assigns the

T33-component to the roughness contribution of the soil. In the presence of vegeta-

tion cover, this assumption is questionable. Therefore the normalized Pauli-based

ground-to-volume ratios Pa, introduced in Equations 176 to 179, are used to split

the T33-component into a soil and a vegetation contribution [150].

The ratio of Equation 132 was modified in Equation 217 incorporating the normal-

ized Pauli-based ground-to-volume ratio of the dihedral component PaD and the

vegetation corrected coherency matrix element (T22cv) of Equation 180. Thus only

the contributions attributed to soil roughness (PaD ·T33) are considered [150].

ζ = sinc(4ψl) =
T22cv−PaD ·T33

T22cv +PaD ·T33
(217)

ks =
1

2π
∗arcsinc

(
T22cv−PaD ·T33

T22cv +PaD ·T33

)
. (218)

In Figure 48 the influence of the vegetation and of the soil roughness on ζ is

shown by the increase (more roughness influence/less vegetation influence) or

decrease (more vegetation influence/less roughness influence) of the normalized

Pauli-based ground-to-volume ratio PaD. For high depolarization levels (T33=80%

T22), the change in ζ can be between 0 and almost 0.9 depending on PaD. In a

final step the soil roughness parameter ks can be calculated from Equation 218.
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Figure 48: Sensitivity of the modified X-Bragg ratio ζ on the normalized
Pauli-based ground-to-volume ratio PaD, T22=1, T33=80%T22 (blue),
T33=50%T22 (red), T33=20%T22 (green). The higher the ground con-
tribution with rising PaD, the bigger is the influence on the retrieval of
soil roughness with ζ .
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Part 5
Experimental data
In this Part the in situ measurements and the simultaneously acquired, fully po-

larimetric SAR data are introduced for the different study areas.

5.1. Study areas

The in situ measurements and the airborne polarimetric SAR data were collected

within the AgriSAR, OPAQUE and SARTEO campaigns, which were conducted

within 2006 and 2008 in three different study areas located in Germany.

Figure 49: Location of study areas in Germany.

5.1.1. AgriSAR campaign

AgriSAR stands for Agricultural bio/geophysical retrieval from frequent repeat

pass SAR and optical imaging. The campaign was funded by the European Space

Agency (ESA) and includes a variety of field measurements and sensor overflights

conducted in 2006. As main goal of the campaign in-situ, airborne SAR and op-

tical remote sensing data were collected over an entire vegetation growth period,

involving an European team of 16 institutions [23, 120, 124]. The study area is

situated in Mecklenburg- Western Pomerania (cf. Figure 49) close to the town of

Goermin (53° 59’ 30” N, 13° 16’ 20” E), where also the agricultural research facility

Durable Environmental Multidisciplinary Monitoring Information Network (DEM-

MIN) is located.
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The fields have an average size of ∼200-250ha within the 25.000ha of the DEM-

MIN study area [23]. In this region of intensive farming, the main crop types on

the fields are winter wheat, winter barley, winter rape, summer corn and sugar

beet.

The altitudinal range of the smooth local topography within the study area is

around 50m and drops gently from North towards the Penne River in the South

[113]. Figure 50 shows the local incidence angle for the different flight tracks

varying predominantly between 25° and 55°, which corresponds to the Radar

Look Angle (RLA) of the E-SAR system (cf. Table 7) and underlines the small

topographic variations of the test site within the Northern German lowland. The

agricultural site is located in a moraine area, formed during the last Pleistocene,

with highly productive soils of loamy sand and sandy loam texture [202]. The

mean annual temperature ranges between 7.6°C and 8.2°C and the annual sum of

precipitation varies between 500mm and 650mm [113,138].

Figure 51 contains the study area with the different test fields, the sampling loca-

tions and the two flight strips of the E-SAR sensor. Over four months, every one- to

two-weeks in situ measurements were acquired, establishing a field database of de-

tailed plant and soil measurements. Simultaneously, DLR’s Experimental airborne

SAR system (E-SAR) acquired (single-, dual-, fully polarimetric, interferometric

and polarimetric interferometric) SAR data at X-, C- and L-Band.

A total amount of twelve flights were conducted for an East-West (‘E-W’) flight

heading along the main growing season from April to July 2006. This provides

the frequent repeat coverage, which is an important feature to understand soil pa-

rameter retrieval under growing vegetation cover [23]. On some campaign dates

also a North-South (‘N-S’) flight heading was acquired (cf. Figure 51). Focusing

on the field measurements, Figure 52 presents the soil moisture at two different

depth from a continuously recording measurement station for the entire vegeta-

tion growth period. A decreasing trend in soil moisture is recorded, which gets

more monotonous with increase of measuring depth due to the smaller influence

of the fast varying processes at the soil-atmosphere boundary layer. This trend

can be traced back to several dry periods apparent in the meteorological data of

Appendix D.

Additionally, weekly soil moisture measurements were conducted by mobile Fre-

quency Domain Reflectometry (FDR) [211, 261, 260] and Time Domain Reflecto-

metry (TDR) [297,295,195,336] probes from Leibniz Centre for Agricultural Land-

scape Research (ZALF), Christian-Albrechts-Universität Kiel (CAU) and DLR [23].

A comprehensive overview on measurement techniques for soil moisture is given
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Figure 50: Local incidence angle of the two flight headings (top: ‘E-W’-track, bot-
tom: ‘N-S’-track) for the AgriSAR 2006 campaign, (cf. LIA variation for
flat terrain: 25°-55°).

in [260,272,268].

The measurements depicted in Figures 53 and 54 confirm the decreasing soil mois-

ture trend along the growth cycle for the AgriSAR study area in 2006. Furthermore

three intensive campaigns were launched in the beginning (19th/20th of April), in

the middle (6th/7th of June) and in the end (5th/6th of July) of the vegetation

growth period. An overview of the soil moisture measurements for these cam-

paigns is given in Appendix E. Figures 55 and 56 present the development of the

vegetation along the agricultural growth cycle from April to July for a variety of

crop types, where a distinct vegetation canopy can be stated for instance in July

2006 with a maximum height of 215cm on the summer maize field and a maxi-

mum wet biomass of 8.0kg/m2 on the winter rape field.

Apart from the vegetation measurements, laser-profiling [47,112] and digital pho-

togrammetry [288, 202, 258, 257, 286] were used to measure soil roughness. A

general overview on roughness measurement techniques is given in [203,161].

The utilized Centre d’Etude Spatiale de la BIOsphère (CESBIO)-ESA LASER pro-

filer is capable to acquire roughness profiles up to 25m length in steps of 5m,

while the spatial resolution is 5mm and the vertical precision is specified with

±1.5mm [80] (cf. Figure 57). During the campaign the LASER had some ac-

quisition failures due to linkage problems between the LASER and the laptop

[23]. Therefore only profiles of reduced length with 3-15m were produced for
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Figure 51: Overview of the DEMMIN test site within the AgriSAR 2006 campaign
containing test fields, sampling locations for ground measurements and
the two flight strips of the E-SAR sensor [23].
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Figure 52: Data of a continuously recording soil moisture station deployed by LMU
and covering the entire vegetation growth period from April to July
2006 of the AgriSAR campaign; A selection of dates with overflights is
indicated by the blue bars. Soil moisture was measured horizontally
for two different depth (5cm, 25cm) represented by the blue lines; The
maximum vegetation height is displayed with a green line, [23].

Figure 53: Weekly soil moisture measurements by ZALF/DLR covering the entire
vegetation growth period from April to July 2006 of the AgriSAR cam-
paign; Field mean values (measurement depth: 0-5cm (solid line), 5-
10cm (dashed line)): Blue=winter barley, bright blue=winter rape,
green=sugar beet, red=summer corn, orange=winter wheat [23].
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Figure 54: Weekly soil moisture measurements by CAU covering the entire veg-
etation growth period from April to July 2006 of the AgriSAR cam-
paign; Field mean values (measurement depth: 0-5cm (solid line), 5-
10cm (dashed line)): Blue=winter barley, bright blue=winter rape,
green=sugar beet, orange=winter wheat [23].

Figure 55: Vegetation height measurements of ZALF/DLR covering the entire vege-
tation growth period from April to July 2006 of the AgriSAR campaign;
Field mean values: Blue=winter barley, bright blue=winter rape,
green=sugar beet, red=summer corn, orange=winter wheat [23].
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Figure 56: Wet biomass measurements of ZALF/DLR covering the entire vegeta-
tion growth period from April to July 2006 of the AgriSAR campaign;
Field mean values: Blue=winter barley, bright blue=winter rape,
green=sugar beet, red=summer corn, orange=winter wheat [23].

Figure 57: CESBIO-ESA LASER profiler with field campaign settings [23].

the AgriSAR campaign like in Figure 58. As LASER profiling is a two dimen-

sional representation of a bi-directional entity, the roughness parameters vary

due to profile length and direction of the profile compared to the overall rough-

ness pattern (e.g. direction of furrows) on the field. In literature, a plurality

of publications exists dealing with this issue of spatial variability of soil rough-

ness [4,44,47,46,203,80,233,14,196]. In order to overcome the effect of direc-

tionality on the profiles, also stereo-photogrammetry was utilized for assessing the

soil roughness. During the AgriSAR 2006 campaign the following measurement

setup was used on each of the sampling locations of the CAU-team (cf. Figure 59

and [202]).

A calibrated Rollei d7 metric camera mounted on a metal rack acquired the stereo

pair with 65% overlap [202]. The horizontal extend of the sampling area is limited
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Figure 58: Exemplary roughness profile of a bare soil surface in April 2006 (field
102: Sugar beet) derived with CESBIO-ESA LASER profiler within the
AgriSAR campaign; Red: Sampled values, blue: Moving average of
1000 sampled values.

Figure 59: Measurement setup for soil roughness retrieval with a digital pho-
togrammetric approach including camera, metal rack and GCPs [202].

to 70x70cm2 with a spatial resolution of 2mm [202]. For acquisitions on vegetated

fields, the soil surface was completely cleared from plant parts without disturbing

the soil surface. The Digital Surface Models DSM were generated using highly

accurate GCPs for orientation [202]. The surface roughness measurements of the

Ludwig Maximilians Universität München (LMU) were acquired using the same

measurement technique, but different equipment. Details are given in [187], but

an exemplary sample is shown in Figure 60.

In the end Figure 61 shows the temporal change of the RMS-height hrms along the

agricultural growth cycle, retrieved by CAU with the photogrammetric approach.

A distinct variance in vertical roughness can be observed for the measurements,

especially for the rough summer corn field compared to the smoother winter wheat

fields. Furthermore, the variance of the RMS-height for the different dates from
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Figure 60: Bird view on three dimensional soil roughness measurement acquired
by digital photogrammetry from the AgriSAR campaign; The white lines
represent possible profiles for a two dimensional roughness representa-
tion.

Figure 61: Time series of soil roughness measurements of the RMS-height, con-
ducted by CAU, covering the entire vegetation growth period from
April to July 2006 of the AgriSAR campaign with three measurement
plots per test field; Blue=winter wheat (field: 250), green=sugar beet
(field: 102), orange=sugar beet (field: 460), brown=summer corn
(field: 222) [23].
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April to July 2006 indicates that the assumption of a constant roughness level for

the whole growth period is doubtful and a soil roughness estimation under vege-

tation cover is needed to update the soil roughness status along the growing cycle.

5.1.2. OPAQUE campaigns

OPAQUE stands for operational discharge and flooding predictions in head catch-

ments. It represents a Federal Ministry of Education and Research (BMBF)-project

to improve operational predictions of rainfall-runoff processes as well as enhanc-

ing the management of reservoirs and retention basins for an enhanced flood fore-

casting and an improved hazard warning.

The main objective in terms of soil parameter retrieval is the identification of crit-

ical catchment states caused by saturated top soil layers. Therefore two field cam-

paigns were performed on the 31st of May 2007 and on the 8th of May 2008 by

the Universities of Stuttgart and Potsdam, the German Research Centre for Geo-

sciences (GFZ) and the German Aerospace Center (DLR) in the Weisseritz catch-

ment area (50°40’-51°03’ N, 13°31’-13°45’ E) near Dresden, Germany (cf. Figure

49) [148,149]. The study area is located within the Ore-Mountains range formed

in the variscian time (Upper Karbon) with soils of sandy loam and loamy sand

texture. It is deeply trenched by the river network of the Weisseritz running from

South towards North. Therefore the topography changes rapidly between approx-

imately 500-800m resulting in steep slopes along the river beds, where most of

the forested areas are located (cf. Figure 62). But towards the North within the

lower reaches of the river, the areas with agricultural cultivation dominate the

landscape (cf. Figure 63). The mainly cultivated crop types are wheat, triticale,

Figure 62: Exemplary image of a steep slope within the acquired scene (left) and
local incidence angle (LIA) of the OPAQUE study area (right) exhibiting
the strong topographical variations (cf. LIA variation for flat terrain:
25°-55°).
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barley, rape, summer corn and grassland under a temperate climate with an an-

nual mean temperature ranging from 4°C to 8.5°C and annual sum of precipitation

varing between 700mm and 1000mm [39,116,45].

During the OPAQUE campaigns (single-, dual-, fully polarimetric and polarimetric

interferometric) SAR data at X-, C-, L- and P-band were acquired by DLR’s airborne

E-SAR sensor. Figure 63 illustrates the location of the flight strip, the corner re-

flectors and the test fields of the OPAQUE 2007 campaign. During the campaign

in 2007, a variety of agricultural crop types from winter triticale to summer corn

were examinated for vegetation and soil properties. An overview of the acquired

soil moisture and vegetation measurements for the different crop types is pro-

vided in Table 3. The in situ measurements report a high soil moisture level in the

Figure 63: Overview of study area for the OPAQUE 2007 campaign including test
fields, land use, flight strip and corner reflectors.

range of 25vol.% to 35vol.% and a distinct vegetation cover for the winter crops

with more than 50cm vegetation height and 2.8kg/m2 wet biomass.

In order to investigate the same study area under different hydrological and phe-

nological conditions, a second OPAQUE campaign was carried out in 2008. As a

specialty for the OPAQUE 2008 campaign, L-band data were recorded along three
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Table 3: in situ measurements of vegetation and soil moisture for May 2007 of the
OPAQUE campaign as mean field values: Soil moisture (mv) and Standard
Deviation (STDDEV) of mv (∆mv), vegetation height and wet biomass
[148].

Fields mv±∆mv [vol.%] Vegetation height [cm] Wet biomass
[kg/m2]

Winter triticale 30.22±2.38 84.4 3.34
Winter barley 36.28±4.46 69.6 3.31
Winter rape 34.25±4.63 135.0 6.52
Winter wheat 31.79±2.61 54.6 2.85
Summer corn 27.96±5.33 16.4 0.10
Grassland 31.07±2.57 27.0 1.13
Summer barley 31.19±3.07 45.6 0.93

different flight headings to obtain a data set for multi-angular polarimetric analy-

ses. In Figure 64 the three acquisitions are combined in a RGB-composite and are

labeled as master (m), opposite (o) and perpendicular (p). The local incidence an-

Figure 64: RGB-composite of the three flight headings in HH-polarization for L-
band (R: master, G: opposite, B: perpendicular); Red frame indicates the
overlapping area of the three flight strips [155].

gle (LIA) for each acquisition (master, opposite and perpendicular) is presented in

Figure 65, whereas the different local incidence angles for each test field are listed

in Table 4. The local incidence angle on the single test fields ranges from 23.4° to

58.6° and the absolute difference in local incidence between the respective scenes

varies from 1.3° to 34.8°.
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Figure 65: Local incidence angle of the multi-angular data set of the OPAQUE 2008
campaign (from left to right): Master scene, opposite scene, perpendic-
ular scene; Red circles represent the test fields and the red frame indi-
cates the overlapping area of all three acquisitions (cf. LIA variation for
flat terrain: 25°-55°).

Table 4: Local incidence angle of different flight headings (master: θlm, opposite:
θlo, perpendicular: θlp) and absolute local incidence angle differences
(∆θl|a-b|=|θla−θlb|) [155].

Fields θlm [°] θlo [°] θlp [°] ∆θl |m-o| ∆θl |m-p| ∆θl |o-p|
Winter triticale 49.9 39.8 53.5 10.1 3.6 13.7
Winter barley 38.4 49.8 43.4 11.4 5.0 6.4
Winter rye 33.9 52.9 35.2 19.0 1.3 17.7
Winter wheat 58.6 26.6 55.5 32.0 3.1 28.9
Summer oat 23.4 58.2 - 34.8 - -

Simultaneously to the airborne SAR acquisitions, soil and vegetation measure-

ments were collected on these test fields covering different vegetation types for a

later characterization of their influence on the SAR signal. A summary of the sam-

pling locations and the measurements for the different test fields of the OPAQUE

2008 campaign is given in Table 5 and Figure 66.

Mobile FDR probes were used for near surface soil moisture measurements at 0-
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Figure 66: Overview of study area for the OPAQUE 2008 campaign including test
fields, land use, perpendicular flight strips and corner reflectors.

5cm depth. Three individual measurements were averaged to obtain the measured

soil moisture as reference for one measurement location. All the measurement lo-

cations of one field are processed to a mean field value (cf. Table 5). The Standard

Deviation (STDDEV) of the measured soil moisture (∆mv) for each field varies

about 12-25% compared to the measured mean soil moisture values [155]. This

can not be allocated to topographic variations within the field parcels and can orig-

inate from the spatial intra-field variability of the soil moisture. Furthermore, the

field measurements in Table 5 indicate a dry weather period, with soil moisture

values from 11.8 vol.% to 22.7 vol.% for all test fields. In addition, the vegetation

is emerging with a maximum height of 24cm, except for the summer oat field,

which is almost bare.
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Table 5: in situ measurements of soil moisture and vegetation for OPAQUE 2008
campaign as mean field values: Soil moisture (mv) and Standard
Deviation (STDDEV) of mv (∆mv), vegetation height and wet biomass
[155].

Fields mv±∆mv [vol.%] Vegetation height [cm] Wet biomass
[kg/m2]

Winter triticale 19.4±3.5 23.0 0.39
Winter barley 11.8±3.0 24.4 0.66
Winter rye 19.9±3.3 17.4 0.15
Winter wheat 16.9±2.7 14.0 0.24
Summer oat 22.7±2.8 6.75 -
- = no measurements

5.1.3. SARTEO campaign

The SARTEO-campaign was performed on the 27th of May 2008 within the Rur

catchment in Western Germany by the Research Centre Jülich and DLR (cf. Figure

49). The SARTEO-project focus on the investigation of soil moisture under vegeta-

tion cover using fully polarimetric SAR data. For this reason DLR’s airborne E-SAR

sensor acquired these data in L-band following a triangular flight heading, which

covers about 390km2 of rural landscape for investigation [122].

Figure 67 illustrates the triangular flight configuration and highlights the scene

around the town of Selhausen (50° 51’ 50” N, 6° 26’ 10” E), located near Cologne

within the Lower Rhine Valley. The geologic development of this region was mostly

influenced by the Quaternary. Thus the soil formation at this study area is domi-

nated on one hand by aeolian deposits (loess) and on the other hand by the de-

posits of the Rur river [217]. On these soils of silty loam, the field measurements

for soil moisture were conducted with FDR probes on selected test fields [86,163].

The highly productive soils are well suited for intensive agriculture covering the

crop types: Winter wheat, winter barley and sugar beet within a temperate cli-

mate zone characterized by a variation of the annual mean temperature between

6°C and 9°C as well as an annual sum of precipitation varying between 700mm

and 900mm [217]. The vegetation and soil moisture measurements of the field

campaign are listed in Table 6 and relate to a soil moisture level of about 20vol.%

under an emerging vegetation layer.

In addition, Figure 68 contains the local incidence angle (LIA), which varies mainly

between 25° and 55°. As this agrees with the radar look angle of the E-SAR sys-

tem (cf. Table 7), the similarity states the minor influence of topography for this
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Table 6: in situ measurements of soil moisture as mean field values and estimated
vegetation height from photographs for May 2008 of the SARTEO cam-
paign: Soil moisture (mv), Standard Deviation (STDDEV) of mv (∆mv)
and vegetation height [122].

Fields mv±∆mv [vol.%] Vegetation height1 [cm]
Winter barley 20.44±2.84 ∼ 70
Winter wheat 22.46±3.09 ∼ 30
Sugar beet 21.54±2.35 ∼ 10
1 no direct measurements

Figure 67: Flight tracks of the SARTEO campaign in the Rur catchment near Jülich;
A triangular flight heading was chosen, where only the scene of Sel-
hausen was considered for analysis due to available ground measure-
ments [122].
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Figure 68: Local incidence angle for the SARTEO campaign in 2008 (radar look
angle: 25°-55°).

flat study area. The topography follows the Rur river bed with a gentle decrease

towards North-West from 125m in Düren to 83m in Jülich.

5.2. Polarimetric SAR data

As point-like in situ measurements are time consuming and personnel-intensive on

larger scales, fully polarimetric airborne SAR data are investigated for soil param-

eter retrieval under vegetation cover.

5.2.1. Acquisition

The monostatic SAR data were acquired by DLR’s airborne E-SAR system onboard

a Dornier Do 228-212 aircraft. E-SAR features single pass across-track SAR inter-

ferometry capabilities at X-band (only VV polarization) for a later derivation of a

Digital Surface Model (DSM) and fully polarimetric as well as interferometric data

acquisition in C-(synthetic), L- and P-band for analysis of the Pol-InSAR or PolSAR

observation space [135].

During the thesis studies different frequencies from X-band (λc=3cm) to P-band

(λc=86cm) were analyzed for characterization of soil properties under agricul-

tural vegetation [128,158,123,124,159,150,152,153,155,200,201]. For X- and

C-band, it arises that at a certain stage (earlier at X-band, later at C-band) in the

growth cycle, the backscattered signal from the mature vegetation is predominant

and the soil information becomes negligible due to the low penetration. More-

over, P-band indicates a very low backscattering signal over agricultural areas due

to the long wavelength, which degrades the significance of the extracted soil in-

formation due to the very low signal-to-noise ratio (SNR) [105]. Finally, L-band

revealed as the most suitable frequency in terms of penetration and Signal to Noise
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Figure 69: DLR’s airborne E-SAR system on board a Dornier Do 228-212 aircraft
[23].

Ratio (SNR) for sensing soil conditions under agricultural vegetation cover, aiming

for an all-seasons monitoring strategy.

Technical specifications for L- and X-band antennas are shown in Table 7, as these

frequencies are used for SAR processing (X-band) and for polarimetric SAR anal-

yses (L-band) in Part 6. In addition, Table 7 includes the parameters for the ac-

Table 7: Technical specifications of the E-SAR instrument and parameters of the
acquisition geometry, [135,23,148,149].

Technical specifications Symbol X-band L-band
Center frequency f0 9.6GHz 1.3GHz
Wavelength λc 0.03m 0.23m
Transmit peak power PT max 2.5kW 400W
Receiver noise figure n fR 4.0dB 8.5dB
Antenna gain Gt 17.5dB 15dB
Azimuth beamwidth βaz 17° 18°
Elevation beamwidth βel 30° 35°
Antenna polarization VV HH,HV,VV,VH
Acquisition mode single pol. fully pol.
Max. signal bandwidth Bwmax 100MHz 100MHz
Signal duration τ 5µs 5µs
Pulse repetition frequency per channel PRF 1000Hz 400Hz
Aircraft velocity vp ∼ 90m/s ∼ 90m/s
Radar look angle θ 25°-55° 25°-55°
Swath width ls ∼ 3000m ∼ 3000m
Slant range resolution (no post processing) δrgSAR 1.5m 1.5m
Azimuth resolution (no post processing) δazSAR 0.72m 1.0m
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quisition geometry, like the Radar Look Angle (RLA) (θ=25°-55°) and the aircraft

velocity (vp '90m/s). The aircraft is equipped with a modern combined Differ-

ential Global Positioning System (DGPS)/Inertial Navigation System (INS) system

for navigation and SAR motion compensation for precise SAR processing and ge-

olocation. Moreover, during the campaigns corner reflectors were deployed at

each study area in near and far range of the E-SAR flight headings (e.g. Figure

63). They were precisely adjusted to act as recoverable targets within the SAR

acquisitions for later steps in the processing.

5.2.2. Processing

The general SAR processing work flow for E-SAR imagery is described in [23]. It

includes operational modules for geocoding (WGS84, BESSEL) and DSM gener-

ation. The DSM is derived from the X-Band single pass SAR interferometry data

and has a horizontal resolution of 5m x 5m and an absolute vertical resolution

of ≤1m [135]. The final specifications of the fully polarimetric E-SAR imagery

products are listed in Table 8 veryfing the very high quality of the airborne SAR

product with a Noise Equivalent Sigma Zero (NESZ) of -30dB and a spatial resolu-

tion of 2m x 2m. Table 9 summarizes the selection of processed fully polarimetric

Table 8: Specifications of fully polarimetric E-SAR L-band data after processing
and presuming of a factor two in azimuth direction, [135,23,148,149].

Data specifications Symbol L-band
Noise Equivalent Sigma Zero (NESZ) -30dB
Scene size ∼ 3km × 15km
Absolute radiometric calibration ≤ 3dB
Relative radiometric calibration ≤ 1dB
Polarimetric calibration (cross talk) ≤ -30dB
Polarimetric calibration (phase) ≤ 10°
Final range pixel spacing ∆rg 1.5m
Final azimuth pixel spacing ∆az 1.0m
Final slant range resolution δrg 2.0m
Final azimuth resolution δazSAR 2.0m

L-band acquisitions, which were retrieved from the three campaigns introduced

in Chapter 5.1. and which are employed for experimental data analyses in the

following Part 6. For a first scattering analysis, the processed L-band PolSAR data

are displayed as normalized Pauli RGB-images in Figure 70. Even bounce (red),

volume (green) and odd bounce (blue) scattering can be distinguished within the

agricultural scenes. While volume scattering dominates mainly in the forested ar-
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Figure 70: Normalized Pauli RGB-images (R: Even bounce scattering, G: Volume
scattering B: Odd bounce scattering): a) SARTEO 2008, b) OPAQUE
2008, c) OPAQUE 2007, d) 19th of April, e) 7th of June, f) 5th of July of
AgriSAR 2006 campaign.
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eas and on strongly vegetated fields due to the presence of the vegetation layer,

even bounce (like dihedral stalk-surface) and odd bounce (like surface) scattering

occurs predominantly on vegetated and bare soil fields, respectively. This indicates

already the applicability of L-band frequency for surface scattering analyses under

vegetation cover in agricultural areas.

Table 9: Summary of selected fully polarimetric E-SAR L-Band acquisitions form
the AgriSAR, OPAQUE and SARTEO campaigns for experimental data
analyses, [23,148,149,122].

Campaign Test site Date
AgriSAR Görmin/E-W track 19.04.2006

Görmin/N-S track 20.04.2006
Görmin/E-W track 07.06.2006
Görmin/N-S track 06.06.2006
Görmin/E-W track 05.07.2006
Görmin/N-S track 06.07.2006

OPAQUE Weisseritz 31.05.2007
Weisseritz/N-S track master 08.05.2008
Weisseritz/S-N track opposite 08.05.2008
Weisseritz/W-E track perpendicular 08.05.2008

SARTEO Selhausen 27.05.2008
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Part 6
Results and validation of soil
parameter retrieval with
experimental data
In this Chapter experimental L-band data acquired by the airborne E-SAR sensor

are used to estimate soil moisture and soil roughness under agricultural vegetation

cover. The retrieved soil information is validated with in-situ measurements, pre-

sented in Part 5, for a quality assessment. In addition, potentials and limitations

of the proposed retrieval algorithms are discussed.

6.1. Results for soil moisture

In Part 4 a modular ‘tool box’ of polarimetric decomposition methods for retrieval

of soil characteristics was introduced to provide a profound basis for representa-

tion of different natural scattering conditions. In summary, four different types

of polarimetric decompositions are distinguished within this thesis using state-of-

the-art techniques (cf. Chapter 4.1.4.) and newly developed methods (cf. Chapter

4.2.):

1. Eigen-based decomposition introduced in Chapter 3.2.4.1. and 4.1.4.

(e.g. soil moisture and soil roughness inversion over bare soils with the X-Bragg
model like in [127])

2. Model-based decompositions introduced in Chapter 3.2.4.2. and 4.2.

(e.g. soil moisture and soil roughness inversion over bare and vegetated soils

like in [124,159,150])

3. Hybrid decompositions representing a combination of eigen-based and model-

based decompositions introduced in Chapter 4.2.6.

(e.g. soil moisture inversion over bare and vegetated soils like in [152,153])

4. Multi-angular model-based decompositions introduced in Chapter 4.2.7.

(e.g. multi-angular soil moisture inversion over bare and vegetated soils like

in [155,151])
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In this Chapter these different retrieval methods for soil moisture are applied to

the fully polarimetric SAR data of the three study areas described in Part 5.

6.1.1. Results for soil moisture retrieval on bare soil

In Chapter 4.1. a variety of methods for moisture retrieval on bare soil is de-

scribed covering empirical, semi-empirical and theoretical retrieval algorithms. In

order to focus on theoretically-based polarimetric SAR approaches, the results us-

ing the inversion algorithm for the X-Bragg model are presented in this Chapter,

starting with the processing scheme in Figure 71. The algorithm, established by

Figure 71: Processing scheme for soil moisture inversion on bare soils using the
X-Bragg model approach [127].

Hajnsek et al., compares the polarimetric entropy H and the mean scattering alpha

angle α from the data with H and α from the X-Bragg model for soil moisture

inversion [127]. An H/α-criterion is obtained from the X-Bragg model of [127]

considering the respective local incidence angle θl and a maximum soil moisture

of 50vol.% to determine the limiting polarimetric entropy and mean polarimetric

scattering alpha values for dominant surface scattering. Figure 72 presents the

comparison of the data values within the H-α scattering plane (cf. Figure 12) with
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these maximum boundaries of the modeled values (red frames) for different local

incidence angles θl.

For all three campaigns in Figure 72, the entropy values of the data are predom-

inantly larger than the boundaries (red boxes) of the modeled entropy values,

especially for smaller local incidence angles (θl<30°), which evidences the pres-

ence of depolarization that does not only come from soil roughness (considered by

X-Bragg), but also from the growing vegetation cover (not considered by X-Bragg).

Therefore, Figure 73 demonstrates that the influence of vegetation causes fore-

most an increase of entropy within the entropy-α scattering plane, when moving

from bare soil to forest scattering. In addition, the mean scattering alpha angle

approaches 45° with increasing vegetation influence, indicating dipole-like scat-

tering.

After inversion with the X-Bragg model, the results for soil moisture are shown in

Figure 74 for the early dates in the growth cycle, when the vegetation contribution

is assumed to be lower than in the mature stage (June, July). Only very few fields

in the scenes are invertible due to the high polarimetric entropy and the medium

to high scattering alpha angle α of the data, which is especially evident in near

range. This can be traced back to the scarcity of bare fields during the vegetation

growth season, which is stated by the measured vegetation heights in Table 10.

Entire fields can mostly be inverted in far range, as depicted in Figure 74 for the

winter triticale field (frame 1) of the OPAQUE campaign in May 2008 and for the

sugar beet field (frame 2) of the AgriSAR campaign in April 2006. In these regions

the modeled entropy level of X-Bragg matches the entropy level of the data, while

Table 11 includes the obtained inversion rates for the whole scene. However, the

subsequent validation will disclose, if the high entropy can be explained by soil

roughness or by the influence of vegetation.

The validation of the bare soil approach with in situ measurements is presented in

Figure 76 for the AgriSAR, OPAQUE 2008 and SARTEO data. The results for the

June and July acquisition of the AgriSAR campaign and the results of the OPAQUE

2007 campaign are not included, because in those cases the disturbance of the

distinct vegetation canopy (cf. Figure 55 and Table 3) biases considerably the in-

version with the bare soil approach resulting in a too strong overestimation.

For the retrieval of the estimated soil moistures, a 13x13 box around the sam-

pling points leading to 169 looks was taken for comparison, regarding that only

boxes with at least 5% invertible pixels were considered to avoid the influence of

non-representative outliers (cf. Figure 75). Only some of the investigated fields

indicate a very low vegetation cover approaching bare soil conditions (cf. Table
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Table 10: Inversion results (RMSE, STDDEV) of the X-Bragg bare soil approach and
mean vegetation height for different crop types of the AgriSAR, OPAQUE
and SARTEO campaign [149].

Campaign Date Crop type RMSE STDDEV1 Mean
vegetation
height
[cm]

AgriSAR 19.4.2006 Winter wheat / / 182

Winter rape / / 162

Summer corn / / 02

Sugar beet 13.05 9.20 0
OPAQUE 08.5.2008 Winter triticale 19.91 7.00 23

Summer oat / / 7
Winter wheat 15.62 8.53 14
Winter barley / / 24
Winter rye / / 17

SARTEO 27.5.2008 Winter barley / / ∼ 703

Winter wheat / / ∼ 303

Sugar beet 15.18 7.49 ∼ 103

1mean of STDDEV of moisture estimates within the sampling boxes,
2combined CAU/ZALF/DLR measurements, 3no direct measurements,
/= too less invertible pixels

Table 11: Inversion rates of the X-Bragg bare soil approach for the AgriSAR,
OPAQUE and SARTEO campaigns.

Campaign Date Inversion rate [%]
AgriSAR 19.4.2006 3.8

07.6.2006 1.2
05.7.2006 1.0

OPAQUE 31.5.2007 1.4
OPAQUE 08.5.2008 2.6
SARTEO 27.5.2008 1.3

10). Finally, the vegetation influence enlarges eminently the polarimetric entropy,

leading to higher soil moisture values after inversion. The overestimation results

in a fairly high Root Mean Square Error (RMSE) as depicted in Table 10. Due to

the small rate of invertible pixels for the summer oat field of the OPAQUE 2008

campaign and for the summer corn field of the AgriSAR 2006 campaign (April)

the RMSE was not calculated. In addition, the vegetated fields, like winter rape

and winter wheat of the AgriSAR campaign (April), winter barley and winter rye

of the OPAQUE 2008 campaign as well as winter wheat and winter barley of the
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Figure 72: Two dimensional histograms of the H-α scattering plane for 19th of
April (top left), 7th of June (middle left), 5th of July (bottom left) of
the AgriSAR campaign, for 8th of May of the OPAQUE 2008 campaign
(top right), for 27th of May of the SARTEO 2008 campaign (middle
right) and for 31st of May of the OPAQUE 2007 campaign (lower right)
together with X-Bragg model boundaries for three different local in-
cidence angles (θl = 25°, 40° and 55°). High counts refer to yellow-
ish/reddish color, low counts to grayish/bluish color.
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Figure 73: Two dimensional histograms of the H-α scattering plane for different
types of scatterers within the AgriSAR campaign on 19th of April 2006;
Scattering types: Bare soil field 102 (top left), vegetated rape field 140
with 14cm height (top right) and a forest (bottom) together with X-
Bragg model boundaries for three different local incidence angles (θl =
25°, 40° and 55°). High counts refer to yellowish/reddish color, low
counts to grayish/bluish color.
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Figure 74: Results of soil moisture inversion using the X-Bragg model for the
AgriSAR, OPAQUE and SARTEO campaign; (from left to right in 1st

row) Land use map of OPAQUE 2008, soil moisture of OPAQUE 2008,
soil moisture of SARTEO, land use map of SARTEO (©GoogleMaps),
(2nd row) land use map of AgriSAR 2006, soil moisture for AgriSAR in
April 2006, soil moisture of OPAQUE 2007, land use map of OPAQUE
2007 (Legend of land use maps: For AgriSAR 2006 in Figure 51, for
OPAQUE 2007 in Figure 63, for OPAQUE 2008 in Figure 66, for SAR-
TEO 2008: Green = winter barley, orange= winter wheat, purple =
sugar beet. White color represents non-invertible pixels (image smooth:
4x4).
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Figure 75: Sampling scheme on test fields for the bare soil inversion using the
X-Bragg model: 13x13 pixels around each measurement location
(squares) form a sampling box. Criteria for a valid sampling box of
the validation: 1. Minimum 5% invertible pixels per box; 2. Minimum
five valid sampling boxes per field (gray boxes); 3. For field data of the
AgriSAR campaign, measured outliers with a deviation of three times
the standard deviation of the mean value were excluded.

Figure 76: Validation of soil moisture inversion on bare soils using the X-Bragg
model for AgriSAR data (left: April 2006), for OPAQUE 2008 data (mid-
dle) and for SARTEO data (right) compared with field measurements
(validation box: 13x13 pixels; Dashed lines indicate the ±10vol.%-
interval).
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Figure 77: A selection of test fields indicating the diversity of agricultural scatter-
ing scenarios along the growing cycle for soil moisture inversion un-
der vegetation cover. From upper left to lower right: Winter barley
(May, OPAQUE 2008), winter wheat (May, OPAQUE 2008), summer oat
(May, OPAQUE 2008), winter barley (May, SARTEO), winter rape (July,
AgriSAR), winter wheat (June, AgriSAR), winter rape (June, AgriSAR),
sugar beet (July, AgriSAR), summer corn (July, AgriSAR).

SARTEO campaign, could not be inverted with the X-Bragg approach. Therefore

the validation results and especially Figure 73 confirm the need of a decomposi-

tion for the mixed soil-vegetation PolSAR signature, before applying the X-Bragg
surface scattering model for inversion of the soil component. In addition, Figure

77 reveals that a variety of agricultural scattering scenarios has to be taken into

account along the vegetation growth period in order to invert soil moisture under

vegetation cover.

6.1.2. Results for soil moisture retrieval under vegetation cover

In Chapter 4.2. several methods were introduced to decompose fully polarimetric

SAR data and to estimate soil moisture under vegetation cover with PolSAR in-

version techniques. In the following appropriate combinations of these different

methods for each step of the decomposition and inversion algorithm are applied

to the acquired PolSAR data.
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6.1.2.1. Model-based decomposition

A model-based polarimetric decomposition is applied on the PolSAR data sets us-

ing single modules of Chapter 4.2. in a way that is described in the processing

scheme of Figure 78 [159]. In a first step an eigen-based decomposition, intro-

Figure 78: Scheme of model-based polarimetric decomposition technique and in-
version algorithm for soil moisture [159].

duced in Chapter 3.2.4.1., is applied to the data in order to calculate the polari-

metric entropy (H) and mean polarimetric scattering alpha (α) values [65]. The

H/α-criterion, introduced in the previous Chapter 6.1.1., is used to separate dom-

inant surface scattering of bare soils form ground scattering of vegetated soils.

Pixels matching this criterion are classified as non-vegetated bare soil pixels and

are inverted for soil moisture via the X-Bragg inversion approach introduced in

Chapter 4.1.4..

For pixels not matching the criterion, a more complicated scattering scenario con-

sisting of ground and vegetation components is assumed, which is characterized
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by Equation 219 and introduced in Chapter 4.2. [159].

〈[TData]〉= fS

 1 β ∗S sinc(2ψ1) 0
βSsinc(2ψ1) 1

2 |βS|2(1+ sinc(4ψ1)) 0
0 0 1

2 |βS|2(1− sinc(4ψ1))

+

fD ·m2
dg
·m2

dv

 |αD|2 αD 0
α∗D 1 0
0 0 0

+ fV

 V11 V12 0
V12 V22 0
0 0 V33

 . (219)

In order to select the orientation of an agricultural vegetation volume, the ap-

proach of Yamaguchi et al. is applied to model the orientation of the volume,

where horizontally oriented, vertically oriented and randomly oriented vegetation

components are distinguished [342]. Hence, the volume matrix with the variables

V11 - V33 can be filled with the matrix values of Equations 165 to 167.

After the estimation of the volume orientation and the volume matrix respectively,

the volume power fV is extracted by solving Equation 219 using the selected vege-

tation volume. As the three component decomposition can lead to negative eigen-

values of the ground components, the volume power fV is corrected for the differ-

ent volume orientation cases, as explained in Chapter 4.2.2., using the approach

of [320].

After the subtraction of the corrected and selected volume component the ground

components are used to estimate the scattering dominance by the criterion, de-

fined in [343] and introduced in Chapter 4.2.3., to set the parameter αD or βS in

the non-dominant case to zero for reasons of parameter reduction. For the dihedral

component, the loss components mdg and mdv are incorporated according to Equa-

tions 135 and 136. For the surface component, the distribution width accounting

for roughness induced depolarization ψl is fixed to the empirically defined value

of π/12 to keep the linear system solvable. Focusing on the left image of Figure

79, the result of the polarimetric, model-based decomposition for the OPAQUE

2007 campaign is shown as a RGB-composite of the normalized power compo-

nents, where the dihedral scattering power is set to red, the volume scattering

power is set to green and the surface scattering power is set to blue. Comparing

the RGB-composite with the land use map, the forested areas indicate a clear and

homogeneous volume scattering signature, whereas on the agricultural fields sur-

face or dihedral scattering are mainly dominant except for the winter rape fields

(yellow color in land use map), which also illustrate a distinct volume scattering

component due to a dense vegetation layer of approximately 100-120cm height.

In addition, there exist also fields, which change their scattering dominance within
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Figure 79: Results of the model-based polarimetric decomposition for the OPAQUE
2007 campaign, (from left to right) 1. RGB-composite of normalized
decomposed powers (R: Dihedral, G: Volume, B: Surface), 2. Local
incidence angle [°], 3. Land use map, 4. Decomposition methods used
for retrieval of soil characteristics [159].

the field parcel despite the presence of the same crop type. One example is given

by a grassland area in the center of the image (frame 1), which changes in ascend-

ing range direction from surface to dihedral scattering. Hence, the local incidence

angle θl in Figure 79 exhibits a clear gradient within the grassland area from steep

angles of 25° to shallower angles of 55°, which constitutes the influence of topog-

raphy on the scattering dominance.

For the OPAQUE 2007 campaign, the scene was acquired on the 31st of May 2007,

when most of the agricultural areas were already fully covered by vegetation (Ta-

ble 12 states more than 50cm vegetation height for the winter crops). Therefore

the dihedral scattering (red color in RGB-image) is clearly visible, which can be

detected on the winter triticale and winter barley fields in the middle of the im-

age (frame 2). Furthermore, the bare soil fields show a clear surface dominance

(frame 3), which states the logic correctness and the physical relevance of the

model-based decomposition in agricultural areas.

In Figures 80 and 81 the decomposition results for the AgriSAR 2006, for the

OPAQUE 2008 and for the SARTEO campaign are presented. For the analysis of
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the AgriSAR data, a date in the beginning (April), in the middle (June) and in

the end (July) of the vegetation growth period is selected to analyze the behavior

of the model-based decomposition algorithm with growing vegetation cover. In

general the volume component is constantly increasing along the growing period

in Figure 80 due to the rising complexity of the plant scattering scenario, espe-

cially on the winter rape fields. The normalized decomposition powers (1st row)

Figure 80: Results of the model-based polarimetric decomposition for the AgriSAR
2006 campaign (from left to right); 1st row: Land use map and RGB-
composite of normalized decomposed powers (R: Dihedral, G: Volume,
B: Surface) for 19th of April, for 7th of June and for 5th of July 2006;
2nd row: Local incidence angle and decomposition methods for 19th of
April, 7th of June and 5th of July 2006.

135



6.1. RESULTS FOR SOIL MOISTURE

Figure 81: Results of the model-based decomposition for the OPAQUE 2008 (1st

row) and SARTEO (2nd row) campaign (from left to right): RGB-
composite of normalized decomposed powers (R: Dihedral, G: Volume,
B: Surface), local incidence angle, land use map and decomposition
methods.
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and the decomposition methods (2nd row) justify a variety of scattering scenarios

appearing along the growing season, which are reflected well by the model-based

decomposition. Especially for the end of the growth period (5th of July) the winter

wheat fields (orange color in land use map) appear as surface and not dihedral

scatterers, which is not expected at a vegetation height of ∼80cm. The solution

might be given by a dry weather period, where the last rain was recorded on the

26th of June (cf. Appendix D). The vegetation water content within the wheat

plants decreased significantly to about 65% making the vegetation canopy more

or less transparent for L-band waves. Therefore a distinct water content in the

plant stalks is missing to induce a dihedral reflection with the soil and the vertical

plant stalks.

For the OPAQUE 2008 data in Figure 81, the image of the normalized decomposi-

tion powers indicates an earlier growth status of the vegetation with mainly sur-

face dominant scattering compared to the advanced phenological situation with

a more closed vegetation canopy for the OPAQUE 2007 data (showing already

dihedral scattering in Figure 79). This also reflects into the decomposition meth-

ods, where the majority of the agricultural areas are decomposed using a random

vegetation volume accounting for a soil covering plant structure in the phenolog-

ical stage of leaf development (cf. Figure 4 as well as Appendix B for phenology

and Table 5 for vegetation height of the test fields within the OPAQUE 2008 cam-

paign). Moreover, the acquisition of the SARTEO campaign in May 2008 indicates

a medium to low vegetation cover, where surface scattering dominates on the agri-

cultural fields (cf. Figure 81). The vegetation component is mostly characterized

as randomly or vertically oriented pointing towards a phenological phase of stem

elongation (cf. Figure 4 and Appendix B). Unfortunately, no direct vegetation mea-

surements were taken during this campaign.

In the end, the decomposition results of all campaigns indicate a physically mean-

ingful decomposition of the scattering signal in agricultural areas for a variety of

crop types and phenological conditions along the growth season.

6.1.2.2. Inversion and validation of surface and dihedral components

Depending on the scattering dominance either the dihedral or the surface compo-

nent is inverted for soil moisture, following the procedures explained in Chapter

4.2.5.. For the final result of the soil moisture retrieval, the estimated soil mois-

tures from the bare soil areas with the X-Bragg approach and from the vegetated

soil areas (surface and dihedral) with the ground components of the model-based

decomposition are unified in one total soil moisture result. This unified result is
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depicted in Figures 82 - 84 for the OPAQUE 2007, AgriSAR 2006, OPAQUE 2008

and SARTEO 2008 campaign, respectively. All displayed soil moisture images are

scaled from 0vol.% to 50vol.%, in which the areas colored in white represent non-

invertible regions.

Beginning with the analysis of Figure 82 for the OPAQUE 2007 campaign, the in-

version of soil moisture from the X-Bragg approach reveals that the areas classified

for this approach are relatively sparse and are mostly located in the far range re-

gion, as already stated in Chapter 6.1.1.. An exception are the black areas along

azimuth direction which exhibit very steep incidence angles (θl<5°), which can

be considered as invalid due to the extremely low moisture value. The level of

inverted soil moisture values is high, which can be explained by the relatively low

values of polarimetric entropy and of mean scattering alpha angle modeled with

the X-Bragg model compared to the high values of polarimetric entropy and of

mean scattering alpha angles from the data, which is in accordance with the re-

sults in Chapter 6.1.1. (cf. Figure 72).

Soil moistures, retrieved from the surface and dihedral scattering components of

the three component model-based decomposition, exhibit different densely in-

verted land use classes, which result from the scattering dominance specified in

the model-based decomposition (cf. Figure 79). Hence, for the inversion from the

surface component, the summer corn fields on the lower right of the image (frame

1), which were only sparsely vegetated at the acquisition date, demonstrate a

spatially complete inversion result. In addition, the inversion from the dihedral

component indicates a quite complete inversion for the winter triticale (frame 2)

and the winter barley (frame 3) fields, which grew already to a vegetation height

of more than 60cm causing a distinct dihedral scattering component.

The combined results of all inverted soil moisture approaches in Figures 82-84 ex-

hibit that major parts of the forested areas show a sparse inversion due to restric-

tions of the polarimetric scattering models, which fit only for agricultural regions

at L-band. In addition, a long stretched region in near range illustrates a lack of

inversion for the two OPAQUE data sets, which might be explained by comparison

with the local incidence angle within these regions of missing inversion (cf. Fig-

ures 79 and 82 for the OPAQUE 2007 campaign as well as Figures 81 and 84 for

the OPAQUE 2008 campaign). The angles are below 20° local incidence, which

reduces strongly the observable space of polarimetry and limits the inversion.

For the AgriSAR campaign the inverted soil moisture is depicted in Figure 83,

including the three dates along the growing season together with the land use in-

formation. The inversion rates for the three dates along the growth cycle, which
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Figure 82: Estimated soil moisture of the X-Bragg approach (on bare soils), the
surface and the dihedral component of the three component model-
based decomposition (on vegetated soils) for the OPAQUE 2007 cam-
paign. ‘Total’ presents the combined soil moisture result of all com-
ponents. White color represents non-invertible pixels (image smooth:
4x4) [159].

range from 25% in June to 35% in April, are reported in Table 13. In Figure 83

the majority of non-invertible regions (white color) appear within the June ac-

quisition, when the vegetation was almost fully grown for the winter crops (cf.

Figures 55 and 56). This effect is explicitly pronounced for the winter rape fields

with a vegetation height of about 150cm, whereas it is less noticeable for the other

two acquisitions. Reasons might be on one hand the low vegetation height of less

than 30cm for the April acquisition and on the other hand a distinct, but more dry

and therefore transparent, vegetation canopy for the July acquisition. Hence, the

used vegetation model within the applied model-based approach is not adapted

sufficiently well to the different scattering scenarios along the crop cycle, which

has the greatest impact on the winter rape fields with their complex plant geome-

try of a stalk and a bean layer (cf. Figure 77).

In addition, the inversion on the dihedral dominant scattering parts (cf. Fig-

ure 83 and decomposition methods in Figure 80) show a distinct overcompen-

sation for the June and July acquisitions using the combined vegetation attenu-

ation/roughness scattering loss m2
dg
·m2

dv
(cf. Equation 219), which in particular
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Figure 83: Land use map and estimated soil moisture of the X-Bragg approach (on
bare soils), the surface and the dihedral component of the three compo-
nent model-based decomposition (on vegetated soils) for 19th of April,
for 7th of June and for 5th of July of the AgriSAR 2006 campaign. White
color represents non-invertible pixels (image smooth: 4x4).

hampers the inversion of the winter rape fields of the AgriSAR campaign.

For the OPAQUE 2008 and the SARTEO campaign, the inverted soil moisture is

presented in Figure 84. The regions of steep local incidence (near range) and the

forested regions within the inversion result for both campaigns evince the known

lack of inversion, for reasons already discussed with the OPAQUE 2007 data (cf.

Figure 82). The inversion rates for the OPAQUE 2008 and the SARTEO campaign

amount to 24% and to 25%, respectively (cf. Table 13). The agricultural regions

reveal a more or less complete inversion on agricultural fields, which are classified

as randomly oriented in Figure 81. This is mostly the case for the vegetation of

the OPAQUE 2008 campaign, where only the winter rape fields exhibit a dihedral

dominant scattering signal indicating a stalk-dominated vegetation geometry. The

inversion failed for this crop type due to the aforementioned reason of an over-

compensation in the dihedral scattering power caused by a too strong correction

of the attenuation loss. Besides, the dihedral reflections of a power line (white

frame) in Figure 81 for the SARTEO campaign lead to a linear feature in the soil

moisture image, which is in this way not soil related and invertible, respectively.

A second reason for low inversion rates on some fields of the SARTEO acquisition

might be given by the different orientation cases found by the decomposition al-

gorithm and depicted in Figure 81. As the selection of the volume orientation is
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Figure 84: Land use map and estimated soil moisture of the X-Bragg approach (on
bare soils), the surface and the dihedral component of the three compo-
nent model-based decomposition (on vegetated soils) for the OPAQUE
2008 (left) and for the SARTEO (right) campaign. White color repre-
sents non-invertible pixels (image smooth: 4x4).

based on thresholds of a polarization power ratio (cf. Equation 164), the empiri-

cally set thresholds might not always lead to the optimum choice.

In a next step the estimated soil moisture values are validated for evaluation of

the inversion performance starting with the OPAQUE 2007 campaign. The valida-

tion compares soil moisture values, averaged spatially from ground measurement

points in 0-10cm depth (top soil layer), with the estimated soil moisture values

from bare and vegetated soils. For the ground measurements within the OPAQUE

2007 campaign, mobile FDR-probes were used, whereas for the retrieval of the

estimated soil moistures the same sampling strategy, introduced in Figure 75, is

applied.

The seven different crop types winter wheat, winter triticale, winter barley, win-

ter rape, summer corn, summer barley and grassland are used for analyses of
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soil moisture estimation under vegetation cover, where the vegetation character-

istics are described in Table 12. In Figure 85 the comparison between measured

and estimated soil moisture values for the seven different crop types is displayed

together with the RMSE and the mean of the STDDEVs of the estimated soil mois-

ture values within the sampling boxes. In Table 12 the RMSE of the estimated soil

Table 12: Vegetation characterization and inversion results (RMSE, STDDEV) on
seven different test fields for the OPAQUE campaign in May 2007, [159].

Fields Plant height Row distance Wet biomass STDDEV1 RMSE
[cm] [cm] [kg/m2] [vol.%] [vol.%]

Winter wheat 55 10 2.85 10.63 8.46
Winter barley 70 10 3.31 13.06 11.09
Winter triticale 85 10 3.34 10.70 9.98
Winter rape 135 18 6.52 11.43 20.16
Summer corn 16 75 0.1 11.44 7.32
Summer barley 45 23 0.93 13.08 9.37
Grassland 27 10 1.13 8.53 8.75
1mean of STDDEV of moisture estimates within the sampling boxes

moistures from all investigated crop types exhibits an accuracy of 8.5-20.2vol.%

for the OPAQUE 2007 data. Furthermore, a mean standard deviation of the esti-

mated soil moistures of 8.5-13.1vol.% (OPAQUE 2007) indicates a broad range of

inverted moisture values (cf. Table 12). Reasons for this might be on one side the

complex and spatially highly varying scattering scenario inverted with a limited

number of observables and on the other side the characteristics of soil moisture

itself, which is also varying distinctly over one field parcel. A detailed, field-based

analysis is given as follows:

The estimated soil moisture values on the winter wheat and summer corn fields

show no significant trend and over- and underestimate the measured soil moisture

in Figure 85. For the winter rape, the winter barley and the summer barley fields,

an underestimation is visible in Figure 85, caused by the inverted soil moisture

values of the surface component under a vegetation canopy from 45cm (summer

barley) up to 135cm (winter rape). This can be linked to a βS-parameter, that is

too small after removal of the volume component. In conclusion, the modeling of

the vegetation volume within this retrieval approach is still not satisfactory and

has to be re-examined in the subsequent approaches.

On the other hand, soil moisture values from the winter triticale and the grassland

field are mostly inverted from the dihedral scattering component and depict an

overestimation, which is induced by the already suspected overcompensation of
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the combined vegetation attenuation/roughness scattering loss (m2
dg
·m2

dv
), which

is also directly retrieved from the PolSAR data itself. In this way, the parameter

Figure 85: Comparison between measured and estimated soil moisture values
from the model-based approach for winter wheat (a), summer barley
(b), winter triticale (c), winter barley (d), summer corn (e), grassland
(f), winter rape (g) of the OPAQUE 2007 campaign; RMSE = root mean
square error of soil moisture inversion; STDDEV = mean of STDDEV of
moisture estimates within the sampling boxes [159].

space is kept constant and analytically solvable, but the loss factor within the di-

hedral component will be adapted for the following retrieval approaches.

Moreover, Figure 86 and Table 13 represent the validation of the model-based
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decomposition and soil moisture inversion approach of Chapter 6.1.2.1. for the

AgriSAR, OPAQUE 2008 and SARTEO campaign. The validation was conducted in

Figure 86: Comparison between measured and estimated soil moisture values
from the model-based approach for different crop types of the SARTEO
2008 campaign (top left), of the OPAQUE 2008 campaign (middle left)
and of the AgriSAR 2006 campaign (top right: 19th of April, middle
right: 7th of June, bottom: 5th of July).

the same way as presented in Figure 75. Compared to the validation of the bare

soil inversion algorithm using the X-Bragg model (cf. Figure 76), the results of the

model-based decomposition and inversion approach for bare and vegetated soils

evidences a distinctively lower level of RMSE and a significantly higher inversion

rate in Figure 86 and Table 13. However, a detailed analysis of the different crop

types reveals that the inverted soil moisture values of the summer crops are mostly
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Table 13: Quality assessment of inversion results with the model-based approach
including all investigated crop types for the AgriSAR 2006, OPAQUE
2008 and SARTEO 2008 campaign.

Date RMSE [vol.%] STDDEV1

[vol.%]
Inversion rate [%]

AgriSAR 19.4.2006 10.37 12.38 35
AgriSAR 07.6.2006 9.19 12.06 25
AgriSAR 05.7.2006 13.04 12.38 30
OPAQUE 08.5.2008 10.11 13.01 24
SARTEO 27.5.2008 8.59 10.31 25
1mean of STDDEV for moisture estimates within the sampling boxes

inside the ±10vol.%-interval, whereas the soil moisture inversion of the winter

crops with a more pronounced vegetation cover generates mostly an overestima-

tion. This is caused by an insufficient vegetation volume characterization, by a

deficit in the separation between vegetated and bare soils (e.g. overestimation for

AgriSAR 5th of July acquisition and for the winter triticale field of OPAQUE 2008

acquisition) and by an inversion of the dihedral component, which used a vege-

tation attenuation/roughness scattering loss (e.g. overestimation for winter crops

of the SARTEO acquisition). Moreover, the inversion for the 5th of July within

the AgriSAR campaign revealed the strongest RMSE of 13.04vol.%, exhibiting a

very low moisture level (1-12vol.%) together with the largest vegetation cover

(vegetation height: ∼70-170cm). In the next chapters, further investigations are

necessary to test additional approaches of modeling the volume disturbance and

the dihedral loss component as well as to study the influence of topography on the

inversion of soil moisture, in order to overcome the limits in soil moisture retrieval

for regions with steep local incidence angle.

6.1.2.3. Inversion and validation of surface and dihedral components
using Pauli-based ground-to-volume ratios

One of the major problems concluded from the last Chapter 6.1.2.2. is posed by

the characterization of the vegetation volume scattering, which is mainly embod-

ied in the cross-polarized scattering component SXX . This component is character-

ized in agriculture by a mixed scattering response of the vegetation cover and the

soil roughness. Normalized Pauli-based ground-to-volume scattering ratios Pa are

derived directly from the polarimetric SAR data, as introduced in Equation 176,

for splitting the cross-polarized component into a roughness and a vegetation con-

tribution (cf. Figure 38). Figure 87 displays exemplarily the normalized surface
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Figure 87: Normalized Pauli-based ground-to-volume ratios for 19th of April 2006
of the AgriSAR campaign (from left to right): Land use map of
AgriSAR 2006 campaign, combined ground-to-volume ratio PaG, sur-
face ground-to-volume ratio PaS and dihedral ground-to-volume ratio
PaD [150].

and dihedral ground-to-volume ratios for the 19th of April 2006 of the AgriSAR

campaign, where volume scattering indicates a normalized Pauli-based ground-to-

volume ratio close to zero and pure ground scattering a ratio close to one. Due to

reasons of space the normalized Pauli-based ground-to-volume ratios for all other

acquisitions are presented in Appendix F.

For all campaigns soil moisture was estimated according to the method introduced

in Chapter 4.2.5.3. and is shown in Figures 88 and 89, where the roughness de-

polarization parameter (ψl) and the soil roughness (ks) were acquired from Equa-

tions 217 and 218 as a pre-processing step and were incorporated in the soil mois-

ture retrieval from the surface and the dihedral component (surface: ψl, dihedral:

mdg). The soil moisture inversion results for all campaigns are scaled from 0vol.%

to 50vol.% and non-invertible pixels are masked white. For the AgriSAR campaign,

a distinct difference in soil moisture level is observed between the beginning of the

growing season in spring (19th of April) compared to the end of the growing sea-

son in summer (5th of July), which can also be confirmed by analyses of the soil

moisture measurements on the test fields (cf. Figures 52-54). Furthermore, in the

inverted moisture results of Figure 88 the acquisition of the 19th of April exhibits

a considerably reduced inversion rate on the winter wheat fields (orange color in

land use map), which can be explained by the dihedral dominance, selected by

the criterion of Freeman and Durden (cf. Table 2 and Figure 39). But in the early
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stage of the vegetation growth period the stalks of the wheat plants were not de-

veloped yet. Thus the selected dihedral inversion led to non-physical results on

these fields.

Moving to the OPAQUE and SARTEO campaigns, the soil moisture inversion re-

sults in a considerable increase in inversion rate (34% for OPAQUE 2007, 39% for

SARTEO and 40% for OPAQUE 2008) compared to the previous approach of Chap-

ter 6.1.2.2.. The inverted soil moisture for bare and vegetated soils is depicted in

Figure 88: Inverted soil moisture for the AgriSAR 2006 campaign applying the
model-based approach with normalized Pauli-based ground-to-volume
ratios for the entire vegetation growth period (from left to right): Land
use map of AgriSAR campaign, soil moisture for 19th of April, for 7th of
June and for 5th of July 2006 (image smooth: 4x4) [150].

Figure 89 for the OPAQUE and SARTEO campaigns. In comparison with the re-

sults of Chapter 6.1.2.1., the largest increase of invertible pixels takes place in the

forested areas and the winter rape fields (frame 1 in Figure 89). Hence, both rep-

resent land use classes with a strong volume component, which seem to be better

separated including the normalized Pauli-based ground-to-volume ratios. Further-

more, the newly developed ratio of Equation 201, replacing the X-Bragg bare soil

inversion approach, evinces a more homogeneous inversion (frame 2 in Figure 89)

than for the former approach in Figure 84. In order to assess the inversion quality,

the validation between measured and estimated soil moistures is shown in Figure

91 for the AgriSAR, the OPAQUE and the SARTEO campaigns including a variety

of summer and winter crops. Moreover, the sampling strategy for the validation

is explained in Figure 90. The RMSE between the measured and the estimated

147



6.1. RESULTS FOR SOIL MOISTURE

Figure 89: Inverted soil moisture for OPAQUE and SARTEO campaigns apply-
ing the model-based approach with normalized Pauli-based ground-to-
volume ratios (from left to right): Soil moisture for OPAQUE 2007 (31st

of May), OPAQUE 2008 (8th of May) and SARTEO 2008 (27th of May)
campaigns (image smooth: 4x4).

Figure 90: Sampling scheme on the test fields for the inversion approach incor-
porating normalized Pauli-based ground-to-volume ratios: 13x13 pix-
els around each measurement location (squares) form a sampling box.
Criteria for a valid sampling box of the validation: 1. Minimum 12.5%
invertible pixels per box; 2. Minimum five valid sampling boxes per
field (gray boxes); 3. For field data of the AgriSAR campaign, mea-
sured outliers with a deviation of three times the standard deviation of
the mean value were excluded.
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moisture values of the six acquisitions varies from 6.80vol.% for the AgriSAR ac-

quistion on the 7th of June until 13.20vol.% for the OPAQUE 2007 acquisition,

while all RMSE values are reported in Table 14. Moreover, the uncertainty of the

Figure 91: Comparison of measured and estimated soil moisture for the AgriSAR
campaign on 19th of April (a), on 7th of June (b), on 5th of July (c), for
the SARTEO campaign (d), for the OPAQUE 2007 campaign (e) and for
the OPAQUE 2008 campaign (f) applying the model-based approach
with normalized Pauli-based ground-to-volume ratios.

retrieval method is also indicated in Table 14 by the mean of the standard devi-
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ation for the estimated soil moisture within the sampling boxes, which indicates

approximately the same or even higher levels than the RMSE values. This strong

Table 14: Quality assessment of inversion results including all crop types for the
AgriSAR 2006, OPAQUE 2008 and SARTEO 2008 campaign applying the
model-based approach with normalized Pauli-based ground-to-volume
ratios.

Date RMSE [vol.%] STDDEV1 [vol.%] Inversion rate [%]
AgriSAR 19.4.2006 7.70 11.97 43
AgriSAR 07.6.2006 6.80 11.19 43
AgriSAR 05.7.2006 12.39 12.59 42
OPAQUE 31.5.2007 13.20 10.87 34
OPAQUE 08.5.2008 11.10 10.55 40
SARTEO 27.5.2008 9.45 10.09 39
1mean of STDDEV for moisture estimates within the sampling boxes

deviation can be explained by a certain insensitivity to capture the intra-field vari-

ability with the applied approach. The deviation is especially high for the July

date (STDDEV=12.59vol.%) of the AgriSAR campaign in the end of the growth

period, where the low soil moisture level of the measurements (1-12Vol.%) could

not be obtained with the applied approach and the results show an overestimation

with a RMSE of 12.39vol.%. But comparing all campaigns, the RMSE-level is only

∼1-2vol.% lower (AgriSAR) or higher (OPAQUE, SARTEO) than for the algorithm

presented before and in Chapter 6.1.2.1., which yields only a small improvement

or a small deterioriation of the RMSE.

However, the occurrence of distinct outliers (outside the ±20vol.%-interval) is

strongly reduced for the model-based approach incorporating the ground-to-volume

ratios due to a better cross-polarization separation (cf. Figure 91), except for the

winter barley and the winter rape fields within the OPAQUE 2007 campaign. The

distinct underestimation of these soil moisture estimates results from an inversion

of the surface component under 70cm (winter barley) and 135cm (winter rape)

of a closed vegetation canopy combined with a shallow incidence angle of around

50° (winter barley) and 45° (winter rape) and slopes facing away from the sensor.

These conditions hamper the presence of dihedral scattering, which would have

been desirable for inversion under such vegetation conditions (cf. Table 3).

6.1.2.4. Hybrid decomposition and inversion

The hybrid decomposition, which is introduced in Chapter 4.2.6., combines a

model-based and an eigen-based decomposition in order to subtract an appro-
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priate rank-3 volume contribution and to separate subsequently the ground com-

ponents in a physically meaningful way. For reasons of performance validation,

the AgriSAR, OPAQUE and SARTEO data sets were used for application of the

algorithm in different scattering scenarios. As the performance is distinctively

enhanced using the physically constrained volume component fV ch, all results will

incorporate this particularly adapted volume scattering component. Finally, Figure

92 outlines the processing scheme of the hybrid three component decomposition

for soil moisture estimation under vegetation.

Figure 92: Scheme of the hybrid three component decomposition and inversion
algorithm for soil moisture.

6.1.2.4.1. Hybrid decomposition using a physically constrained volume
component

Figure 93 illustrates exemplarily the surface (αs) and dihedral (αd) scattering

mechanisms for the 19th of April 2006 (AgriSAR campaign) retrieved by the hybrid

decomposition described in Chapter 4.2.6., including a physically constrained vol-

ume intensity component fV ch with εest=20 (cf. Chapter 4.2.6.1.). Furthermore,

the results for the surface and dihedral scattering mechanisms of the remaining

acquisitions are added in Appendix G.

A smooth and transient change of the scattering mechanisms over the scenes in

Figure 93 and Appendix G, which follows the incidence angle conditions, indicates

the natural and physically correct separation of the two scattering mechanisms
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Figure 93: Land use map (left) as well as surface αs (middle) and dihedral αd

(right) scattering mechanisms for 19th of April 2006 of the AgriSAR
campaign using the hybrid decomposition with a physically constrained
volume component fV ch (εest-level=20) [156].

by the orthogonality condition, introduced in Chapter 4.2.6.. Therefore the hy-

brid decomposition exceeds the classical model-based decompositions of Chapter

6.1.2.1. and 6.1.2.5., because in the classical cases the non-dominant scattering

mechanism has to be set to a pre-defined artificial value to keep the decomposition

system analytically solvable [124,159,151].

The α1-criterion for the determination of the appropriate εest-level (Equation 212)

revealed a clear minimum for the different campaign sites and acquisition dates

stating a stable performance over a wide range of topography and over a diversity

in vegetation phenology (cf. Table 15).

6.1.2.4.2. Inversion and validation of hybrid decomposition

After the retrieval of the appropriate surface and dihedral scattering mechanism

(αs, αd), the soil moisture can be retrieved for both ground components. As the

intensity of the volume component fV ch is specifically adapted using the physically-

based Bragg surface scattering model, the inversion rate of the dihedral component

revealed to be negligible and the results are not shown. Figure 94 displays the soil
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Table 15: Estimated dielectric level (εest-level) for each acquisition from the
α1-criterion of Equation 212 (m=master-acquisition, o=opposite-
acquisition) [156,153].

Date εest-level [-]
AgriSAR 19.4.2006 20
AgriSAR 07.6.2006 10
AgriSAR 05.7.2006 8
OPAQUE 31.5.2007 301

OPAQUE 08.5.2008 (m) 18
OPAQUE 08.5.2008 (o) 18
SARTEO 27.5.2008 15
1more stringent criterion: α1 < 20°

moisture maps inverted for the AgriSAR, the OPAQUE, the SARTEO campaigns.

The applied εest-level was obtained as shown in Chapter 4.2.6.1., while the ap-

propriate level for the OPAQUE 2007 campaign was found by a more stringent

α1-criterion of 20°. The εest-levels presented in Table 15 correspond well with the

range of the soil moisture data from the measurement campaigns on the test sites.

All inverted soil moisture images are scaled individually to enhance the contrast.

White areas are masked due to non-physical results in the inversion process, while

areas without DEM-coverage are masked gray.

In Table 16 the inversion rates are reported for the three campaigns. Compared

to methods in Chapter 6.1.2.1. [124, 159] and Chapter 6.1.2.3. [150], an almost

complete and continuous inversion can be achieved with an inversion rate of more

than 97% for all acquisitions, including a wide range of local incidence angles and

vegetation states (cf. Figure 94). This reflects a very favorable result for run off

simulations and flood forecasting models, where a whole catchment needs to be

monitored continuously in order to retrieve the spatial soil moisture distribution

within the catchment.

With focus on the covering vegetation layer, the maximum vegetation height var-

ied from 18cm maximum height for the 19th of April acquisition (AgriSAR) to

172cm for the 5th of July acquisition (AgriSAR) (cf. Figure 52). The OPAQUE

and SARTEO campaigns exhibit intermediate vegetation heights, which are still

of great interest, because not only the height also the phenology of agricultural

plant alters distinctively along the growth cycle. The phenological conditions are

illustrated exemplarily for different crop types in Figure 77. Therefore the phys-

ically constrained volume component seems to compensate the influence of the

vegetation cover quite well, despite the diversity of different scattering scenarios
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Figure 94: Results for soil moisture inversion under vegetation cover using a hy-
brid decomposition and inversion approach: a) SARTEO campaign
(27th of May 2008 with εest=15); b) OPAQUE campaign (8th of May
2008 with εest=18) master-scene; c) OPAQUE campaign (8th of May
2008 with εest=18) opposite-scene; d) OPAQUE campaign (31st of May
2007 with εest=30); e) AgriSAR campaign e1) 19th of April 2006 with
εest=20, e2) 7th of June 2006 with εest=10, e3) 5th of July 2006 with
εest=8); Areas without DEM-coverage are masked gray; Non-invertible
regions are masked white; Near to far range spreads from left to right
edge of the images except for (c), where the situation is reversed;
SO=summer oat, WW=winter wheat [153,156].
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in agriculture. This leads to the consistent and continuous inversion results for all

scenes depicted in Figure 94.

Field measurements of soil moisture were taken with TDR, FDR and gravimetric

probes during the three campaigns for a quantitative analysis of the inversion.

Figure 95 provides the settings of the validation for the different test fields. The

Figure 95: Sampling scheme on the test fields for validation of the hybrid decom-
position and inversion algorithm: 13x13 pixels around each measure-
ment location (squares) form a sampling box. Criteria for a valid sam-
pling box of the validation: 1. Minimum 70% invertible pixels per box;
2. Minimum five valid sampling boxes per field (gray boxes) 3. For
field data of the AgriSAR campaign, measured outliers with a deviation
of three times the standard deviation of the mean value were excluded.

resulting scatter plots of measured soil moistures on ground compared with esti-

mated soil moistures from the developed approach are presented in Figure 96 for

all acquisitions covering the entire vegetation growth period as well as different

incidence angle scenarios.

Comparing the seven acquisition dates, the different levels of measured soil mois-

ture vary between 1vol.% and 46vol.%. The performance of the developed algo-

rithm is constantly on a high level resulting in a root mean square error (RMSE)

between 4.4vol.% and 11.0vol.%, as shown in Table 16, for all land uses, topo-

graphic variations and along the entire vegetation growth period.

An increased RMSE is given for the OPAQUE 2008 data, where an investigation for

different local incidence angles was conducted. Therefore a master-scene (m) in

descending mode and an opposite-scene (o) in ascending mode were processed for

soil moisture inversion. The RMSE of the opposite-scene is significantly increased

to 9.52vol.% compared to 7.49vol.% for the master-scene (cf. Figure 96 and Ta-

ble 16). For the opposite-scene, the soil moisture inversion overestimates for the

winter wheat field (WW) in near range and underestimates for the summer oat
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Figure 96: Scatter plots of measured soil moisture values from TDR, FDR and gravimetric probes
against estimated soil moisture values using the hybrid decomposition and inversion
algorithm for a variety of land use types. AgriSAR 2006 − Validation along the growth
cycle: At the beginning of the vegetation growth period at 19th of April (a), in the mid-
dle of the growth period at 7th of June (b) and at the end of the vegetation growth
period at 5th of July (c); SARTEO 2008 − Validation for emerging vegetation at 27th

of May (d); OPAQUE 2008 − Validation for different local incidence angles under pro-
nounced topography at 8th of May: master-scene (e) and opposite-scene (f). OPAQUE
2007 − Validation for mature winter crops at 31st of May (g) [153,156].
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field (SO) in far range (cf. Figure 94). The situation is reversed, but appears less

pronounced, for the master-scene.

Hence, a certain dependency of the inversion on the local incidence angle is al-

ready visible on the images of Figure 94. The local incidence angle (θl) as main

factor of the forward modeling of the surface component influences subsequently

the soil moisture retrieval from the physical constraining of the volume intensity

( fV ch) until the calculus of the surface scattering alpha (αs) for the subsequent soil

moisture inversion. Furthermore, the effect of incidence angle variability on soil

Table 16: Inversion rate, RMSE, STDDEV and maximum of vegetation height for
the hybrid decomposition and inversion with physically constrained
volume intensity fV ch applied for all study areas covering a variety
of crop types in different phenological stages (m=master acquisition,
o=opposite acquisition) [153,156].

Date Inversion
rate [%]

RMSE
[vol.%]

STDDEV2

[vol.%]
Max. Vegetation
height [cm]

AgriSAR 19.4.2006 99.77 6.75 3.72 18
AgriSAR 07.6.2006 99.79 6.98 2.37 167
AgriSAR 05.7.2006 99.69 4.43 2.21 172
OPAQUE 31.5.2007 97.89 11.02 5.19 85
OPAQUE 08.5.2008 (m) 98.17 7.49 3.74 82
OPAQUE 08.5.2008 (o) 98.38 9.52 3.16 82
SARTEO 27.5.2008 99.95 5.80 2.62 ∼ 701

2mean of STDDEV for moisture estimates within the sampling boxes,
1no direct measurements

moisture inversion under vegetation cover is studied in [155].

Another effect raising the RMSE for oriented scattering scenarios is the confine-

ment of this decomposition algorithm to random volumes. There is no orientation

effect of the vegetation volume included in the current algorithm, which would

cause a non-zero T12-element in [TV ]. Thus, it can be explained, why fields like

sugar beet in June (AgriSAR campaign) with mainly horizontally oriented broad

leaves exhibit a pronounced underestimation. First attempts with the inclusion

of a standard approach concerning vegetation orientation in this hybrid decom-

position algorithm like in [124, 159, 151] (using the co-polarization power ratio

of Equation 164 for separation in horizontally oriented, vertically oriented or ran-

domly oriented vegetation volumes with fixed distribution widths and distribution

means) resulted in a major loss of inversion rate and of inversion accuracy.

As the result with the highest RMSE of 11.02vol.%, the OPAQUE 2007 campaign

data reveal a combination of the oriented vegetation and the incidence angle ef-
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fect. Thus a considerable variability of the inverted soil moisture, guided by topog-

raphy, can be noticed from Figure 96g. While the steep incidence angle regions can

be assigned to high soil moisture values (∼45vol.%), the shallow local incidence

angle regions (cf. Figure 62) reveal a low soil moisture level (∼15vol.%) in Figure

94d. But for some fields like winter wheat and winter barley having a favorable

shallow local incidence (cf. Figures 65 and 66), the RMSE still rises above 10vol.%

owing to the strong vertical orientation of the vegetation (cf. images in Figure 85)

causing an even stronger underestimation.

6.1.2.5. Multi-angular model-based decomposition and inversion

In order to overcome the incidence angle effect on the soil moisture inversion un-

der vegetation cover, mentioned in previous Chapters, a novel multi-angular ap-

proach is introduced in the following. Figure 64 presents the three different flight

headings acquired during the OPAQUE 2008 campaign to obtain a multi-angular

set of acquisitions (cf. Chapter 5.1.2.). The different scenes are labeled as master
(m), opposite (o) and perpendicular (p). In order to combine these scenes for a

multi-angular model-based decomposition, a processing scheme shown in Figure

97 was developed. Similar to the single angular-approach of Chapter 6.1.2.1. an

H/α-criterion is applied for each scene individually, to separate regions of vege-

tated and non-vegetated soils. The non-vegetated soils are inverted by the X-Bragg
surface scattering approach of Chapter 6.1.1., while the areas of vegetated soils

are decomposed with a model-based three component polarimetric decomposition

given as

〈[TData]〉= [TXB]+ [TAD]+ [TGV ]

= fS

 1 β ∗S sinc(2ψ1) 0
βSsinc(2ψ1) 1

2 |βS|2(1+ sinc(4ψ1)) 0
0 0 1

2 |βS|2(1− sinc(4ψ1))

+

fD ·m2
dv

 |αD|2 αD 0
α∗D 1 0
0 0 0

+ fV

 V11 V12 0
V12 V22 0
0 0 V33

 . (220)

The coherency matrix 〈[TData]〉 is decomposed into a depolarizing (rank-3) surface

scattering component [TXB], a deterministic (rank-1) dihedral scattering compo-

nent [TAD] and a generalized (rank-3) volume scattering component [TGV ]. In or-

der to obtain a determined and analytically solvable inversion problem, it is nec-

essary to pre-determine the volume components V11-V33 (as already presented in
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Figure 97: Processing scheme of the multi-angular polarimetric decomposition and
inversion procedure for soil moisture form bare and vegetated soils
[155].

Chapter 6.1.2.), the roughness depolarization (ψl) and the vegetation attenuation

loss (mdv), which was introduced in Equation 136. The roughness-term (ψl) can

be retrieved from the following relation incorporating the circular coherence (cf.

Chapter 4.1.5. and [204]):

ψl =
π

2
· (1−|γRRLL|). (221)

The estimation of the volume orientation to allocate the volume components V11-

V33, the extraction and correction of volume power, the estimation of the scattering

dominance and the calculus of the ground component are already explained par-

ticularly in Chapter 6.1.2.1. and are applied separately for all the incorporated

acquisitions. Afterwards the inversion is applied according to Chapter 4.2.7.1.,

where seven different inversion configurations are possible incorporating one, two
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or three acquisitions from a single-angular to a tri-angular approach.

In Figure 98 the local incidence angle θl and the normalized power components of

the model-based decomposition are depicted for each acquisition. The red frame

indicates the overlapping region of all acquisitions. Due to the variability of the

local topography, caused by the river morphology, the local incidence angle covers

a wide range from almost perpendicular until grazing (1st column). The influence

of the topography on the appearance of one of the three scattering mechanism can

be seen by comparing the local incidence angle maps (1st column) with the model-

based decomposition results (2nd column). In regions with steep local incidence

the surface scattering mechanism (blue colored) dominates, while for shallower

local incidence the dihedral scattering mechanism (red colored) emerges.

The results of the model-based decomposition (2nd column) compared against

the land use information (5th column) appear plausible and physically meaning-

ful, which is in accordance with the results in the previous chapters and with

[124,151,158,159].

6.1.2.5.1. Inversion and validation of the multi-angular model-based de-
composition

The soil moisture results using the multi-angular decomposition and inversion pro-

cedure (cf. Figure 97) are visualized in Figure 98 for the OPAQUE 2008 data set.

Focusing on the soil moisture inversion (3rd to 5th column) the results are dis-

played between 0vol.% and 50vol.%. Non-invertible pixels, e.g. for the forested

area in the upper right corner of each image in Figure 98, are set to white. Es-

pecially the soil moisture inversions from one acquisition (3rd column) exhibit

regions with a very low inversion rate at steep local incidence angles (θl<25°).

This effect confirms the insensitivity of the electromagnetic models at these steep

incidence angles, as predicted from sensitivity analysis in Chapter 4.2.5.. Hence,

the limitation of a single-angular approach with just one acquisition is obvious in

the 3rd column of Figure 98.

The advantage of the multi-angular approach regarding the inversion rate becomes

evident in the 4th and 5th column of Figure 98. An analysis of the inversion results

for soil moisture on the overlapping area (red box) reveals a significant increase

of inversion rate, when moving from simple single-angular to multi-angular ap-

proaches (cf. Table 17). For a single acquisition in a single-angular configuration,

an inversion rate of about 30-50% is achieved, whereas for two acquisitions in

a bi-angular configuration the rate rises to approximately 55-65%. Finally us-

ing all three acquisitions in a tri-angular configuration an inversion rate of about
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Figure 98: 1.column: Local incidence angle [°] for each acquisition geometry:
Master (1.row), opposite (2.row) and perpendicular (3.row); 2. col-
umn: RGB-composites of normalized power contributions of the three
component model-based decomposition from the dihedral (red), vol-
ume (green) and surface (blue) scattering component for each acqui-
sition geometry: Master (1.row), opposite (2.row) and perpendicular
(3.row); 3. column: Single-angular soil moisture: Master (1.row), op-
posite (2.row) and perpendicular (3.row) in master acquisition geome-
try; 4. column: Bi-angular angular soil moisture: Master-perpendicular
(1.row), master-opposite (2.row) and opposite-perpendicular (3.row) in
master acquisition geometry; 5. column: Land use map (1.row, la-
bels of the test fields are explained in Table 18 and green=grassland,
dark green=summer corn, orange=winter rape, brown=pasture), Tri-
angular soil moisture: Master-opposite-perpendicular (2.row) in mas-
ter acquisition geometry; All soil moisture images are displayed with
an averaging window 4x4. White color represents non-invertible pix-
els; The red frame indicates the overlapping zone of the three acquisi-
tions [155].
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70% is obtained. The inverted soil moisture results for each of the seven differ-

Table 17: Inversion rate of the different incidence angle configurations for
multi-angular model-based decomposition on the OPAQUE 2008 data
(m=master, o=opposite, p=perpendicular acquisition) on agricultural
fields (forest, water and urban areas are not considered) within the red
frame (see Figure 64) [151,155].

Configurations master opposite perpendicular
Single acquisition 40% 30% 49%
Two acquisitions m-o m-p o-p

56% 63% 61%
Three acquisitions m-o-p

71%

ent incidence angle configurations are validated against the ground measurements

introduced in Chapter 5.1.2.. The estimated soil moisture values have been aver-

aged within a 13x13 box centered at the sampling points leading to 169 samples

with a single sample resolution of 2x2m (cf. Figure 95 for sampling scheme).

Only boxes with at least 70% invertible pixels have been considered to avoid non-

representative outliers.

In Figure 99 scatter plots display the comparison of measured to estimated soil

moisture for the different configurations. Additionally, the RMSE is summarized

in Table 18 for all investigated fields and all configurations. The RMSE ranges

from 4.41vol.% to 10.33vol.%, while a minimum of five pairs of measured and in-

verted soil moisture samples has been used. Fields with a low inversion rate (less

than five valid samples), have been discarded and are indicated with the signature

‘<’ in Tables 18 and 19. The winter wheat field for instance features a steep local

incidence angle of 26.6° in the case of a single-angular inversion using the oppo-
site-acquisition, which inhibits a soil moisture inversion. Therefore the entire set

of test fields can not be validated for soil moisture retrieval with a single-angular

configuration (master, opposite or perpendicular), as it is evident in Figure 98 and

99a-c.

The multi-angular configurations result in higher inversion rates and lead to more

continuous soil moisture patterns, even for the high validation requirements of

70% box coverage for a valid inversion result. Considering the mean RMSE over

all investigated fields the best performance and the highest inversion quality is

obtained for the tri-angular configuration (m-o-p). A mean RMSE of 5.85vol.%

and a mean STDDEV of 9.47vol.% have been obtained (cf. Figures 99d and 99h as

well as Tables 18 and 19). For the bi-angular approaches the mean RMSE ranges
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Figure 99: Scatter plots of measured against estimated soil moisture values for
the different incidence angle configurations including all investigated
fields (w=winter, s=summer). a) master (m) acquisition; b) opposite
(o) acquisition; c) perpendicular (p) acquisition; d) m-o-p configura-
tion; e) m-p configuration; f) m-o configuration; g) o-p configuration;
h) field mean value of soil moisture for one field from m-o-p configura-
tion (gray bars indicate the standard deviation of the estimates and the
measurements) [155].
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Table 18: Root Mean Square Error (RMSE) in [vol.%] of the inversion for
the different incidence angle configurations (m=master, o=opposite,
p=perpendicular) for the investigated fields (WT=winter triticale,
WB=winter barley, WR=winter rye, WW=winter wheat, SO=summer
oat, - = out of scene, < = too less values for a valid analysis, Mean=
mean of RMSE of all fields for one incidence angle configuration) [155].

Configuration WT WB WR WW SO Mean
m 6.34 < 5.25 4.52 8.55 6.17
o 6.34 < 6.11 < 6.43 6.29
p 10.33 9.75 5.86 9.79 - 8.93
m-o 5.42 7.76 5.81 4.41 6.35 5.95
m-p 6.27 6.85 4.89 5.04 8.55 6.32
o-p 9.46 8.78 6.42 9.54 6.43 8.13
m-o-p 5.72 6.94 5.27 4.98 6.35 5.85

between 5.95vol.% and 8.13vol.%, while for the single-angular approaches the

mean-RMSE is in all cases higher than 6.17vol.%. The results confirm a stability

of the mean-RMSE for the different approaches in the range of 6-8vol.% and a

mean of STDDEV between 10-11vol.% that improves slightly for the case of the

tri-angular inversion (mean RMSE<6vol.%, mean of STDDEV<10vol.%) (cf. Fig-

ure 99 as well as Tables 18 and 19). The results of the winter rye field indicate

Table 19: Mean field value of STDDEV of soil moisture within the sampling boxes
in [vol.%] of the different incidence angle configurations (m=master,
o=opposite, p=perpendicular) for the investigated fields (WT=winter
triticale, WB=winter barley, WR=winter rye, WW=winter wheat,
SO=summer oat, - = out of scene, < = too less values for a valid anal-
ysis, Mean = mean of STDDEV of all fields for one incidence angle con-
figuration) [155].

Configuration WT WB WR WW SO Mean
m 11.17 < 11.83 9.01 11.36 10.84
o 12.21 < 10.77 < 8.04 10.34
p 10.97 10.08 12.19 9.86 - 10.78
m-o 11.33 12.77 12.19 9.13 7.86 10.66
m-p 10.52 10.27 12.65 7.64 11.36 10.49
o-p 10.67 10.80 11.77 9.96 8.04 10.25
m-o-p 9.61 10.34 11.94 7.60 7.86 9.47

the highest stability with a RMSE below 6.5vol.% for all configurations because of

the moderate to shallow local incidence (cf. Table 4) in all acquisitions, which is

favorable for soil moisture retrieval (cf. Chapter 4.2.5.). Also the winter wheat
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field with 58.6° local incidence for the master-acquisition yields a favorable RMSE

of 4.52vol.% due to an inversion dominated by the bare soil method (using the X-
Bragg model) under predestinate shallow incidence angle conditions (cf. Chapter

4.2.5.). The summer oat field shows a RMSE of 8.55vol.% due to an underestima-

tion of soil moisture for the master-acquisition, which originates from a very small

local incidence angle of 23.4°. Even if the vegetation cover is very weak (6.5cm

vegetation height), the bare soil inversion fails because of the steep local incidence

angle, for which the corresponding small polarimetric entropy and mean scatter-

ing alpha angle of the X-Bragg model do not match the too large values of the data

(cf. Chapter 6.1.1.).

The winter triticale and the winter wheat field are located in the far range region

with 53.5° and 55.5° for the perpendicular-acquisition and exhibit the highest vari-

ability with an RMSE of more than 9.5vol.%. Actually, the local incidence angle

range fits for soil moisture inversion, but for these fields the soil moisture retrieval

with the perpendicular-acquisition results in an overestimation. One reason might

be the low vegetation layer of 14-23cm which generates valid results for bare soil

inversion on some parts of the fields confusing low vegetation with roughness. The

same problem is occurring for the winter barley field with a local incidence angle

of 43.4° and a vegetation height of 24.4cm causing an RMSE of 9.75vol.%.

A second reason might be the roughness estimation for the surface component of

the model-based decomposition (from Equation 221), which indicates a very high

roughness level for the winter triticale and the winter wheat field in the perpen-
dicular-acquisition configuration, which might be caused by the shallow incidence

together with the presence of a low vegetation layer and a specific orientation of

the soil furrows.

Hence, neither the bare soil inversion nor the model-based inversion performs

sufficiently well in this case. In addition, the angular diversity is not supportive

for an inversion improvement. Therefore the assumptions of the different inputs

in the decomposition procedures of the multi-angular algorithm (H-α criterion,

roughness estimation, volume estimation) and their consequences on an appropri-

ate soil moisture inversion are crucial for the quality of the soil moisture inversion

and express the need for a better parameterization and pre-estimation of the in-

put variables. One way, approaching these needs, is presented by the single-layer

approach of a hybrid decomposition with a physically constrained volume compo-

nent for soil moisture inversion, as introduced in Chapters 4.2.6. and 6.1.2.4..
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6.1.3. Best approach for soil moisture retrieval under
vegetation cover

In the past Chapters several methods were described and applied to airborne fully

Table 20: RMSE, STDDEV and inversion rate of all applied decomposition and in-
version algorithms for soil moisture retrieval including all study areas
with all crop types.

Retrieval algorithm RMSE
[vol.%]

STDDEV+

[vol.%]
Inversion
rate [%]

AgriSAR 19.4.2006
Bare soil X-bragg 13.05 9.20 4
Single angular model-based 10.37 12.38 35
Single angular model-based with ratio 7.70 11.97 43
Single angular hybrid 6.75 3.72 99
AgriSAR 7.6.2006
Bare soil X-bragg / / 1
Single angular model-based 9.19 12.06 25
Single angular model-based with ratio 6.80 11.19 43
Single angular hybrid 6.98 2.37 99
AgriSAR 5.7.2006
Bare soil X-bragg / / 1
Single angular model-based 13.04 12.38 30
Single angular model-based with ratio 12.39 12.59 42
Single angular hybrid 4.43 2.21 99
OPAQUE 31.5.2007
Bare soil X-bragg / / 1
Single angular model-based 10.44 11.28 19
Single angular model-based with ratio 13.20 10.87 34
Single angular hybrid 11.02 5.19 98
OPAQUE 08.5.2008
Bare soil X-bragg 16.84 7.77 3
Single angular model-based 10.11 13.01 24
Single angular model-based with ratio 11.10 10.55 40
Single angular hybrid 7.49 3.74 98
Tri-angular model-based 5.85 9.47 71
SARTEO 27.5.2008
Bare soil X-bragg 15.18 7.49 1
Single angular model-based 8.59 10.31 25
Single angular model-based with ratio 9.45 10.09 39
Single angular hybrid 5.80 2.62 99
+mean of STDDEV for moisture estimates within the sampling boxes,
/=too less invertible pixels
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polarimetric SAR data to extract the soil moisture information from the mixed

(vegetation/soil) backscattering signature. In Table 20 the RMSE, the STDDEV

and the inversion rate for the different retrieval methods are listed in order to

identify subsequently the best approach in terms of estimation accuracy, inversion

rate and applicability.

Firstly, the bare soil X-Bragg approach does not qualify as such approach, because

it neglects completely the vegetation layer and leads obviously to the worst per-

formance.

Secondly, the two single angular model-based decompositions show a quite com-

parable performance with a moderate RMSE of about 10vol.% and a medium in-

version rate from 20% to 45% concerning all campaigns, presented in Table 20.

Finally, the single angular hybrid decomposition approach, using a physically con-

strained volume component, indicates the highest potential to retrieve soil mois-

ture under agricultural vegetation cover with a RMSE between 5-11vol.% and

an inversion rate of more than 97%. This retrieval approach requires only one

single polarimetric SAR acquisition bypassing a more complex multi-angular ac-

quisition scenario. Nonetheless, the tri-angular model-based algorithm obtains an

even lower RMSE of 5.85vol.% than the single angular hybrid algorithm for the

OPAQUE 2008 data set at the expenses of a higher acquisition complexity. De-

pending on the future design of fully polarimetric SAR missions, allowing quasi-

simultaneously multi-angular or only single angular acquisitions, one of the two

algorithms is more applicable.

6.2. Results for soil roughness

The retrieval of soil roughness is investigated for bare and vegetated soils using the

methods introduced in Chapters 4.1.5. and 4.2.8., respectively. L-band fully polari-

metric SAR data from DLR’s E-SAR sensor acquired during the AgriSAR campaign

are taken for analyses of the soil roughness. Unfortunately, roughness measure-

ments were not available for all other campaigns.

6.2.1. Results for soil roughness retrieval on bare soil

As indicated in Chapter 4.1.5., the results for soil roughness retrieval on bare

soils focus on inversion algorithms using SAR polarimetry. Figure 100 displays the

roughness parameter ks (cf. Equation 13) obtained from anisotropy A and circular

coherence magnitude |γRRLL|, which represent the ‘classical’ roughness descriptors
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for PolSAR data. In general, the roughness estimates from the anisotropy A show a

Figure 100: Roughness parameter ks inverted from anisotropy and from circular
coherence magnitude |γRRLL| for 19th/20th of April 2006 within the
AgriSAR campaign; (from left to right): ks of A for ‘E-W’ track, ks of
|γRRLL| for ‘E-W’ track, ks of A for ‘N-S’ track, ks of |γRRLL| for ‘N-S’
track. White triangular represents a winter wheat field.

higher roughness level than the roughness estimates from the |γRRLL| as discussed

in Chapter 4.1.5. and [126,270]. This effect is clearly visible for both tracks (‘E-W’,

‘N-S’) in Figure 100. The different view angles of the two flight headings together

with the orientation of the agricultural fields influence the estimated soil rough-

ness values. This is especially visible on the very smooth winter wheat field in the

‘N-S’-track (see white triangles in Figure 100) compared with the same field in the

‘E-W’-track. In this way, the influence of preferential orientations on the fields,

triggered by soil tillage, becomes evident for the estimation of soil roughness.

For a quality assessment the estimated soil roughness is compared with the mea-

sured soil roughness acquired by stereo-photogrammetry and by laser profiling for

the ‘E-W’ and ‘N-S’-track of the AgriSAR campaign on the 19th of April 2006 (cf.

Chapter 5.1.1. for measurement techniques). At this time in spring the fields were

still quite bare, while the vegetation parts, which already emerged from the soil,

were removed before the roughness measurements on ground. The comparison

with scenes later than April in the growth cycle does not provide deeper insights,

because these ‘classical’ roughness descriptors do not account for the vegetation
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Figure 101: Validation of measured against estimated soil roughness values (ks)
using anisotropy (stars), circular coherence magnitude (squares) and
the modified X-Bragg ratio of Equation 218 (triangles) as methods
for ‘E-W’-track (top) and ‘N-S’-track (bottom) of the AgriSAR cam-
paign on 19th/20th of April 2006; Comparison with measurements
from stereo-photogrammetry ‘Stereo’ (left) and with measurements
from laser profiler ‘Laser’ (right) on sugar beet (102, 460) and winter
wheat (391) fields; Gray bars indicate the standard deviation of the
measurements and the estimates. A box of 9x9 pixels around each
measurement location were taken for validation. [150].
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disturbance and therefore are not applicable as soon as the vegetation layer covers

the soil surface.

Focusing on the April data, illustrated in Figure 101, the roughness retrieved from

the anisotropy A and the circular coherence magnitude |γRRLL| considerably over-

estimate the measured soil roughness values for both measurement techniques. In

contrary, the results, applying the modified X-Bragg ratio of Equation 218, indicate

the best agreement with the roughness measurement from stereo-photogrammetry

as well as laser profiling.

6.2.2. Results for soil roughness retrieval under vegetation
cover

Moving from bare to vegetated soils, the influence of the disturbing vegetation

cover has to be considered within the soil roughness retrieval. Unfavorably, the

vegetation is also generating a cross-polarized backscattering component, just like

the soil roughness. In order to separate the two cross-polarized scattering con-

tributions for a roughness retrieval under vegetation cover, the normalized Pauli-
based ground-to-volume ratios are a possible option.

6.2.2.1. Inversion and validation of the modified X-Bragg ratio approach

The normalized Pauli-based ground-to-volume ratios were incorporated into an X-
Bragg ratio, which proved its sensitivity to soil roughness on bare soils (cf. [127]

and Chapter 4.2.8.1.). In this way only the part of the cross-polarized scattering

component, which is caused by the soil roughness and not by the vegetation, is

applied for the retrieval of soil roughness under vegetation cover.

Figure 102 presents the result for the soil roughness (ks) estimation under veg-

etation cover using the algorithm with normalized Pauli-based ground-to-volume

ratios (cf. Chapter 4.2.8.1.) for the 19th/20th of April, the 6th/7th of June and

the 5th/6th of July 2006. The level of the inverted soil roughness values appears

quite similar for most of the fields on the three dates, despite the fact that the

vegetation cover was significantly different (maximum vegetation height: 18cm in

April, 172cm in July). The similarity of the results for the soil roughness estimates

indicate the potential of soil roughness estimation under a growing vegetation

cover using the approach outlined in Chapter 4.2.8., whereby no soil cultivation

is assumed after plant emergence. A validation of the estimated soil roughness

values compared with the measured soil roughness values from three dimensional

stereo-photography, using mean of crop type values, is shown in Figure 103. A
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Figure 102: Estimated soil roughness (ks) using the modified X-Bragg ratio in-
cluding the normalized Pauli-based ground-to-volume ratios for the
AgriSAR 2006 campaign for the ’E-W‘-track (top row) and the ’N-S‘-
track (bottom row) covering an entire vegetation growth period (from
left to right): 19th/20th of April 2006, 6th/7th of June 2006 and 5th/6th

of July 2006; Values range from 0 to 1, while areas with very rough
soil conditions (ks>0.7) are masked white [150].
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Figure 103: Validation of mean measured against mean estimated soil roughness
(ks) for the ’E-W‘-track (left) and for the ’N-S‘-track (right) of the
AgriSAR 2006 campaign covering an entire vegetation growth period
(April, June, July) and different crop types (s=summer, w=winter);
Gray bars indicate the measured and the estimated standard deviation
for each crop type and for each date [150].

box of 13x13 pixels was drawn around each measurement location to realize 169

looks for comparison. The standard deviations of the roughness measurements are

calculated from the different sampling locations for each crop type. The standard

deviations of the estimated roughness values are computed from the mean of the

standard deviations retrieved from each sampling box around the measurement

location.

The average RMSE of the roughness estimation for the ‘E-W’-track and the ’N-S‘-

track over all crop types and all dates is 0.098 and 0.121 respectively, whereas

a high standard deviation (∆ks>0.2) must be stated. This occurs mainly for the

winter rape, the sugar beet and the summer corn fields in July owing a mature

vegetation layer of about 45-170cm and 2-6kg/m2 wet biomass. Moreover this

denotes the uncertainty introduced in the retrieval by the distinct vegetation layer,

which can only be eliminated to a certain extent by the presented approach. But

despite the different headings (’E-W‘-track, ’N-S‘-track) the overall-RMSE stays in a

comparable range, which indicates the low bias of the two dimensional roughness

retrieval approach to different orientations of field furrows.

6.2.3. Best approach for soil roughness retrieval under
vegetation cover

Reviewing the status of the retrieval studies presented in this thesis, only the al-

gorithm incorporating the modified X-Bragg ratio is capable to deal with a soil
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roughness retrieval under vegetation cover. Therefore only this algorithm applies.

The best RMSE for the soil roughness estimation was achieved on the ‘E-W’-track

including all crop types and all dates with a soil roughness ks equal to 0.098, which

corresponds to a standard deviation of the vertical roughness s of 0.37cm.
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Part 7
Summary and conclusions
In the following, the performance, achieved with the different retrieval algorithms

for soil parameter estimation, is summarized, conclusions are drawn and a look

into the future is attempted.

7.1. Summary

For reasons of soil heterogeneity, topography, but also of atmospheric forcing and

plant dynamics, soil moisture varies distinctively in time and space [242]. One

of the major challenges in hydrological sciences represents therefore the under-

standing and characterization of this variability as well as the establishment of a

continuous monitoring system of the vadose zone properties [242]. Due to the

high spatial resolution and the sensitivity for dielectric and geometric properties

of scatterers, SAR systems can contribute significantly and thus qualify as crucial

components in this monitoring system. Consequently, a soil parameter retrieval

from field to catchment scale can be supported with a spatial resolution in the

range of meters.

This thesis intends to contribute in understanding and assessing the role that

SAR polarimetry at L-band can play in this context. Physically-based inversion

models and algorithms, which exploit the PolSAR observation space, were de-

veloped for soil characterization under vegetation cover without the necessity of

a priori knowledge. These (multi-angular) polarimetric decomposition and in-

version methods were applied on L-band airborne PolSAR data of the AgriSAR

2006, OPAQUE 2007, OPAQUE 2008 and SARTEO 2008 campaigns, acquired by

the E-SAR sensor of DLR. Subsequently, the inversion results were compared with

ground measurements of soil moisture and soil roughness, covering the entire veg-

etation growth period and a variety of soil, crop type as well as terrain conditions.

Four different types of polarimetric decomposition methods were applied on these

data using state-of-the-art techniques (cf. Chapter 4.1.4.) and newly developed

methods (cf. Chapter 4.2.):

• Eigen-based decompositions (cf. Chapter 3.2.4.1. and 4.1.4.)

These decompositions use the eigen-space, spare pre-defined/rigid scattering

components, necessary in model-based decompositions, and are independent of
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topographic variations along the azimuth. In contrary, depolarizing components

of vegetation and/or ground scattering, can not be separated from polarized

scattering components hampering a direct inversion of the latter.

• Model-based decompositions (cf. Chapter 3.2.4.2. and 4.2.)

Model-based decompositions enable the separation of vegetation- and/or rough-

ness-induced depolarization from ground scattering components for a subse-

quent inversion. But the quality of inversion depends on the correctness and

complexity of the applied volume/ground scattering models. Their parameteri-

zation is confined by the available observation space and leads to necessary, but

crucial simplifications.

• Hybrid decomposition (cf. Chapter 4.2.6.)

The hybrid decomposition unifies the benefits of the first two decompositions

resulting in a physically meaningful separation of volume and ground compo-

nents as well as of the ground components themselves. Unfortunately, a certain

performance loss for inversion of steep local incidence regions, which is inherent

in all model-based decompositions due to model insensitvities, is still present in

this case.

• Multi-angular model-based decomposition (cf. Chapter 4.2.7.)

The multi-angular inversion technique copes with the performance losses in

regions with steep local incidence (distinct topography) due to the enlarged ob-

servation space, but still inherits the dependency of the model-based decompo-

sitions on the applied scattering models and their appropriate parameterization.

The performance achieved by the different soil parameter retrieval approaches

have been presented and discussed in Part 6 and are summarized in Table 20. In

the following the main results and conclusions are consolidated:

• Soil moisture inversion of bare soils (Chapter 6.1.1.) [159]:

The single component X-Bragg approach of [127] for soil moisture inversion on

bare soils can only be applied on a very limited amount of non-vegetated or very

sparsely vegetated fields and performs best in terms of inversion rate for regions

of shallow local incidence angle (θl>50°). For all acquisitions only very small

inversion rates of less than 5% can be obtained. This result can be explained by

the high polarimetric entropy of the PolSAR data mostly due to the presence of

vegetation, which is only predicted by the X-Bragg model for regions of shallow

local incidence and therefore leads to the distinct overestimation shown in the

validation plots of Figure 76.
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• Soil moisture inversion of bare and vegetated soil using single angular modified

model-based decompositions (Chapters 6.1.2.1.-6.1.2.3.) [159,150,39]:

The results of the modified three component model-based polarimetric decom-

positions demonstrate their applicability on vegetated agricultural fields en-

abling a physically meaningful separation of scattering contributions, which

is depicted in Figures 79-81. Moreover, both ground scattering components

(surface, dihedral) have been used for the estimation of soil moisture. Usefull

inversion results have been achieved in the presence of 45cm vegetation height

and 0.9kg/m2 wet biomass (OPAQUE 2007, low vegetation scenario) as well as

for 172cm vegetation height and 6.24kg/m2 wet biomass (July, AgriSAR 2006,

high vegetation scenario).

The retrieved soil moisture values are validated against ground measurements

taken by TDR, FDR and gravimetric probes. Across all three campaign data sets,

the RMSE of the estimated soil moistures from both scattering contributions

(surface, dihedral), including all investigated crop types, exhibits an accuracy

of 8.59-13.04vol.%. Nevertheless, a mean standard deviation of the estimated

soil moistures of 10.31-13.01vol.% indicates a broad range of inverted soil mois-

ture values.

Reasons for this outcome might be on one side the temporally and spatially

highly varying scattering scenarios inverted with a limited number of PolSAR

observables, using for instance a pre-defined dihedral loss factor, including the

vegetation attenuation and the roughness scattering loss. On the other side, the

characteristics of soil moisture itself might be a reason, which is also varying

distinctly within one field parcel. Further investigations were necessary to gain

a deeper understanding of the scattering volume disturbance and to improve its

modeling as well as to study the influence of topography on the inversion of soil

moisture.

For reasons of an improved disturbance handling within the vegetation volume,

the normalized Pauli-based ground-to-volume ratios Pa were incorporated in

the single angular model-based decomposition algorithm to improve the sepa-

ration of the cross-polarized scattering component coming from both, the veg-

etation volume and the surface roughness (cf. Chapter 4.2.5.3.). The inverted

results indicate a positive trend in terms of soil moisture inversion under a va-

riety of vegetation cover. The inversion rate increased from around 25-35%

for the model-based approach to about 35-45% for the approach including

the normalized Pauli-based ground-to-volume ratios (cf. Tables 13 and 14).

The largest increase of invertible pixels occurs for the land use classes with a
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strong volume component, like winter rape, due to the better separation of the

cross-polarization component. In comparison to the field measurements, the

inverted soil moisture under vegetation cover is retrieved with an RMSE from

6.80vol.% (AgriSAR in April 2006) to 13.20vol.% (OPAQUE 2007) (cf. Table

14). But comparing all campaigns, the RMSE-level is only ∼1-2vol.% lower

(AgriSAR) or higher (OPAQUE, SARTEO) than for the algorithm presented be-

fore in Chapter 6.1.2.1., which yields only a small improvement or a small de-

terioration of the RMSE. However, the occurrence of distinct outliers (outside

the ±20vol.%-interval) is strongly reduced for the model-based approach in-

corporating the normalized Pauli-based ground-to-volume ratios due to a bet-

ter cross-polarization separation (cf. Figures 83-84 with Figure 91). For the

AgriSAR campaign, the measured vegetation canopy reached up to a maximum

height of 172cm and a maximum wet biomass of 6.24kg/m2 in July 2006. For

this multi-temporal campaign, the inversion by the model-based decomposition

approach incorporating the normalized Pauli-based ground-to-volume ratios re-

sults in a RMSE between 6.80vol.% and 12.39vol.% for the estimation of soil

moisture covering the whole growth period (April-July 2006) as well as differ-

ent soil moisture conditions. Despite the promising RMSE for the April and

June date (RMSE<7.8vol.%) of the AgriSAR campaign, the standard deviation

of the inversion estimates (cf. Table 14) reports a significant uncertainty espe-

cially concerning the intra-field variability. This observation still claims for a

more sophisticated separation of volume and ground contributions and of the

ground contributions themselves. A possible solution are hybrid polarimetric

decompositions.

• Soil moisture inversion of bare and vegetated soils using a single angular hybrid

decomposition (Chapter 6.1.2.4.) [152,153,156]:

The hybrid polarimetric decomposition, using eigen-based as well as model-

based decomposition techniques and incorporating a physically constrained vol-

ume intensity component fV ch, were introduced in Chapter 4.2.6.. The algo-

rithm with a physically meaningful ground/vegetation separation was applied

for inversion of soil moisture under vegetation cover. The approach is not de-

pending on the volume particle shape αv of the vegetation and results in a phys-

ically guided separation of surface and dihedral scattering mechanisms, using

an orthogonality condition shown in Figure 93.

The α1-criterion for retrieval of the appropriate εest-level indicated a clear min-

imum for the different campaign sites and acquisition dates, stating a stable

performance to separate volume and ground contributions (cf. Table 15) over
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a wide range of topography (OPAQUE campaigns) and over a diversity in veg-

etation phenology (AgriSAR and SARTEO campaigns). A continuous and con-

sistent inversion of the surface scattering component is achieved for all dates

of the three campaigns, including diverse crop types in different phenological

conditions (cf. Figure 94).

The inversion rate remains always higher than 97%, while the vegetation was

significantly changing along the growing cycle from a maximum height of 18cm

in April to a maximum height of 172cm in July (AgriSAR campaign). A qual-

ity assessment of the algorithm was carried out by validation with TDR, FDR

and gravimetric measurements. For all scenes, including a variety of vegetation

types in different phenological stages and different topographical conditions,

the RMSE-level ranges between 4.4vol.% and 11.0vol.% and the mean of the

STDDEV varies only between 2.1vol.% and 5.2vol.% compared to the previ-

ously presented algorithms (cf. Table 20). Due to the high inversion rate and

the sufficient inversion accuracy a decreasing trend in soil moisture could be

tracked for the AgriSAR campaign ranging from a level of ∼25vol.% in April

(start of growth period) to a level of ∼8vol.% in July (end of growth period).

However, the vegetation volume component [TV ] is only considered as a random

volume, neglecting distinct orientations within the vegetation volume. There-

fore strongly orientated vegetation and a shallow local incidence (long ray path

through vegetation), like in the case of the winter wheat and winter barley

fields (OPAQUE 2007 campaign with RMSE=11vol.%), affect the quality of the

current decomposition procedure. In addition, a certain dependency of the in-

version on the local incidence angle is still present in the results. Therefore a

regionalization of the α1-criterion, leading to a spatially varying εest-level, might

result in an improved inversion. Another solution is the implementation of a

multi-angular polarimetric decomposition for soil moisture inversion.

• Soil moisture inversion of bare and vegetated soils using a multi-angular model-

based decomposition (Chapter 6.1.2.5.) [151,155]:

Within the developed algorithm, the polarimetric and the multi-angular obser-

vation space are unified for a combined multi-angular polarimetric decomposi-

tion and inversion of soil moisture under vegetation cover. The multi-angular

polarimetric decomposition algorithm and the inversion procedure with min-

imum of absolute differences were applied to the data of the OPAQUE 2008

campaign, acquired in the Weisseritz catchment area. The results state a sig-

nificant rise of inversion rate from 30% for one of the single-angular cases to

70% for the multi-angular case, including three acquisitions, in Chapter 6.1.2.5..
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In addition, the results demonstrate, how topographic effects caused by steep

slopes can be compensated for soil moisture inversion, if more than a single

acquisition is used (cf. Figure 98). The estimated soil moisture values were val-

idated against ground measurements from FDR probes for the OPAQUE 2008

test site including several different crop types.

The mean-RMSE of the soil moisture retrieval with the different incidence angle

configurations indicates a stable inversion for the majority of methods resulting

in an error level of approximately 6-8vol.% (level of mean-STDDEV within the

boxes 10-11vol.%) with a slight improvement for the tri-angular approach incor-

porating three acquisitions (master-opposite-perpendicular) with a mean-RMSE

of 5.9vol.% (mean-STDDEV within the sampling boxes of 9.5vol.%). The RMSE

decreases not automatically as more acquisitions are included in the soil mois-

ture retrieval.

This might be due to the following assumptions necessary to obtain an ana-

lytically solvable inversion problem with the limited observation space. The

roughness term (ψl) and the volume component inside the model-based de-

composition [TGV ] as well as the bare soil classification with the H-α criterion

are estimated for each acquisition separately. This can lead to a reduced quality

of the results for certain ranges of local incidence angles on natural media due

to model insensitivities (cf. Chapter 4.2.5.).

Hence, the quality of an inversion, using a combination of two, three or more

acquisitions for a multi-angular approach, can be affected by insufficient as-

sumptions on the single acquisitions. This explains, why the incorporation of

more than one acquisition within the algorithm is not necessarily resulting in

a distinct accuracy improvement of the soil moisture estimation. For example,

the configuration using the opposite- and the perpendicular-acquisition in a bi-

angular approach obtains a mean-RMSE of 8.15vol.%, which is distinctly higher

than utilizing only the master-acquisition with 6.17vol.% of mean-RMSE (cf.

Chapter 6.1.2.5.1.).

But it turns out that a configuration of ascending and descending acquisitions

(like master-opposite) is more favorable than a configuration with perpendicular
headings (like opposite-perpendicular), considering equivalent local incidence

angle conditions for both configurations (cf. Table 4). This might be caused by

preferential orientations of soil furrows and of agricultural vegetation.

Hence, the developed multi-angular approach combines for the first time polari-

metric decomposition techniques with the concept of multi-angularity. This adds

up to a major increase in inversion rate for soil moisture estimation and a stable
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inversion quality over all investigated test fields for the majority of incidence

angle configurations. The remaining uncertainties of the developed approach,

rooted in some assumptions of the polarimetric decompositions, have to be ad-

dressed in future studies in order to better estimate the input parameters for the

decomposition as well as to establish a more robust criterion for distinguishing

bare and vegetated soils in the case of low vegetation scenarios.

• Soil roughness inversion of bare soils (Chapter 6.2.1.):

Soil roughness was estimated on bare soils using the anisotropy A, the circu-

lar coherence magnitude |γRRLL| and the modified X-Bragg ratio ζ . The es-

timated soil roughness values were compared with roughness measurements

from laser profiling and from stereo-photogrammetry. The validation was car-

ried out on sugar beet and winter wheat fields in April 2006 (beginning of

vegetation growth period with no or little vegetation), where a distinct overes-

timation of the ‘classical’ roughness descriptors (A and |γRRLL|) compared to ζ

was observed for the ‘E-W’ and the ‘N-S’ track in Figure 101. Here, ζ benefits as

an estimator that takes only the roughness induced part of the cross-polarized

scattering component into account.

• Soil roughness inversion of vegetated soils (Chapter 6.2.2.) [150]:

The vegetation cover causes a necessary separation of the cross-polarized scat-

tering component SXX for a valid soil roughness inversion. Therefore nor-

malized Pauli-based ground-to-volume ratios were included in the decompo-

sition formalism to develop a modified X-Bragg ratio ζ , which uses only the

roughness part included in the cross-polarized component. The results for the

AgriSAR 2006 campaign indicate a high potential in terms of soil roughness

estimation under a variety of vegetation cover conditions (maximum height:

172cm and maximum wet biomass: 6.24kg/m2) over the whole growth period

(April-July) as well as under different soil moisture conditions. This results

in an overall-RMSE in ks|s of less than 0.10|0.37cm (‘E-W’-track) and of less

than 0.12|0.44cm (‘N-S’-track) for the estimation of soil roughness indicating a

marginal dependence of the algorithm performance on the orientation of field

furrows.
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7.2. Contributions

The main goal of this thesis was the extension of soil parameter retrieval from

bare to vegetated soils using fully polarimetric SAR data towards a continuous

monitoring of soil moisture and soil roughness. The main scattering contributions

from the soil and the vegetation have been accessed through polarimetric decom-

position and inversion algorithms. The following innovative contributions can be

recognized:

• Polarimetric model-based decompositions, foremost developed for forested ar-

eas, were adapted and applied to agricultural scattering scenarios.

• Single- and multi-angular, polarimetric decomposition algorithms have been de-

veloped and/or optimized to increase their flexibility to cover different soil and

vegetation scattering scenarios.

• Generally valid and transferable (to different test sites) algorithms for soil pa-

rameter retrieval under vegetation cover using fully polarimetric SAR data were

established.

• L-band was approved to be an ideal frequency for soil parameter retrieval under

agricultural vegetation cover due to the adequate penetration of the vegetation

canopy combined with an sufficient signal-to-noise ratio (SNR) on bare fields.

• Soil moisture and soil roughness estimation under agricultural vegetation cover

was successfully applied with considerable inversion rates indicating the spatial

distribution of both soil parameters.

• Monitoring (excluding frozen and snow-covered soils) of soil characteristics

with a precision of 5-10vol.% in soil moisture (range of in situ values: 1-

46vol.%) and 0.1|0.37cm-0.15|0.55cm in soil roughness ks|s (range of in situ
values: 0.14|0.5cm-1.09|4.0cm) within the catchment seems already possible

with the developed fully polarimetric SAR algorithms.

Besides airborne SAR campaigns, also future space-borne, long wavelength SAR

missions like ALOS-2 [160] and Tandem-L [171] can benefit from the developed

techniques to estimate soil parameters and to separate soil from vegetation contri-

butions using polarimetric SAR.

The joint occurrence of volume and ground scatterers appears further in differ-

ent natural scattering scenarios (in terms of vegetation and soil surface, snow

pack and soil surface, ice surface and glacier volume, sea ice volume and water
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surface). Therefore the modular scattering components of the polarimetric SAR

decomposition algorithms can also be adapted to non-agricultural volume and

ground cases [273,248].

7.3. Outlook

The retrieval of soil parameters by means of SAR remote sensing received an in-

novative and vital impulse by the use of polarimetric decomposition algorithms

developed on the basis of fully polarimetric acquisitions. The next logical step

might be the integration of PolSAR-derived soil moisture into hydrological models

using data assimilation techniques. In terms of inversion and modeling the next

challenge is the extension of soil parameter estimation beyond the agricultural

case. Both are discussed in the following.

Data assimilation and hydrological modeling

Concerning data assimilation in hydrological models, emphasis should be put on

the combination of polarimetric SAR remote sensing with geophysical methods

(e.g. Ground Penetrating Radar [137]), in order to obtain high-resolution soil

moisture in both, horizontal and vertical dimension. In this way, also the total

amount of water in the vadose zone, can be assessed, whereas microwave remote

sensing approaches are only sensitive to the near surface soil moisture [260].

However, if no vertical soil moisture profiles are available, root zone moisture

might also be retrieved by assimilation of remote sensing data into models [216],

using for instance a particle filtering algorithm and the soil water model HYDRUS,

ranging from the soil surface to the root zone (0-1m depth) [218]. The quality of

such retrieval methods strongly depends on the knowledge of soil hydraulic prop-

erties [79] and on model initialization [332].

With respect to the horizontal dimension, the validity of upscaling and downscal-

ing concepts for different soil moisture products and their ability to reflect the spa-

tial variability of soil moisture should be further investigated for data assimilation

purposes [16, 38]. This should allow an improved comparison of products from

different sensors at different spatial scales [27] and subsequently lead to enhanced

data assimilation concepts. The establishment of long-term terrestrial observato-

ries is therefore essential for serving as multi-scale and multi-methodological sites

for hydrological processes in the vadose zone [260,39,322,335]. A novel probing

technique for soil moisture, facilitating the monitoring in such observatories, is
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Ground Albedo Neutron Sensing (GANS) [346] that bridges the ‘scale-gap’ [212]

between intra-field (field scale) and inter-field variability (hillslope scale) [259].

Due to its spatial coverage beyond the field scale, it is particularly well suited for

comparison with the SAR-derived soil moisture patterns.

In order to exploit the improved capabilities to monitor soil moisture variation

in space and time, hydrological modeling of the vadose zone processes is crucial

to improve the characterization and quantification of hydraulic parameters and

hydrological fluxes within the soil. Therefore the retrieved spatial soil moisture

patterns should be used to initialize/update hydrological (e.g. WaSim-ETH [271])

or Soil Vegetation Atmosphere Transfer (SVAT) models (e.g. PROMET-V [269])

based on data assimilation procedures [136,332,240,333,185,220,253]. A com-

prehensive review on existing assimilation methods is given in [322].

Hence, an upcoming need for distributed hydrological models exists. In the mo-

ment pedotransfer-functions or climatic proxi-data are often applied in models to

characterize the soil conditions [39,10]. In particular, the lateral flow through the

soil macropores needs to be included to improve the process description of hydro-

logical models by inclusion of a downslope subsurface flow [260,344].

A restriction of remotely sensed soil moisture to support hydrological modeling

for flood prediction, especially concerning flash floods with a very quick response

to storm events, is given by the temporal resolution of actual space-borne SAR

sensors [37]. A solution towards sufficient temporal and spatial coverage is ex-

pected from future, innovative, space-borne SAR mission concepts, as for example

Tandem-L [171].

SAR Remote Sensing and soil parameter retrieval

The performance of polarimetric decompositions for soil moisture retrieval from

PolSAR data raises hope for the application of these techniques beyond the work in

this thesis and indicates the innovative potential of the decomposition approaches

for soil characterization [209].

However, concerning the global applicability of PolSAR decomposition algorithms

for soil parameter retrieval under vegetation, forested areas are still excluded due

to the different scattering scenario. Some concepts already exist, how to retrieve

soil moisture under forest using P-band [121, 157, 215] or VHF/UHF-band [214]

polarimetric SAR remote sensing. The lower frequencies (compared to L-band)

should provide enough penetration through the forest canopy, to obtain soil infor-

mation from the underlying ground. But no concept has proven its applicability

yet.
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A missing component is also the soil moisture retrieval under snow cover and for

frozen soils, which is not assessed by any polarimetric SAR approach at the mo-

ment [329] and gains importance in higher latitudes or during winter times in

mid-latitudes.

Besides the case of snow-covered and forested regions, also the soil parameter re-

trieval under agricultural vegetation cover is still a challenging case despite the

achievements presented and discussed. Several assumptions for the soil and veg-

etation layer had to be made to confine the observable space to enable inversion.

For instance the soil was assumed as non-penetrable, which neglects possible vol-

ume scattering [65] and the presence of sub-surface layers [103, 173]. This be-

comes increasingly important for dry soils and longer wavelengths.

In addition, the PolSAR algorithms, applied in Part 6, assume a vegetation layer,

characterized by one single volume of uniformly shaped particles with certain ori-

entation distributions. Hence, the existence of a multi-layered volume including

differently shaped plant constituents has not been considered. Even strongly ori-

ented vegetation cases, causing differential propagation effects (cf. Equation 159),

were not taken into account in the applied retrieval methods.

Concerning these remaining challenges, several other ways emerged to character-

ize or remove the disturbing vegetation layer and to extract the underlying soil

information. Each domain is an innovative area of contemporary SAR research

and involves a more complex acquisition method than solely (multi-angular) po-

larimetric SAR, leading to an increased observation space for inversion:

• Retrieval of vegetation height and vegetation extinction with Polarimetric Syn-

thetic Aperture Radar Interferometry (Pol-InSAR) for agricultural areas [117,

191]. These Pol-InSAR-derived parameters can be included in PolSAR vol-

ume scattering models to account for propagation effects within the vegetation

layer [65].

• Bistatic soil moisture retrieval using the non-reciprocity of the cross-polarized

channels (SHV 6= SV H) and the bistatic angle to find the optimum configuration

for soil moisture estimation [52,247,293].

• Decomposition of vegetation and ground scattering components by polarimetric

SAR tomography using multiple acquisitions to vertically sample the vegetation

covered soil, in order to retrieve the parts of the backscattered signature, which

originate predominantly from the soil [290,291].

Future upcoming, space-borne, fully polarimetric, long wavelength SAR missions,

like ALOS-2 and Tandem-L, will benefit considerably from the applications, de-
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veloped in the field of polarimetric SAR remote sensing [221]. In addition, also

future, combined active-passive microwave missions, which merge a low resolu-

tion moisture product from the passive sensor with an high resolution one from

the active sensor, will profit distinctively by incorporating an enhanced high reso-

lution product from polarimetric SAR into their applications.

However, the performance of all space-borne, long wavelength retrieval methods

will depend on the correction of the ionospheric effect on the polarimetric SAR

signature [340,21]. First promising results for a successful removal on ALOS-data

are already demonstrated in [210].

Concludingly, this work is a step towards soil sensing under vegetation cover. But

in order to put things in the right perspective, I would like to share a quote of

Žarko Petan:

‘ In the end always truth will win. But unfortunately we are just in the
beginning’. In this sense: . . . Back to work, there is still a lot to do. . .
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A EIGEN-BASED NOISE CORRECTION

Appenix

A Eigen-based noise correction

As the polarimetric coherency matrix 〈[T3]〉 is defined as a hermitian, positive-

semidefinite matrix, it can be diagonalized using a unitary transformation (cf. [71]

and Chapter 3.2.4.1.).

〈[T3]〉= [E3][Σ][E3]−1 (222)

If additive noise, modeled as zero-mean Gaussian white noise with noise power N,

is present, the non-negative real eigenvalues λ + N are overestimated as seen in

Equation 223 [125].

[Σ] =

 λ1 +N 0 0
0 λ2 +N 0
0 0 λ3 +N

 (223)

The idea behind the following noise filtering technique is funded on the corre-

lation between the two cross-polarized channels (SHV ,SV H) and the fact that for

monostatic acquisition the reciprocity theorem holds in the absence of noise, which

means complete correlation SHV = SV H . Therefore the decrease of correlation due

to a present noise level allows an assessment using the eigen-analysis on the 4x4

coherency matrix of Equation 82. The diagonalization of the 〈[T4]〉 results in the

four dimensional diagonal matrix [Σ4].

[Σ4] =


λ1 +N 0 0 0

0 λ2 +N 0 0
0 0 λ3 +N 0
0 0 0 N

 (224)

For a monostatic acquisition assuming the absence of noise, the 〈[T4]〉 has actually

rank 3 and the smallest eigenvalue should be zero. In the presence of noise the

rank of 〈[T4]〉 is increasing to four and the smallest (4.) eigenvalue represents the

noise power (λ4 = N see Equation 224). Hence, the noise is filtered by subtracting

the smallest eigenvalue λ4 from the first three eigenvalues of [Σ].
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B GROWTH STAGES OF PLANTS

B Growth stages of plants

Figures 104-106 picture the phenological stages of rape, beet and maize after the

BBCH-scale of Meier [207].

Figure 104: Phenology of rape plants [207]

Figure 105: Phenology of beet plants [207]
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B GROWTH STAGES OF PLANTS

Figure 106: Phenology of maize plants [207]
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C VOLUME MODELING WITH SPHEROIDAL PARTICLES

C Volume modeling with spheroidal particles

The volume modeling with spheroidal particles allows a variation of the particle

shape (N = Ap− 1), of the orientation angle PDFs (pd f (ψ),pd f (τ)), of the mean

orientation angles (ψ,τ) and of the orientation angle widths (ψw=2∆ψ,τw=2∆τ).

This enables the modeling of a variety of agricultural crops from thin stalk-domi-

nated to broad leaf-dominated geometries with different orientation varieties. The

representative volume coherency matrix [TV G] after element-wise integration is

defined in Equation 155 for the respective case of mean orientation angles ψ and

τ and specified in the following:

[TV G]=
1

480
·5N(16+5N)(1+2cos(∆τ))(2cos(2τ)−1)+3(10(32+N(24+5N))+N2cos(5τ)csc(∆τ)sec(τ)sin(5∆τ))

Ncos(2ψ)(5(8+5N)(1+2cos(2∆τ))(2cos(2τ)−1)+3(120+50N+Ncos(5τcsc(∆τ)sec(τ)sin(5∆τ))))sinc(2∆ψ)
N(5(8+5N)(1+2cos(2∆τ))(2cos(2τ)−1)+3(120+50N+Ncos(5τcsc(∆τ)sec(τ)sin(5∆τ))))sin(2ψ)sinc(2∆ψ)

. . .Ncos(2ψ)(5(8+5N)(1+2cos(2∆τ))(2cos(2τ)−1)+3(120+50N+Ncos(5τcsc(∆τ)sec(τ)sin(5∆τ))))sinc(2∆ψ)

. . . 1
2 N2(150+sec(τ)+csc(∆τ)(25cos(3τ)sin(3∆τ)+3cos(5τ)sin(5∆τ)))(1+cos(4ψ)sinc(4∆ψ))

. . . 1
2 N2(150+sec(τ)+csc(∆τ)(25cos(3τ)sin(3∆τ)+3cos(5τ)sin(5∆τ)))sin(4ψ)sinc(4∆ψ)

. . .N(5(8+5N)(1+2cos(2∆τ))(2cos(2τ)−1)+3(120+50N+Ncos(5τcsc(∆τ)sec(τ)sin(5∆τ))))sin(2ψ)sinc(2∆ψ)

. . . 1
2 N2(150+sec(τ)+csc(∆τ)(25cos(3τ)sin(3∆τ)+3cos(5τ)sin(5∆τ)))sin(4ψ)sinc(4∆ψ)

. . . 1
2 N2(150+sec(τ)+csc(∆τ)(25cos(3τ)sin(3∆τ)+3cos(5τ)sin(5∆τ)))(1−cos(4ψ)sinc(4∆ψ))

 .

(225)

csc(x) and sec(x) represent the cosecant and the secant function.

The special case with mean orientation around zero ψ = 0 and τ = 0 (horizontal

mean orientation) is given in Equation 156 and in detail as follows:

[TV GH ]=
1

240
· 480+N(400+89N)+4N(20+7N)∗cos(2∆τ)+3N2cos(4∆τ)

N(200+89N)+4(10+7N)cos(2∆τ)+3Ncos(4∆τ)sinc(2∆ψ)
0

. . .N(200+89N)+4(10+7N)cos(2∆τ)+3Ncos(∆τ)sinc(2∆ψ)
. . .N2(89+28cos(2∆τ)+3cos(4∆τ))1

2(1+sinc(4∆ψ)))
. . .0

. . .0

. . .0
. . .N2(89+28cos(2∆τ)+3cos(4∆τ))1

2(1−sinc(4∆ψ)))

 .

(226)
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D METEOROLOGICAL DATA FROM THE AGRISAR CAMPAIGN

D Meteorological data from the AgriSAR

campaign

The daily sum of the precipitation and the air temperature are presented for the

whole growth period from April to July 2006 in Figures 107-110. The record-

ing instruments were located at the Bowen Ratio station within the winter wheat

field (nr. 250, cf. Figure 51) in the middle of the test site. The daily tempera-

ture variation rises from 0-20°C in April (spring) until 10-35°C in July (summer).

Concerning the precipitation in spring, the data of April show several small rain

events distributed over the whole month. In contrast, the data of May exhibit a

dichotomy of a dry period in the first two weeks and a wet period in the last two

weeks. Almost the same pattern can be recognized for June, but there are only two

strong rain events on the 16th and 21st of June. In summer the precipitation data

of July reveals a distinct dry period with only three smaller rain events (7th,8th and

29th of July).

Figure 107: Meteorological measurements for April 2006 of the AgriSAR cam-
paign; Red: Air temperature [°C], blue: Daily sum of precipitation
[mm] (Sampling interval: 15 minutes) [23]
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D METEOROLOGICAL DATA FROM THE AGRISAR CAMPAIGN

Figure 108: Meteorological measurements for May 2006 of the AgriSAR cam-
paign; Red: Air temperature [°C], blue: Daily sum of precipitation
[mm] (Sampling interval: 15 minutes) [23]

Figure 109: Meteorological measurements for June 2006 of the AgriSAR cam-
paign; Red: Air temperature [°C], blue: Daily sum of precipitation
[mm] (Sampling interval: 15 minutes) [23]
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D METEOROLOGICAL DATA FROM THE AGRISAR CAMPAIGN

Figure 110: Meteorological measurements for July 2006 of the AgriSAR campaign;
Red: Air temperature [°C], blue: Daily sum of precipitation [mm]
(Sampling interval: 15 minutes) [23]
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E INTENSIVE MEASUREMENT CAMPAIGNS FOR SOIL MOISTURE WITHIN
AGRISAR CAMPAIGN

E Intensive measurement campaigns for soil

moisture within AgriSAR campaign

During the AgriSAR campaign in 2006 three intensive measurement periods, so

called ‘intensive campaigns’, were conducted in the beginning (19th/20th of April),

in the middle (6th/7th of June) and in the end (5th/6th of July 2006) of the veg-

etation growth period. Table 21 shows the measured soil moisture values of the

test fields selected for investigation, which were recorded by ISSIA and LMU using

FDR, TDR and gravimetric probes [110].

Table 21: Intensive soil moisture measurements of the AgriSAR campaign as mean
of field values: Soil moisture (mv) and standard deviation of mv (∆mv);
Field numbers are allocated in Figure 51 [23].

1. Intensive campaign: Measurements of ISSIA - 19th/20th of April 2006
Field number Crop type mv±∆mv [vol.%]
102 Sugar beet 22.96±2.6
230 Winter wheat 26.68±2.98
250 Winter wheat 26.01±1.4
1. Intensive campaign: Measurements of LMU - 19th/20th of April 2006
101 Winter rape 21.98±1.93
102 Sugar beet 21.42±4.64
110 Winter rape 22.58±1.54
130 Winter rape 22.38±1.62
221 Winter wheat 27.39±3.03
222 Summer corn 25.66±3.28
250 Winter wheat 24.6±2.29

2. Intensive campaign: Measurements of LMU - 6th/7th of June 2006
102 Sugar beet 19.36±4.25
222 Summer corn 15.95±4.15
230 Winter wheat 17.70±7.14
250 Winter wheat 16.95±3.69

3. Intensive campaign: Measurements of LMU - 5th/6th of July 2006
222 Summer corn 7.13±3.35
250 Winter wheat 6.10±5.0
460 Sugar beet 4.39±1.65

3. Intensive campaign: Measurements of ISSIA - 5th/6th of July 2006
102 Sugar beet 5.0±1.3
230 Winter Wheat 5.8±2.5
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F NORMALIZED PAULI-BASED GROUND-TO-VOLUME RATIOS

F Normalized Pauli-based ground-to-volume ratios

In Chapter 6.1.2.3. a model-based decomposition, including normalized Pauli-
based ground-to-volume ratios for soil moisture inversion, was introduced. In the

following, the normalized Pauli-based ground-to-volume ratios are shown for the

AgriSAR, the OPAQUE and the SARTEO campaigns in Figures 111-115 to indi-

cate the relation between ground and volume scattering, revealing the dominance

of one scattering mechanism over the other. Volume scattering indicates a Pauli-
based ground-to-volume ratio close to zero and pure ground scattering a ratio

close to one.

The plausibility of the normalized Pauli-based ground-to-volume ratios to repre-

sent the relation between ground and volume scattering mechanisms can be as-

sessed qualitatively by comparison with the normalized powers of the single angu-

lar model-based decomposition in Figures 79-81 and 84. In fact, the consistence

between both parameters holds for all investigated acquisition, meaning that no

surface or dihedral dominant region appears with a low value (close to zero) of the

normalized Pauli-based ground-to-volume ratios. This underlines the potential of

these ratios to support the physically meaningful separation of the cross-polarized

component into a part from the vegetation volume and a part from the surface

roughness.

Figure 111: Normalized Pauli-based ground-to-volume ratios for the AgriSAR cam-
paign on 7th of June 2006 (from left to right) land use of AgriSAR 2006
campaign, combined ground-to-volume ratio PaG, surface ground-to-
volume ratio PaS and dihedral ground-to-volume ratio PaD).
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F NORMALIZED PAULI-BASED GROUND-TO-VOLUME RATIOS

Figure 112: Normalized Pauli-based ground-to-volume ratios for the AgriSAR cam-
paign on 5th of July 2006 (from left to right) land use of AgriSAR 2006
campaign, combined ground-to-volume ratio PaG, surface ground-to-
volume ratio PaS and dihedral ground-to-volume ratio PaD).

Figure 113: Normalized Pauli-based ground-to-volume ratios for the OPAQUE
2007 campaign on 31st of May (from left to right) land use of
OPAQUE 2007 campaign, combined ground-to-volume ratio PaG, sur-
face ground-to-volume ratio PaS and dihedral ground-to-volume ratio
PaD).
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Figure 114: Normalized Pauli-based ground-to-volume ratios for the OPAQUE
2008 campaign on 8th of May (from left to right) land use of
OPAQUE 2008 campaign, combined ground-to-volume ratio PaG, sur-
face ground-to-volume ratio PaS and dihedral ground-to-volume ratio
PaD).

Figure 115: Normalized Pauli-based ground-to-volume ratios for the SARTEO
2008 campaign on 27th of May (from left to right) land use of SAR-
TEO 2008 campaign, combined ground-to-volume ratio PaG, sur-
face ground-to-volume ratio PaS and dihedral ground-to-volume ratio
PaD).
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G SURFACE AND DIHEDRAL SCATTERING MECHANISMS OF THE HYBRID
DECOMPOSITION

G Surface and dihedral scattering mechanisms of

the hybrid decomposition

In Chapter 6.1.2.4. the results of a hybrid decomposition for soil moisture inver-

sion were presented. In Figures 116-120, the surface (αs) and the dihedral (αd)

scattering mechanisms are depicted for the AgriSAR, the OPAQUE and the SARTEO

campaign to indicate the valid separation of the ground scattering contributions

(surface, dihedral) with the orthogonality relation introduced in Chapter 4.2.6..

Figure 116: Land use (left) as well as alpha scattering angles of the surface (mid-
dle) and the dihedral (right) component for 7th of June 2006 of the
AgriSAR campaign using the hybrid decomposition with a physically
constrained volume component fV ch (εest− level=10).
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G SURFACE AND DIHEDRAL SCATTERING MECHANISMS OF THE HYBRID
DECOMPOSITION

Figure 117: Land use (left) as well as alpha scattering angles of the surface (mid-
dle) and the dihedral (right) component for 5th of July 2006 of the
AgriSAR campaign using the hybrid decomposition with a physically
constrained volume component fV ch (εest− level=8).

Figure 118: Land use (left) as well as alpha scattering angles of the surface (mid-
dle) and the dihedral (right) component for the OPAQUE 2007 cam-
paign using the hybrid decomposition with a physically constrained
volume component fV ch (εest− level=30).
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G SURFACE AND DIHEDRAL SCATTERING MECHANISMS OF THE HYBRID
DECOMPOSITION

Figure 119: Land use (left) as well as alpha scattering angles of the surface (mid-
dle) and the dihedral (right) component for the OPAQUE 2008 cam-
paign using the hybrid decomposition with a physically constrained
volume component fV ch (εest− level=18) [153].

Figure 120: Land use (left) as well as alpha scattering angles of the surface (mid-
dle) and the dihedral (right) component for the SARTEO campaign
using the hybrid decomposition with a physically constrained volume
component fV ch (εest− level=15).
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