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Abstract

In the last decades, in parallel with the collection of experimental radar data,
several efforts have been made to develop and refine microwave scattering
models of crops. Two main motivations have stimulated these efforts. The
first motivation is scientific: the availability of a large amount of experimen-
tal radar data, collected over several kinds of fields,has represented a unique
opportunity to advance the understanding of the interaction processes be-
tween microwaves and natural media, in particular soil and vegetation. A
second motivation is related to applications. It has been recognized that σo

is sensitive to some key variables useful for applications (e.g. soil moisture
and vegetation biomass) but this sensitivity is heavily affected by the influ-
ence of several other variables. All these dependencies must be understood
in order to develop reliable algorithms. Moreover, in a natural environment,
soil and vegetation variables evolve simultaneously and follow rules which
cannot be modified by the experimenter. Therefore, models are a unique
way to single out the sensitivity of σo to variations of specific parameters.

In the first part of the thesis recent advances for single scatterer modeling
are poposed. In particular long leaves are represented as dielectric curved
sheets and mature wheat’s stems are represented as hollow dielectric cylin-
ders. For both kinds of scatterers, suitable models have been developed and
implemented. Both the theoretical approximation are tested and validated
by means of scatterometer, airborne and satellite data collected over several
corn and wheat sites, where also detailed ground truth are available.

In the second part of the thesis efforts have been done in order to improve
the elecromagnetic modeling of forest emissivity. Important space projects,
such as SMOS, are under development, with the purpose of monitoring soil
moisture and land properties by means of spaceborne L band radiometers.
It is planned to use the model for exploiting the potential of spaceborne
L band radiometers to monitor the moisture of forest covered soils. To
this aim, it is necessary to consider that the resolution is of the order of
some kilometres. Within this scale, there is a wide variability of tree ages
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2 Abstract

and dimensions. Moreover, available a-priori information may cover only
forest category and some general variables, such as Leaf Area Index (LAI).
Therefore, a procedure must be developed to estimate the detailed input
data set required by the model starting from general variables and using
suitable allometric equations. The objective of this paper is twofold. First of
all, it describes recent refinements applied to the model in order to consider
also litter effects and generate the input data set as a function of LAI for
given forest species. To this aim, suitable routines have been introduced.
Moreover, the results of a new test are presented. Model outputs have been
compared against experimental brightness temperatures collected by L-band
radiometers over coniferous and deciduous forests.



Chapter 1

Introduction

This chapter introduces the role of microwave modeling in remote sensing
applications. In particular, the case of vegetated soils will be considered.
The reader will find a short overview of the electromagnetic model theories
available in the literature, and some their main applications. An outline and
a summary of the PhD study will conclude the chapter.

1.1 Introduction

The microwave portion of the spectrum is particularly important in remote
sensing applications. The capability to penetrate the atmosphere with a
very low interaction in almost all weather conditions, and the possibility
to operate indipendently from the sun illumination, make it a very useful
frequency band in such a field of applications.

In the last years, many efforts have been focused to improve the perfor-
mances of microwave instruments and significant results have been obtained
for both active and passive sensors. Simultaneously, an increasing number
of applications have found, in the microwave band, the best trade-off in
terms of spatial and temporal resolution. Agricultural, forestry and hydrol-
ogy are just some of the applications, for which theoretical studies gave an
important contribution.

However, further work is needed in order to implement fully operational
algorithms. To this aim, the importance of developing realistic and reliable
models is well recognized. In many cases, simulated values are compared
against experimental data and some results show a fairly good agreement.
Anyway, available experimental signatures are still sparse, comparisons are
often limited to single data sets, and ground data are not as complete as
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4 INTRODUCTION

the electromagnetic models would require. Further experiments are planned
using new spaceborne SAR’s (such as ENVISAT, RADARSAT-2, etc.) and
new advanced radiometers (such as SMOS); in the meantime, efforts aimed
at making the models more realistic are in progess. Two main motivations
have stimulated these efforts: the first one is the availability of a large
amount of experimental data, collected over several kinds of areas. They
represent a unique opportunity to advance the understanding of the inter-
action processes between microwaves and natural media, in particular soil
and vegetation. A second motivation is related to the applications. It has
been recognized that backscattering coefficient and emissivity are sensitive
to some key variables, useful for applications (e.g. soil moisture and vege-
tation biomass), but this sensitivity is heavily affected by the influence of
several other parameters. All these dependencies must be understood in
order to develop reliable algorithms. Moreover, in a natural environment,
soil and vegetation variables evolve simultaneously, and follow rules which
cannot be modified by the experimenter. Therefore, models are an unique
way to single out the sensitivity of microwave signal to variations of specific
parameters.

1.2 Microwave Modeling General Aspects

A model may be defined as a relationship linking the radar output or the
emissivity to the observation parameters (i.e., frequency, look angle, polar-
ization) and to N surface variables. The backscattering coefficient

σo = F (f, θ, ψr, χr, ψt, χt, a1, a2, . . . , aN ) (1.1)

and the emissivity

e = G(f, θ, ψr, χr, a1, a2, . . . , aN ) (1.2)

are defined in several texts Ulaby et al. (1986), f is the radar frequency,
θ is the observation angle, ψr and χr are the rotation and ellipticity angle
of the received electromagnetic field, ψt and χt, which are present only for
the backscattering coefficient, are the rotation and ellipticity angle of the
transmitted field Ulaby and Elachi (1990). The N variables (a1, a2 and aN )
represent soil and vegetation properties. Variables influencing microwave
measurements may be classified according to the scheme indicated below.
Most of them may be used as inputs for models:

• Bare soils
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– Variable related to dielectric properties: permittivity εs = εs
′
+

jεs
′′
, depending on soil moisture content (SMC), soil texture, bulk

density, temperature and salinity.

– Variables related to surface roughness: in a single-scale descrip-
tion, surface roughness is characterized by its autocorrelation
function (ACF) and by two variables, such as height standard
deviation and correlation length. A multi-scale roughness descrip-
tion requires a different set of variables.

• Vegetation covered soils

– The same soil variables defined above

– Variables related to the amount of vegetation matter per unit
area. The most commonly used are fresh biomass, plant water
content (PWC) and plant density. For a correct description of
electromagnetic effects, it is important to single out the fraction of
vegetation components, such as stems, ears, leaves, pods, petioles
for agricultural fields or trunks and branches for forests. For
leaves, also the leaf area index (LAI) is often adopted.

– Variable related to permittivity of vegetation elements: εv =
εv

′
+ jεv

′′
, related to gravimetric moisture, dry matter density,

temperature and salinity.

– Variables related to vegetation geometry: height and diameter
for stems and trunks, length, width and thickness for leaves, and
corresponding distributions of orientations are required. For some
crops, also twigs and/or petioles may have a significant influence
and some models may require also local position of elements and
leaf curvature parameters.

The aim of applicative algorithms is to retrieve key parameters such as soil
moisture, for hydrology applications, or vegetation biomass, for agricultural
applications. These algorithms are composed by a first step, called direct
modeling and a following step of retrieval (or inverse modeling). It is clear
that an advanced knowledge about the interaction of the electromagnetic
waves with the observed land is required, in order to proceed to the retrieval
with the least uncertainty. On the other hand, aspects such as the speed and
inversion complexity of the electromagnetic direct model, are key parameters
for an application algorithm. Also for this reason, different kinds of models
have been developed during the last decades. An overview about the state
of the art of direct modeling is presented in the next section. The case
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of vegetation covered soils, which are the subject of this Thesis, will be
considered.

1.3 Model Review for Vegetation Covered Soils

Many theoretical models have been developed in the last years, in order to
describe the scattering and emissivity effects over vegetated soils. Due to
the complexity of the interactions, an exact solution of the problem is not
possible, and several approximations have been assumed to solve it. A list
of main active and passive model approximations is here proposed.

1.3.1 Semiempirical Models

A semiempirical model, called “Water cloud”, was proposed by Attema and
Ulaby (1978). It was aimed at reproducing the soil and vegetation scattering,
by a simplified parametric function. By fitting the collected measured data,
it is possible to assess the four function coefficients. More complete the data
set is, more reliable is the coefficient fitting. Multi-frequency, multi-angle
and multi-polarization radar data have been used in the original work.In the
last years several improvements of this model have been proposed. Partic-
ular attention has been directed toward the empirical relationship between
σo and vegetation parameters like PWC and LAI. A relationship with SMC
was proposed by Prévot et al. (1993), over wheat fields at C- and X-band,
VV and HH polarizations, for an angle range of 15o–45o. A more advanced
version of “Water cloud” model was proposed by De Roo et al. (2001). The
main improvement was the introduction of the crosspolarized backscatter
coefficient. Furthermore, the relationships between the backscattering coef-
ficients and soil moisture, PWC and crop height, were analyzed.

A semiempirical model used to estimate the emissivity was proposed by
Kirdyashev et al. (1979); Mo et al. (1982). It is a zero order solution of the
radiative transfer theory. The physical approximation is characterized by
the knowledge of the albedo and optical depth, and empirical coefficients
are needed to correlate these two parameters with the properties of the
vegetation and radiometric configurations, Jackson et al. (1982); Wigneron
et al. (1995).

Because of their simplicity, the semiempirical models present some ad-
vantage in terms of reduced number of input parameters, computation time
and implementation difficulty. On the other hand, the general validity of re-
lated fitting coefficients is questionable. Because the model simply depends
on PWC or vegetation biomass, it is not able to consider effects of density
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and geometrical properties. For example, a dense field at early stage may
have the same biomass or PWC of a sparser field in a developed stage, but
the backscattering (or emissivity) values may be completely different. A
possible way to solve this limit and keep the analytic simplicity, is using a
physical model to get the fitted coefficients needed by the semiempirical one,
as proposed by Wigneron et al. (1999); Ferrazzoli et al. (2002).

1.3.2 Continuous Layer Models

A theoretical approach was proposed by Fung and Ulaby (1978); Fung (1979);
Tsang and Kong (1981) reusing the random media theory Tatarskii (1964);
Stogryn (1974). Both vegetation and soil are represented like two dielec-
tric slabs. The permittivity of the first one is composed by an average and
a fluctuant component, which is a random function of coordinates. The
fluctuating part of the permittivity is correlated with the dielectric inhomo-
geneity, in particular due to leaves. Instead, the soil permittivity values are
just characterized by a constant complex value. Mainly, the limits of this
approach are two. The first one is a missing direct relationship between
the fluctuation of the permittivity and the real properties of the dielectric
bodies. The second limit is the representation of the boundaries between
air-vegetation and vegetation-soil, by completely flat interfaces.

1.3.3 Discrete Models

A more sophisticated theory allows to take into account the quasi-real geom-
etry of the vegetation components. This kind of appoach is named “discrete
approach”. Vegetation elements are described by means of dielectric bodies,
whose simplified shapes permit a more suitable electromagnetic characteri-
zation.

This theory permits to highlight the scattering and emissivity proper-
ties of each vegetation component. Differently from the models quoted in
sections §1.3.1 and §1.3.2, it permits to investigate the electromagnetic inter-
actions among all the vegetation components. This is possible because the
input structural variables are measured directly from the fields. In available
discrete models, four main steps may be identified.

Geometrical description

The first step is a subdivision of the canopy into elementary components,
and related selection of suitable geometrical shapes. The soil is represented
as a dielectric half-space with rough interface. Each vegetation component
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(stems, leaves, petioles, trunks and branches) is represented by using a
simplified geometry. Cylinder structures may represent stems, trunks and
branches. Discs, elliptical or curved sheets may represent leaves.

Permittivity modeling

For both soil and vegetation, the permittivity must be computed. Several
works have been carried out for the soil. Most of them are based on the
semiempirical formula of Dobson et al. (1985), later refined by Ulaby et al.
(1986), or the empirical formulation derived by Hallikainen et al. (1985).
This emipirical or semiempirical formulation depends mainly on soil mois-
ture content and soil texture. The main limit is the hypothesis of a homoge-
neous soil situation, which in many fields is not completely verified, because
of a stratified soil moisture content.

Empirical approaches were followed by Ulaby and El-Rayes (1987); Mätzler
(1994), to develop a polynomial function for the vegetation permittivity.
Both works are based on empirical data: for the first one corn leaves and
stems have been considered, whereas for the development of the second
model different kinds of leaves have been used. A study about the anysotropy
of the permittivity function, for two kinds of coniferous trees, has been pro-
posed by Franchois et al. (1998). The results show an appreciable variation
for both the real and imaginary components of the permittivity, as a function
of the radial distance.

Electromagnetic single scatterer characterization

Soil scattering, as well as scattering and extinction of vegetation elements
must be estimated. For soil characterization it is possible to compute the
scattering in the upward direction, by using two asymptotic approximations,
Small Perturbation and Geometrical Optics Ulaby et al. (1986), respectively
for low and high frequencies. A more advanced electromagnetic model, the
Integral Equation Model (IEM), was made available by Fung (1994) and an
improvement was presented by Alvarez-Perez (2001).

The vegetation is represented by simplified dielectric bodies, whose elec-
tromagnetic properties depend on the ratio between wavelength and phys-
ical variables. Typical approximations adopted for stems, petioles, trunks,
branches and any bodies, whose geometry is reducible to a cylindrical struc-
ture, are proposed by Karam et al. (1988); Stiles and Sarabandi (2000);
Della Vecchia et al. (2006c). Instead, leaves are usually characterized discs
and elliptical dielectric bodies Eom and Fung (1984), or by means of flat or
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curved dielectric sheets Sarabandi et al. (1988); Della Vecchia et al. (2004).

Backscattering and emissivity computation

The computation of the overall backscattering coefficient and of emissivity
value, are the conclusive tasks of the modeling procedure. Further aspects
that may differentiate the models are the order of scattering interactions
among the scatterers and the electromagnetic wave approach adopted, in-
coherent (Radiative Transfer Theory) or coherent (partial or full wave ap-
proach).

A well known discrete model is the MIMICS Ulaby et al. (1990), initially
developed for forest applications. It is based on the first order solution of
the Radiative Transfer Theory (RTT). It computes attenuation, backscat-
tering and specular scattering coefficients. In order to extend the model to
agricultural fields (wheat and canola), a modified version was proposed by
Touré et al. (1994). A similar work was issued by Macelloni et al. (2001b)
with the purpose to investigate the backscattering behaviour of narrow leaf
crops (wheat) and broad leaf crops (sunflower).

A main limit of this first order approach is the underestimation of the
cross-polarized backscattering coefficient, and the co-polarized ones at the
higher frequencies. An improvement of the single scattering model, is the
solution of the RTT equations proposed by Karam et al. (1992). They
extended the scattering order, among the indipendent scatterers, up to the
second order. A similar approach was used by Cookmartin et al. (2000), to
compare simulated data with experimental signatures, collected over rape,
barley and wheat fields. Eom and Fung (1984) proposed a more advanced
approach, for agricultural applications. It was based on Twomey et al. (1966)
theory, who found out a valid solution of RTT equations (Matrix Doubling
Algorithm), in order to consider the multiple scattering of all orders, for
atmospheric applications. Further models are based on the Matrix Doubling
Algorithm, for agricultural applications Bracaglia et al. (1995) and forest
ones Ferrazzoli and Guerriero (1995).

A more sophisticated coherent theory was proposed in the last years.
Differently from RTT, information about wave phase is computed, and elec-
tromagnetic field is considered, in place of electromagnetic power. The
approach may be partially coherent or fully coherent. In the first case a
coherent approach is used to combine the scattering contributions of veg-
etation elements Stiles and Sarabandi (2000); Chiu and Sarabandi (2000);
Marliani et al. (2002), but the attenuation is computed by using the well
known incoherent Foldy’s theory Tsang et al. (1985). The fully coherent ap-
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proximation proposed by Tsang et al. (1995), considers the vegetation like
an ensemble of clusters, composed by elementary dielectric scatteres, whose
interaction is completely considered in terms of electromagnetic wave prop-
agation. Recently another fully coherent approach has been proposed by
Oh et al. (2002). Because of the great complexity and the relative youth of
the theory, further investigation and theoretical studies are required to use
this approach in operative algorithms. Main limits of a partially coherent
approach is the lower order of scattering interaction, whereas the main limit
of the a fully coherent approximation is the simplicity of the geometrical
representation of the vegetation. A further limit is the difficulty to get a
such detailed information from ground measurements, particularly critical
is the knowledge about the absolute position of all scatterers which compose
the monitored field.

The RTT is conventionally used to develop emissivity models too. The
most common approach used to estimate the emissivity is based on the
knowledge of the total scattered power. In this way, by means of the energy
conservation law, the emissivity is computed as the complement to one of
the reflectivity. An example is proposed in Ferrazzoli and Guerriero (1996),
where the overall scattering is computed by means of the matrix doubling
algorithm, in order to take into account multiple scattering. Another the-
ory adopted to assess the emissivity, based on the RTT, is proposed by
Karam (1997). It is based on a first order solution of the radiative transfer
equation. The model can consider temperature gradient inside the canopy
and computes directly the emissivity without estimating the overall bistatic
scattering coefficient.

1.4 Thesis Objectives and Outline

General aims

The Thesis illustrates the following main points:

• Refining of single scatterer modeling, in order to extend and improve
the reliability of the Tor Vergata model. In particular, an alternative
electromagnetic representation will be proposed in order to reproduce
the curved leaves of agricultural fields such as corn and wheat. A
single scatter model will be proposed in order to represent the wheat
stem’s hollowness.

• An exhaustive verification and validation phase will be proposed by
means radar signatures collected within ESA-ESTEC project under
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contract n.17011/03/NL/JA.

• A new theoretical approach will be proposed in order to reproduce the
understory-litter sublayer component. Furthermore, in the framework
of ESA-ESTEC project under contract n.18823/04/NL/FF, in view of
SMOS mission, a growth algorithm has been developed in order to
adopt model at large scale applications.

• Finally the model will be verified and validated by means ground and
ariborne campaign.

Outline

Chapter 2 introduces and discusses the basic properties of Tor Vergata
electromagnetic model

Chapter 3 describes the the single scatterer modeling improvements, in-
troduced into the model

Chapter 4 shows the model validations through several experimental cam-
paigns for agricultural applications

Chapter 5 proposes a new geometric description alghoritm,in order to con-
sider several species of forests. Also a new model including litter ef-
fects is proposed. The forest model is validated mainly by two detailed
ground based radiometric experiments and two airborne experiments.

Chapter 6 concludes the work, with some discussions about the previous
chapter

Chapters 3, 4, 5 and 6 are based on published and/or submitted papers.
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Chapter 2

The Tor Vergata Model

The previous chapter has introduced an overview of the electromagnetic
modeling approaches used to simulate the backscattering and emissivity of
vegetated soils. The present Chapter aims at introducing the electromag-
netic model developed at Tor Vergata University, which basic theory has
been introduce into §1.3.3. The reader will find the description of the theo-
retical approach used to model vegetation signatures collected by active and
passive systems.

2.1 Introduction

The model developed at the University of Rome “Tor Vergata” uses the
radiative transfer theory to describe the interaction between the incoming
electromagnetic wave and the vegetation Bracaglia et al. (1995). It can com-
pute both the backscattering coefficient Ferrazzoli and Guerriero (1995) and
the emissivity Ferrazzoli and Guerriero (1996) by using the energy conser-
vation law. To represent the vegetation architecture a discrete approach is
adopted, and dielectric bodies with suitable shapes are used to describe the
geometric properties. Figure 2.1(a)–(b) depict both the scheme adopted to
represent a generic agricultural field and a generic forestry one.

Different assumptions about dimensions, orientations and dielectric prop-
erties of the scatterers can be done to distinguish different kinds of canopies.
The model is currently used to compute backscattering and emissivity for
agricultural fields Della Vecchia et al. (2006b) and forests Della Vecchia et al.
(2006d). Once a geometric representation is chosen, the bistatic scattering
and extinction coefficients for each scatterer are computed. Finally, all con-
tributions are combined by means the “Matrix Doubling Algorithm”. It

13
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(a)

(b)

Figure 2.1: Example of geometric structure adopted for a generic vegetated
soil. (a) Agricultural sketch; (b) Forest sketch.
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allows us to estimate the multiple interactions among the different dielectric
bodies which compose the vegetation. The matrix doubling is used again
when the whole vegetation and the soil interactions have to been combined.
The last step consists is the assessment of the overall backscattering coeffi-
cient, for the active version of the model, or the emissivity for the passive
one.

2.2 Model Description

This section provides further details about the model, in order to get a
complete and exhaustive description of the theoretical formulation.

2.2.1 Single Scatterer Characterization

Similarly to other discrete models, the first step required by Tor Vergata
Model (TVM) is a detailed analysis of the geometric properties of the veg-
etation. After its decomposition into elementary components (leaves, peti-
oles, stems for agricultural fields, or trunks, branches and leaves for forests)
a detailed knowledge of the following variables is required:

• Geometric variables such as shape, dimension and orientation of stems,
leaves, ears, branches and trunks

• Permittivity values, which are related to moisture and dry matter den-
sity for vegetation, moisture and texture for soil

• Number of elements per unit area and moisture content

• Soil variables as moisture, surface height standard deviation and cor-
relation length

First of all, the single elements are characterized. Because of the complex ge-
ometry, it is necessary to assume some simplifications. The collection of suit-
able shapes adopted for the dielectric scatterers is a critical step and research
is currently in progress. Furthermore, the choice of a reliable electromag-
netic approximation is strictly correlated to the ratio between wavelength
and scatterer dimensions. Mostly used single scatterer approximations are
here reported

• Leaves are represented as discs and ellipses. It is possible to use the
Rayleigh-Gans Eom and Fung (1984) approximation, when at least one
dimension of the scatterer is negligible with respect to the wavelength.
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For higher ratios between physical dimensions and wavelength, the
physical optics approximation Le Vine et al. (1983) is more reliable.
Also the resistive approximation may be used. In Senior et al. (1987),
rectangular and square plates are analyzed, whereas curved dielectric
plates are introduced in Sarabandi et al. (1988).

• Cylinders may represent the stems, petioles, ears, trunks, branches and
needles. The Rayleigh-Gans approximation can be used with the same
previous assumptions, and the infinite length approximation Seker and
Schneider (1988) can be adopted when the length of the cylinder is
much higher then the wavelength.

• The soil is represented through a dielectric rough half-space, and the
integral equation model may be used to compute the bistatic scatter-
ing coefficient using theformulation of Fung (1994). For particularly
smooth soils with respect to the wavelenght, the small pertubation
approximation is used, while the geometrical optics approximation is
adopted for very rough surfaces.

2.2.2 Sublayer Characterization

To combine the interactions among the different dielectric scatterers which
compose the vegetation, the numerical algorithm “Matrix Doubling” is used.
This approach allows to take into account the multiple scattering effects in-
side a volume filled with dielectric bodies. The idea is to divide the canopy
layer into several sub-layers and then compute the multiple reflections among
them. To characterize the scattering in the upper and lower half-space asso-
ciated to the generic sublayer, as depicted in Figure 2.2, the electromagnetic
behaviour of the dielectric bodies, which compose the sublayer, must first
be characterized. To this aim, the scattering crosse section matrix

σ = 4π
[
< |fvv|2 > < |fhv|2 >
< |fvh|2 > < |fhh|2 >

]
(2.1)

and the extinction cross section matrix are computed

σe =
4π
k

[
< ={fF

vv} > 0
0 < ={fF

hh} >

]
(2.2)

k (m−1) is the electromagnetic wave number, fvv, fhv, fvh, fhh are the scat-
tering amplitude functions, averaged by considering the possible geometrical
orientations of the single scatterer, described by the Eulerian angles α, γ and
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Figure 2.2: Scatter mechanism in the matrix doubling algorithm

β. The forward scattering theorem is adopted to compute the extinction
cross section, and the amplitude scattering function in the forward direction
is used.

The scattering functions are continuous functions of the incident and
scattering angles, but due to the enhanced computational complexity, it is
not possible to keep this property. A reasonable discretization of the space is
mandatory in order to get an acceptable computing time. The discretization
of the functions is obtained in the elevation plane, by subdividing the π/2
elevation range into Nθ intervalls of width ∆θ, and the 2π azimuth range
into Nφ intervalls of width ∆φ. In this way the incoming and scattered fields
are belonging respectively to the jth and ith elevation interval (1 ≤ (i, j) ≤
Nθ), with azimuth angle φs − φ, where it represents the difference between
scattering and incident azimuth angles, with (0 ≤ (φs − φ) ≤ 2π).

Once the electromagnetic behaviour of all the elements, composing the
sublayer, is known, it is possible to procede to the second step, the sublayer
electromagnetic caracterization. To describe the scattering properties the
S− and S+ matrices are adopted. The first one represents the upward
scattering specific intensity Iip(φs−φ) (W/m2 st), in the ith elevation angular
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interval and φs azimuthal angle, at p (p = v, h) polarization, due to an
incident power, uniformly distribuited within a cone of width ∆θ sin θ dφ
of intensity Ijq(φ) (W/m2 st), coming from the angular interval jth with
polarization q (q = v, h).

S−ijpqm =
n∆z∆θ sin θj

4π cos θsi
· amFm

{
σ−

ijpq(φs − φ)
}

(2.3)

S+
ijpqm =

n∆z∆θ sin θj

4π(− cos θsi)
· amFm

{
σ+

ijpq(φs − φ)
}

(2.4)

A further hypothesis of indipendency, among the scatteres belonging to the
same volume of thickness ∆z, make of the elements of Stokes matrix directly
proportional to the scatterers density n (m−3). The Fm{ } indicates the mth

term of Fourier series, adopted to express the dependence on φs−φ, and am

represents the Fourier coefficient, which is equal to 2π for the zero-th order
term and π for the higher ones. By means of a readjustment of the previous
matrices, a further form is proposed for both of them in equation (2.5).

S±
m =

[
S±

vvm S±
vhm

S±
hvm S±

hhm

]
(2.5)

where S±
pqm, whose dimension is 2Nθ × 2Nθ, contain the S±ij coefficients.

In order to consider the overall eletromagnetic interaction, it is needed to
estimate the electromagnetic field which propagates throught the vegetation.
Thus, the transmission matrix is represented in equation (2.6).

T + = 1−
[

kevv 0
0 kehh

]
(2.6)

The elements of the transmission matrix, of dimension 2Nθ × 2Nθ, are ob-
tained directly from the extinction matrix, equation (2.2), and they are
expressed as

kejjpq =
n∆z
cos θj

σeijpq (2.7)

Once the sublayer downward scattering matrix S+
m is substituted by the

transmission matrix expressed as T m = S+
m +T +, and the matrix scattering

in the upward direction is known, the single sublayer characterization is
completed.
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Figure 2.3: Multiple reflections among sublayers

2.2.3 Matrix Doubling Algoritmh

In order to take into account the multiple interactions among several sub-
layers, the approach proposed in Eom and Fung (1984) is adopted. In Fig-
ure (2.3) all possible paths that the energy fluxes can follow, are depicted.
The total upward scattering of two sublayers is expressed as:

Sm = S1m + T ∗
1mS2mT 1m + T ∗

1mS2mS∗
1mS2mT 1m + · · · =

S1m + T ∗
1mS2m (I − S∗

1mS2m)−1 T 1m (2.8)

whereas the total downward scattering and transmission matrices are ob-
tained by means the following expression

T m = T 2m

[
I + S∗

1mS2m + (S∗
1mS2m)2 + . . .

]
T 1m =

T 2m(I − S∗
1mS2m)−1T 1m (2.9)

In the evaluation of the matrices it is assumed that the impinging field comes
from the upper half-space, whereas, for starred matrices an impinging field
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coming from the lower half-space is assumed. If each sublayer is symmetric,
S∗ = S and T ∗ = T . The whole canopy scattering matrix Svm and trans-
missivity matrix T vm are computed for all the Fourier terms, by reiteration
of the procedure.

2.3 Backscattering Coefficient Computation

Once the scattering and absorption proprierties are known, and represented
as shown in §2.2.2, it is possible to procede with the last step, i.e. the
estimation of the overall backscattering coefficient. To compute it the matrix
doubling algorithm is used again, but now between the vegetation layer and
the soil, which shows only one upward scattering matrix. So, the following
procedure is observed

Svgm = Svm + T ∗
vmSgm (I − S∗

vmSgm)−1 T vm (2.10)

where Svm and T vm represent the upward and downward scattering matrices
of the whole vegetation layer, whereas Sgm represents the bistatic scattering
of the soil. Since all the matrices are in the Fourier domain, it is needed an
inverse transformation is needed, which allows to come back in the original
system. The equation (2.11) shows the procedure

σo
jjpq =

4π
∆θ

cot θj

Nφ/2+1∑
m=0

1
am

Svgjjpqm cos(m(φs − φ)) (2.11)

where φs−φ is the generic azimuthal scattering angle, and in the particular
case of backscattering it is equal to π.

2.4 Emissivity Computation

A previously mentioned, the model may be used to estimate the scattering,
in whatever direction. In the previous section, the backscattering compu-
tation has been shown, but similar expressions can be obtained for bistatic
scattering, which is needed to compute the emissivity. Mainly there are
two different ways to estimate the emissivity, of a vegetated soil. The first
one is to consider directly the energy fluxes emitted, and subsequently scat-
tered, by the elements which compose the canopy. The second one is based
on the energy conservation approach. This last method is adopted in the
present model. The main steps are two: the first one is the computation
of the bistatic scattering of the whole medium, as described in the previous
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pararagraphs, and the second one is the application of the energy conserva-
tion law. Since the emissivity is complementary to the reflectivity, it can be
expressed by the integral in equation (2.12)

eq(θ) = 1− 1
4π

∫ 2π

0

∫ π
2

0

2∑
p=1

σo
pq(θ, θs, φs)

cos θ
sin θsdθsdφs (2.12)

Since in the model the space is discretized into angular intervals, the integral
is transformed into a summation

ejq = 1−
Nθ∑
i=1

2∑
p=1

cos θsi sin θsi

cos θj sin θj
Sijpq0 (2.13)

In the equation (2.13) , only the zeroth order term of the Fourier series is
required, differently from the computation of the backscattering shown in
equation (2.11).

2.5 Conclusions

The description of the Tor Vergata Model, provided in the present chapter,
has had the aim to introduce the used theoretical approach. In the following
chapters, specific refinements to same aspects of the model will be described.
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Chapter 3

Single Scatterer Model
Improvement

The present chapter aims at introducing the electromagnetic refinements
of Tor Vergata Model developed during the PhD work. The curved sheet
approximation and the hollow stem approximation, adopted respectively to
represent the long curved leaves of corn and the hollow stem of wheat during
the ripe period, are here described and tested.

3.1 Basic Definitions

As introduced in Chapter 2, the model, with its modular configuration, al-
lows to consider every kind of scatterer whose bistatic scattering and ex-
tinction functions are known. In order to get the required functions, the
electromagnetic scattering problem must be solved. The approach is usually
based on the integral formulation of the electromagnetic fields. This rep-
resentation is adopted to represent either the field inside the scatterer and
the far scattered field. The problem is depicted in Figure 3.1, where the
volume indicated by V may be occupated by dielectric or metallic material.
In both cases the solution of the problem is found by means of boundary
value considerations.

The properties of the electromagnetic field are completely represented
by means of the Maxwell’s equations. They define the relationships among
the electric field E(r), magnetic field H(r), electric displacement field D(r)
and the magnetic induction field B(r). Hereafter a complex notation, an
implicit dependency on spatial position r and an implicit time variant factor

23
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Figure 3.1: Scatterer body and involved fields

e−jωt are assumed. The Maxwell’equations are expressed as:

(I) ∇×E − jωB = Jm (III) ∇ ·B = ρm

(II) ∇×H + jωD = Je (IV ) ∇ ·D = ρe

(3.1)

where

D = εE (3.2)

B = µH (3.3)

where µ and ε represent the magnetic and dielectric permittivities. The
equations make explicit the relationship among the electromagnetic fields
and their sources. Although in nature only electric current distributions are
present, magnetic current are taken into account for mathematical conve-
nience.

If a sample of matter is present in the space, where a generic electromag-
netic field Ei is propagating, as depicted in Figure 3.1, a scattered field Es

raises from the interaction between the body and the incident field. By the
addition of the two fields, a total field E is derived, and its behaviour may
be described by means the equations (3.1). This phenomenon is generally
called electromagnetic scattering.
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In literature several approaches are developed to find a suitable expres-
sion for the scattered field. One of them is the Stratton-Chu integral equa-
tion Stratton (1941), which is entirely based on the Maxwell’s equations
and scalar-vector Green’s theorem. An alternative approach is proposed
by Franz Franz (1948), based on the diadic Green’s function. A further
and probably more common method, utilizes the scalar and vector potential
functions Stratton (1941). Because the latter method is used in the present
work, further detailed considerations about it are given.

By using the potential theory a couple of vectorial functions are defined,
respectively the electric and magnetic Hertz’s vector functions

Πe(r) =
jZ0

4πk0

∫
V

Je(ŕ) ·G(|r − ŕ|)dτ́ (3.4)

Πm(r) =
jY0

4πk0

∫
V

Jm(ŕ) ·G(|r − ŕ|)dτ́ (3.5)

where Z0 =
√
µ0/ε0 is the free space impedence, k0 is the free-space propaga-

tion constant, Je and Jm are the equivalent electric and magnetic currents.
The scalar Green function is expressed as

G(|r − ŕ|) =
ejk0|r−ŕ|

|r − ŕ|
(3.6)

Finally, the relationship among the Hertz’s functions and the scattered fields
is given by the equations (3.7) and (3.8)

Es(r) = ∇×∇×Πe(r) + jk0Z0∇×Πm(r) (3.7)

Hs(r) = ∇×∇×Πm(r)− jk0Y0∇×Πe(r) (3.8)

The forthcoming step to single out a solution of the problem, is an oppor-
tune formulation for electric and magnetic current distributions. In order
to do that, the boundary conditions are considered. An example is given by
the solution proposed by Schelkunoff (1936).

Je = n̂×H (3.9)

Jm = −n̂×E (3.10)

where the Love’s equivalent theorem allows to obtain an expression for the
currents in (3.4) and (3.5), considering the surface fields.



26 SINGLE SCATTERER MODEL IMPROVEMENT

An alternative solution to the problem is given by considering a further
version of the equivalence theorem. To describe the electromagnetic field,
inside a generic body, two further fields are defined:

P = D − ε0E (3.11)

M =
1
µ0

B −H (3.12)

P and M describe the dielectric and magnetic polarization intensities of the
matter, respectively. By introducing (3.11) and (3.12) into the Maxwell’s
equations it is possible to demonstrate that both fields become sources of
the scattered field. For dielectric scatterers, the equivalent currents to be
used for the Hert’z vectors are expressed as

Je = −jωP = −jωεr (ε0 − 1) Eint (3.13)

Jm = 0. (3.14)

where εr is the dielectric relative permittivity and Eint is the field inside
the scatterer.

The mathematical approach, previously showed, proposes a rigorous so-
lution of the problem. Due to the complexity of the involved functions,
further simplifications need to be done. A first simplification regards the
distance between scatterer and observation point. It is assumed:

r >
2D2

λ0
(3.15)

r is the distance between receiving antenna and the scatterer, D is the
biggest scatterer dimension and λ0 is the wavelength. If the relation is fully
satisfied, it is supposed that the observation point is far enough from the
scatterer, which appears like a waves source located in the origin. Then, it
is possible to assume the simplifications of the equations (3.16) and (3.17).

|r − ŕ| = r − r̂ · ŕ +O(r2) (3.16)

∇× ≈ jk× (3.17)

Hence, the electric and magnetic scattered fields can be expressed as in (3.18)
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and (3.19).

Es(r) = −jk0
ejk0r

4πr

{
r̂ × r̂ × Z0

∫
V

Je(ŕ)e−jk0r̂·ŕdτ́ +

+ r̂ ×
∫

V
Jm(ŕ)e−jk0r̂·ŕdτ́

}
(3.18)

Hs(r) = −jk0
ejk0r

4πr

{
r̂ × r̂ × Y0

∫
V

Jm(ŕ)e−jk0r̂·ŕdτ́ +

− r̂ ×
∫

V
Je(ŕ)e−jk0r̂·ŕdτ́

}
(3.19)

where the Je and Jm are expressed by means the equation (3.9) and (3.10).
It is possible to describe the scattered field like a spherical wave of com-
plex amplitude. It is more evident if the equation (3.18) is expressed as
composition of two factors:

Es(r) =
ejk0r

r
f(ô, ι̂) (3.20)

The complex vector f(ô, ι̂) is called scattering amplitude function, and it
contains information about amplitude, phase and polarization of the far
scattered field in a generic direction ô, when an incident electromagnetic
wave has propagation direction ι̂.

Once the scattering amplitude function is defined, further functions may
be defined to describe the electromagnetic properties of the scatterer. Par-
ticular attention is focused towards the scattering and absorption properties.
Their mathematical characterization is commited to the bistatic scattering
cross-section

σ(ô, ι̂) = lim
r→∞

4πr2
|Es(r)|
|Ei(r)|

= 4π|f(ô, ι̂)|2 (3.21)

in the particular case of ô = −ι̂ the function is called backscattering cross-
section. Both functions give the scattering capacity, the first one for a
generic scattering direction, while the second one in backward direction. The
backscattering cross-section assumes importance in view of the very large
number of monostatic radar systems. When the overall electromagnetic
power is considered, then the function is called total scattering cross-section

σt(ι̂) =
1
4π

∫
4π
σ(ô, ι̂)dΩ =

Ws

Pi
(3.22)



28 SINGLE SCATTERER MODEL IMPROVEMENT

where Ws is the total scattered power in presence of an incident field whose
surface density power is Pi. This function summarizes the reirradiation
properties of the scatterer.

It is very important to note that natural elements are dissipative. This
means that a further variable is required to characterize the absorption
properties. In order to do that, the absorption cross-section is used

σa(ι̂) =
ωε0
2Pi

∫
V
|={εr}||E(ŕ)|2dτ́ =

Wa

Pi
(3.23)

where Wa represent the overall absorbed energy and E(ŕ) is the field inside
the scatterer.

Once either the scattering and absorbtion properties are characterized,
the extinction cross-section may be defined as:

σe(ι̂) = σt(ι̂) + σa(ι̂) (3.24)

This last variable describes the overall interaction between the electromag-
netic field, of surface density power Pi, and the observed scatterer of volume
V , with permittivity values (ε, µ).

In order to compute σe(ι̂) we can assess σa(ι̂) and σs(ι̂), or more simply
use the forward scattering theorem Van de Hulst (1957), which provides the
extinction cross section formulation by the knowledge of the imaginary part
of the forward scattering function.

σe(ι̂) =
4π
k0
={f(ι̂, ι̂)} (3.25)

3.2 Curved Sheet Approximation

In models available at present, long curved leaves are often subdivided
into several circular discs, thus losing the continuity of the dielectric object
Bracaglia et al. (1995); Fung (1994) and introduced in §2.2.1. An alternative
approach, which saves continuity, represents each long leaf as a unique sheet
The theory was developed by Sarabandi et al. (1988) and it aimed at com-
puting the scattering of dielectric curved sheets, but seriuos limits do not
allow to use it inside operative model. It only compute the backscattering
coefficient for one fixed position of the scatterer.

In this section, the theoretical formulation of curved sheet backscattering
developed in Sarabandi et al. (1988) is generalized, in order to consider any
possible scattering direction and any possible azimuth orientation of the
sheet. A formulation for the scattering amplitude function is developed so
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that the forward scattering theorem can also be applied in order to compute
the leaf extinction cross section.

Typical corn leaf shapes are depicted in Figure 3.2, where it is visible
the enhanced curvature which characterizes its geometry.

Figure 3.2: Generic corn leaves shape

3.2.1 Theory

The dielectric curved sheet representation was proposed in Sarabandi et al.
(1988), where the backscattering cross section of the leaf was computed for
the case of normal incidence of the electromagnetic field. Since the method
used in Tor Vergata Model needs the bistatic scattering and extinction cross
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sections of all the elements that make up the vegetation canopy, a general
expression for σ(ô, ι̂) of the dielectric sheet was developed, in order to
consider any possible direction of incidence and scattering, as well as any
possible orientation of the sheet. The leaf geometric shape is depicted in
Figure 3.3; the leaf is a curved section of width a and length b = βρ on the
surface of a sphere with radius ρ.

Figure 3.3: Geometrical and angular dimensions of the curved sheet

Once the reference system is set, all the electromagnetic variables must
be referred to it. The first known variables are the incident electric field Ei

and the related magnetic field Hi = Y0ι̂×Ei.
In order to get the induced current on the curved sheet, the hypothesis of

a perfect conductor is made at first, and the induced current on the surface
of the sheet in the physical optics approximation, JPC

e , is obtained as

JP C
e = n̂×

(
Hi + Hs

)
≈ 2n̂×Hi (3.26)

JP C
m = n̂×

(
Ei + Es

)
= 0 (3.27)

where the electric current is expressed in the (x̂, ŷ, ẑ) system. The following
step is to reformulate JP C

e by using a local coordinate system (ξ̂, η̂, ζ̂),
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where η̂ and ζ̂ describe the local tangent plane at the curved sheet. They
are parallel and perpendicular to the incident plane described by the unit
vectors n̂ and ι̂, respectively.

JP C
e =

(
Aη̂ +Bζ̂

)
e−jk0ρ(sin θ cos φ sin θi+cos θ cos θi) (3.28)

where coefficient A and B are available in Della Vecchia et al. (2004).
Once the local coordinate system is adopted, the amplitude of the elec-

tric current is reformulated within the new coordinate system. This new
formulation allows an easy transition from metallic to dielectric matter, by
means of the introduction of suitable reflection coefficients, respectively for
TE and TH polarized fields.

Je =
(
AΓH(ψ)η̂ +BΓE(ψ)ζ̂

)
e−jk0ρ(sin θ cos φ sin θi+cos θ cos θi) (3.29)

with

ΓE(ψ) =
(

1 +
2R
Z0

secψ
)−1

(3.30)

ΓH(ψ) =
(

1 +
2R
Z0

cosψ
)−1

(3.31)

cosψ = −ι̂ · n̂ (3.32)

R =
jZ0

k0τ(ε− 1)
(3.33)

where τ is the sheet thickness, ε the dielectric permittivity, Z0 and k0 the
free space propagation impendence and the free propagation constant. From
the induced current, the Hertz’s vector can be found and, afterwards, the
scattered electric field in the far field approximation.

Es(r) ≈ ejk0r

k0r

jZ0ρ
2

4π

∫
sheet

−k2
0(r × r × Je)e−jk0r̂·ŕ sin θ dθ dφ (3.34)

As proposed for all the models (e.g, Eom and Fung (1984); Le Vine et al.
(1983)), where an exact solution of the problem is not available, the individ-
uation of the applicability limits is a very important step. Regarding to the
curved sheet theory, besides the conventional simplifications implicitly as-
sumed into the equation (3.18) (plane incident wave and far scattered field),
three further main approximations have been assumed and are analyzed in
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Ulaby and Elachi (1990, Chapter 3). The first one regards the validity of the
equation (3.26). It assumes that local scattering, on the curved surface, fol-
low the same reflection rules, which involve a perfect plane structure, hence
it is valid when the sphere radius is large with respect to the wavelenght:
ρ/λ0 → ∞. The second point raises with the the subdivision of the scat-
terer into two zones, one directly illuminated by the incident field, and a
second one not illuminated by the field, called shadow zone, which is not
considered in the scattering phenomena. A third and last point regards
the resistive sheet approximation, and more directly the thickness of the
dielectric body. In order to apply the approximation, with a good degree
of reliability, it is stictly required a very thin sheet thickness: τ/λ0 → 0.
In this way, the dielectric body, can be fully replaced by an electric current
distribution expressed by the equation (3.33).

3.2.2 Results

Some comparisons between the theoretical results obtained with the disc and
the sheet geometry are here shown. The plots in Figure 3.4–3.6(b) report the
simulated backscattering coefficient vs the incidence angle at L-, C- and X-
band. Computations have been carried out applying the method described
in §3.2.1. Theoretical canopies composed only of leaves have been considered,
and multiple scattering between different leaves has been included. Two
cases for the disc and sheet models are considered, which correspond to
typical geometrical leaf parameters of wheat and corn crops at their full
growth stage:

• Wheat

– Discs with radius ad = 0.65 cm, and thickness τ = 0.2 mm, Leaf
Area Index (LAI) = 5

– Sheets of length bs = 27 cm and width as = 1.3 cm, τ = 0.2 mm,
LAI = 5

• Corn

– Discs with radius ad = 4.2 cm, τ = 0.3 mm, LAI = 3.6

– Sheets with length bs = 50.64 cm, width as = 8.4 cm, τ = 0.3
mm and LAI = 3.6

In this case, the presence of ribs, as reported by ground truth measurements
on corn crops, has also been introduced: they have been subdivided into thin
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cylinders with radius ac = 0.15 cm, and length equal to the disc diameter
lc = 8.4 cm.

In our simulations, the case of azimuthal simmetry has been considered
(0 ≤ α ≤ 360o) both for discs and sheets. The elevation angle of discs (i.e.
the angle between the normal to the single disc and the z axis of Figure 3.3)
has been considered uniformly distributed between 0o and 90o.

When comparing the two model results, it must be borne in mind that
in the sheet model an extra parameter is introduced to describe the leaf
geometry, that is its radius of curvature. In the following examples, the
angle β, visible in Figure 3.3, has been fixed equal to 90o, so that the radius
of curvature is ρ = 17.2 cm for wheat, and ρ = 32.2 cm for corn.

Figure 3.4: Backscattering coefficient of a canopy of corn leaves at L-band

At L-band, the Rayleigh-Gans approximation has been applied to discs,
while at higher frequencies, the Physical Optics has been used.

At L-band the results for the wheat canopy are not reported because the
modeled backscattering coefficient is below -35 dB, due to the small dimen-
sion of the scatterers and because suitability of the approximations are not
fully satisfied. Looking at Figure 3.4–3.6(b), the following considerations
can be drawn. For a given set of frequencies, angles and polarizations, the
backscattering coefficient of wheat leaves is lower than the one of corn leaves.
Both for corn and wheat leaves, the backscattering coefficient increases with
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(a)

(b)

Figure 3.5: Backscattering coefficient for a canopy at C-band for of: (a) corn
leaves; (b) wheat leaves.
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(a)

(b)

Figure 3.6: Backscattering coefficient for a canopy at X-band for of: (a) corn
leaves; (b) wheat leaves.
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(a)

(b)

Figure 3.7: Extinction efficiency of corn leaves: (a) C-band; (b) X-band.
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frequency. The trend versus the incidence angle is generally decreasing,
showing a slope which is higher with the disc model than with the sheet
model. Especially at larger angles, the sheet model shows a reduced sen-
sitivity to the incidence angle. Some anomalous behaviours are observed
at C-band, HV polarization, and are associated to very low backscattering
values. In general, backscattering values of discs are higher than those of
sheets, especially at low angles. Many effects could contribute to this re-
sult; one of them could be the fact that, in a disc canopy with azimuthal
symmetry, some discs have a nearly horizontal orientation which enhances
backscattering, while the sheets, because of their curvature, smooth this
effects. In Figure 3.7(a)–(b), the extinction efficiency (i.e. the extinction
cross section normalized to the area) of discs and sheets used in the corn
representation has been reported for C- and X-band. The sheet extinction
efficiency tends to be lower than the disc one; also the difference between
the two polarizations of the sheet extinction efficiency tends to decrease with
respect to the disc case.

In summary, the introduction of a geometric representation that main-
tains the curvature of the single leaf yields a backscattering which may be
quite different from that of disc shaped leaves. However, when the whole
crop canopy is to be considered, the differences between the overall backscat-
tering coefficients obtained by the two approaches may be weaker because
of the introduction of soil and stem contributions.

3.3 Hollow Stem Approximation

Dielectric homogeneous cylinders are usually chosen to model tree trunks
and crop stems Ulaby et al. (1990), and their extinction and scattering cross
sections are simulated assuming that the internal field within the finite-
length cylinder is the same as the one induced within an infinite-length
cylinder Karam and Fung (1988); Seker and Schneider (1988) having the
same permittivity of the vegetation component. The problem of scattering
from tree trunks is examined in Kolawole (1992); Lin and Sarabandi (1995),
where the radial variation of dielectric constant from the bark to the core is
taken into account. They consider a stratified cylinder, with radially layered
permittivity, and with radius larger than the wavelength. Besides, in their
formulations, they consider cylinders terminated over the ground surface.

In this section, following the theory developed in Kolawole (1992), the
field on the surface of a hollow infinite cylinder is found at first. Then, ap-
plying the equivalence theorem Lin and Sarabandi (1995), the scattered field
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from a hollow lossy cylinder of finite length and any radius is obtained, and
it is applied to the typical dimensions and permittivities of wheat stems, for
arbitrary values of the incidence and scattering angles of the electromagnetic
field.

3.3.1 Theory

The present section briefly introduces the theory adopted to represent the
hollow cylinder electromagnetic scattering Della Vecchia et al. (2006c). To
solve the problem of scattering from a hollow cylinder, three regions have
been identified which are delimited by two coaxial cylinders with radii aint

and aext. Figure 3.8 shows the section of the hollow cylinder: the inner region
is the cavity, numbered as 1, and has a circular section with radius aint and
with dielectric constant ε0. Region 2 has a circular ring section limited by
circles of radii aint and aext and dielectric constant εr equal to the one of
vegetation.The outer region 3 is the free space, outside the external cylinder,
with dielectric constant ε0.

Figure 3.8: Cross section of a hollow cylinder with inner radius aint and
outer radius aext

A cylindrical coordinate system (ρ, φ, z) is used, with the z-axis parallel
to the cylinder axis. An electromagnetic field impinging from region 3, on
the cylinder in the direction making an angle π − θi with the z-axis, is
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considered.
Ei

z = −E0 sin θie
jk0ρ sin θi cos φejk0z cos θi (3.35)

Using the addition theorem for the Bessel functions, the field in equa-
tion (3.35) can be expressed by the following series of Hankel functions of
the first and second kind

Ei
z =

∑
n

(
ai

nH(1)
n (kρr) + binH(2)

n (kρr)
)
Fn(φ, z) (3.36)

H i
z =

∑
n

(
cinH(1)

n (kρr) + di
nH(2)

n (kρr)
)
Fn(φ, z) (3.37)

with

Fn(φ, z) = ej(nφ+kzz) (3.38)

kρ = k0 sin θi (3.39)

kz = k0 cos θi (3.40)

The same expression is adopted for the z component of the scattered field
where, in accordance with the outgoing direction of the field, only the Henkel
functions of the first kind are adopted.

Once the field component, belonging to the incident plane is computed,
the perpedicular one must be evaluated. It is possible to retrieve the expres-
sion, directly from the (I) and (II) Maxwell’s equations (3.1), which allows
to express the φ component of the field as a function of the z component.
In such a way it is possible to express the field in the generic region (R) of
the space with the following expression:
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Note that the argument kR
ρ ρ of the Hankel functions is understood.

It is possible to connect the coefficients of the fields in region 3 to the
coefficients of the fields in region 1, by iteratively applying the boundary
conditions on the discontinuity surfaces within the hollow cylinder. Follow-
ing Kolawole (1992), the continuity of the tangential components at the
surfaces with ρ = aint and ρ = aext is enforced. The final result of the
iterative procedure is a system of 4 equations and 4 unknown, represented
below: 

as
n

a1
n

c1n

csn

 = −jn sin θj

2


−1 α1 α2 0

0 α3 α4 0

0 α5 α6 −1

0 α7 α8 0


−1 

as
n

a1
n

c1n

csn

 (3.43)

by the solution of the equation (3.43), it is possible to obtain the coefficients
necessary to describe the scattered field, described with the equation (3.41),
in the outside region (R = 3).

In order to calculate the scattered field of a finite length cylinder, the
surface current equivalent theorem, introduced in §3.1 and represented by
the equations (3.9) and (3.10) are adopted. Hence, by following the expres-
sions proposed in Lin and Sarabandi (1995), a valid expression for a finite
dielectric hollow cylinder is obtained.

3.3.2 Results

The theory introduced in the previous section, is now adopted in order to
investigate the impact of the stem hollowness. Hollow cylinder variable have
been selected in such a way as to correspond to real wheat canopies, because
the internal radius is not measurable, it is necessary to adopt a method
based on the weight and external dimensions. The required information,
which allow to assess the internal radius are the height H, fresh and dry
weight Wf and Wd, and the dry matter density. Once all these data are
collected, the following formulas can be used at first to estimate the stem
volume Vh

Vh =
Wf −Wd

ρw
+
Wd

ρd
(3.44)

and finally the internal radius aint

aint =

√
a2

ext −
Vh

πH
(3.45)
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Information collected at Avignon site in 1993 Ferrazzoli et al. (2000),
sampled with a repetition time of 3 days, have been used in order to repro-
duce the whole wheat growth cycle. Figure 3.9 shows the trends of internal
and external radii. The stem is full until about the day of year 130 (aint = 0).
Then the internal radius increases rapidly and reaches values higher than
0.15 cm in the ripening period.

Figure 3.9: Trend of internal and external radii for a whole wheat growth
cycle

First, some backscattering and forward scattering trends are given for
a hollow stem of radii aint and aext, and a full stem of radius aext, in cor-
respondence of day of year 145, when the differences between external and
internal radius reach the maximum value. Figure 3.10(a)-(b) shows respec-
tively the back- and forward scattering cross section coefficients at L-band
(1.2 GHz). Similarly it is proposed at C-band (5 GHz) in Figure 3.11(a)-(b)
and X-band (10 GHz) in Figure 3.12(a)-(b).

In the following, the attenuation produced from a hollow stem of radii
aint and aext, and a full stem of radius aext are compared. Figures 3.13(a)-
(b) propose the attenuation at L-band (1.2 GHz), respectively for incident
angles of 25o and 45o. Similar trend are given at C-band (5 GHz) in Fig-
ures 3.14(a)-(b) and at X-band (10 GHz) in Figure 3.15(a)-(b). The atten-
uation is computed by taking into account also the stem density N (m−2)
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(a)

(b)

Figure 3.10: Backscattering (a) and forward scattering cross section coeffi-
cients (b) at L-band (1.2 GHz)
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(a)

(b)

Figure 3.11: Backscattering (a) and forward scattering cross section coeffi-
cients (b) at C-band (5 GHz)
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(a)

(b)

Figure 3.12: Backscattering (a) and forward scattering cross section coeffi-
cients (b) at X-band (10 GHz)



3.3 Hollow Stem Approximation 45

(a)

(b)

Figure 3.13: Attenuation trends al L-band (1.2 GHz): (a) incident angle
θi = 25o; (b) incident angle θi = 45o.
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(a)

(b)

Figure 3.14: Attenuation trends al C-band (5 GHz) (a) incident angle θi =
25o; (b) incident angle θi = 45o.
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(a)

(b)

Figure 3.15: Attenuation trends al X-band (10 GHz) (a) incident angle
θi = 25o; (b) incident angle θi = 45o.
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measured in Avignone site, by adopting the equation (3.46).

A = 10 · log(eNσe sec θi) (3.46)

where σe represent the extinction cross section of a single stem, computed
by means of the forward scattering theorem and θi represents the incident
angle.

Results of the simulations show that cylinder scattering and attenuation
at vertical polarization are significantly reduced by the hollowness of the
cylinder. The main differences are visible at V polarization, where, due
to the vertical orientation of the stems, the electromagnetic interaction is
more evident. The highest effects, concerning the attenuation, for a layer
composed by vertical stems, are observed at C-band, where maximum values
of attenuation reduction are about 10 dB at 25o incidence angle, and more
than 30 dB at 45o. At horizontal polarization, the difference between the
two approaches is considerably lower, both in scattering and attenuation.
At L and C-band, attenuation keeps lower than 0.5 dB, and increases up to
about 3 dB at X-band, 45o incidence angle.

3.4 Conclusions

In this chapter, a formulation for the bistatic scattering cross section of
dielectric curved sheets has been derived, and has been included in the
electromagnetic model of crops developed at Tor Vergata. Leaves are usu-
ally represented by dielectric circular discs, but curved sheets preserves the
continuity of long leaves, thus better representing their geometrical proper-
ties. Theoretical simulations of backscattering from wheat and corn canopies
made up of circular discs or sheets have been shown and compared in this
chapter. Differences between the two approaches are present, expecially at
low angles, when the sheet model provides a lower backscattering value with
respect to the disc model.

Moreover a dielectric hollow cylinder has been adopted to reproduce
the stem hollowness of the wheat during and after the ripe growth period.
Significant differences have been observed for the scattering and attenuation
values at V polarization at L, C and X-bands, while at H polarization slight
differences have been only seen at X-band.



Chapter 4

Application to Agricultural
Fields

The present chapter describes propose some comparisons between model sim-
ulations and experimental data for some fields. Comparisons have a twofold
purpose: first to investigate about the reliability of the new theoretical ap-
proaches described in Chapter 3, second to propose a systematic validation
of the whole electromagnetic model. Both corn and wheat are considered, in
different field sites and with the support of detailed ground data collection.
The analysis is concentrated in the C-band (5.3 GHz) where a large data
collection is available from ERS1/2, ENVISAT and RADARSAT.

4.1 Experimental data set

In this section, the sites used for the model validation are described. Radar
data and ground data cover one corn field at the Central Plain site (CH),
three wheat fields at the Matera site (I) (collected during two different cam-
paigns), one corn field and one wheat field at the Loamy site (B).

In order to give a general view, the crop biomass trends measured on each
site during the temporal window of our interest are reported in Figure 4.1(a)
for the corn fields, and Figure 4.1(b) for the wheat fields. It can be observed
that the growth cycles on the two corn plantations are shifted with respect
to each other (at the Loamy site the cycle is earlier). The four wheat fields
present differences both in time location and in maximum values.

49
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(a)

(b)

Figure 4.1: Fresh biomass measured on the fields: (a) 2 corn fields: Central
Plain (Dots), Loamy (Diamonds) (b) 4 whet fields: Matera 2001 campaign
(Triangles), Field 5 at Matera 2003 campaign (Diamonds), Field 6 at Matera
2003 (Stars), Loamy (Squares)
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4.1.1 Central Plain Data Set

Several measurements over crops were performed at the Swiss Central Plain
site using RASAM, from 1984 to 1991. RASAM is a ground-based microwave
radiometer/scatterometer system. Signatures were collected at several fre-
quencies, at several angles between 10o and 70o, and at VV, HH, HV and
VH polarizations Wegmüller (1993). We have considered a time series of
co- and cross-polarized backscattering coefficients collected at C-band over
a corn field covering a long period, from May 1988 to the end of October
1988 at 30o incidence angle. The field was dense, and reached a maximum
biomass of about 8 kg/m2 in full growth. Ground data were not sufficiently
detailed to provide all the inputs required by the model, but covered some
significant parameters such as soil moisture, soil roughness, crop height,
wet and dry biomass. They are reported in Table 4.1 together with other
parameters used as model inputs, which were calculated by means of an
empirical routine implemented on the basis of past ground surveys on corn
crops Paloscia (1991).
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Day Of Year 159 162 166 167 186 193 200 253 256 263 279 285 291 298
Incident Angle [deg] 30 30 30 30 30 30 30 30 30 30 30 30 30 30
Soil Property

Moisture Content [m3/m3] 0.34 0.23 0.29 0.31 0.3 0.26 0.2 0.21 0.22 0.23 0.29 0.32 0.3 0.31
Correlation lenght [cm] 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Roughness Std [cm] 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Fresh Biomass [kg/m2] 0.06 0.07 0.13 0.15 2.49 3.85 5.08 5.93 5.19 6.65 7.42 7.54 7.78 7.86
Leaves Property

Leaf Area Index** [m2/m2] 0.41 0.57 0.84 0.92 2.83 3.73 4.36 4.49 4.49 4.49 4.49 4.49 4.49 4.49
Moisture Content [kg/kg] 0.88 0.89 0.89 0.89 0.89 0.88 0.88 0.7 0.7 0.68 0.65 0.64 0.62 0.61
Sheet Lenght [cm] 19.7 22.9 27.4 28.4 46.3 51.4 53.6 53.4 53.4 53.4 53.4 53.4 53.4 53.4
Sheet Width/Disc Diameter [cm] 3.28 4.57 4.74 6.06 8.57 8.94 8.91 8.91 8.91 8.91 8.91 8.91 8.91 8.91
Sheet and Disc Thickness [cm] 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

Stems Property
Moisture Content [kg/kg] 0.88 0.89 0.89 0.89 0.89 0.88 0.88 0.7 0.7 0.68 0.65 0.64 0.62 0.61
Density [m−2] 8 8 8 8 8 8 8 8 8 8 8 8 8 8
Height [cm] 15.7 21 30 32.2 88.5 118 150 165 165 165 165 165 165 165
Outer Radius [cm] 1.01 1.09 1.21 1.23 1.47 1.35 1.13 1.01 1.01 1.01 1.01 1.01 1.01 1.01

Table 4.1: Main observation parameters and ground data used in model simulation of the corn RASAM scatterom-
eter data at Central Plain.
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4.1.2 Matera Data Set

An experimental campaign was carried out at the Italian Matera site in 2001,
over three wheat fields, denominated field 1, 2 and 3, in correspondence with
ERS-2 overpasses. Field sizes range between three and ten hectars. We have
considered ERS-2 SAR signatures collected on field 3, for which detailed
ground truth were available, which were extracted from six standard ESA
PRI products. All the images were acquired in two adjacent descending
orbit tracks with 20o and 25o incidence angle. Data were calibrated and
co-registered using the ESA TOOLBOX software package. The number of
pixels averaged to compute the backscattering coefficient ranged between
100 and 400. In this study, ground measurements collected over a fourth
field, which is very close to field 3, have been used as model inputs. Ground
measurements were detailed, and covered the significant variables required
by the model as inputs, as shown in Table 4.2 . The maximum fresh biomass
was slightly higher than 2 kg/m2.

In 2003, two wheat fields (called field 5 and field 6) were monitored at
the same site by both Envisat ASAR and ERS-2 SAR. The data collected
by the two instruments have been joined together and constitute the third
data set we took into account for the following model validation. All ground
variables measured during 2001 Matera campaign were also measured during
2003 campaign Wegmüller et al. (2005) and used to input the model as
reported by Table 4.3 and 4.4. The 2003 season was dry, and the maximum
biomass was less than 2 kg/m2, for both fields. When ground measurements
were not collected coincidentally to SAR acquisition, on both 2001 and 2003
campaigns, the data collected on a close day were considered. This is the
case for the values followed by a star in Table 4.2–4.3–4.4. Finally, we
notice that the LAI values reported in the tables concerning the Matera
campaigns, were not directly measured, but derived from leaf density and
leaf dimensions measurements.
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Day Of Year 75 94 110 129 144 164
Incident Angle [deg] 24.5 20.5 24.5 20.5 24.5 20.5
Soil Property

Moisture Content [m3/m3] 0.21 0.18 0.11 0.29 0.09 0.05
Correlation lenght [cm] 6 6 6 6 6 6
Roughness Std [cm] 1.3 1.3 1.3 1.3 1.3 1.3

Fresh Biomass [kg/m2] 0.23 1.07 1.37 2.4 2.2 1.56
Leaves Property

Leaf Area Index** [m2/m2] 0.57 2.28 4.07 3.15 1.77 1.87
Moisture Content [kg/kg] 0.84 0.79 0.78 0.68 0.42 0.09
Disc Radius [cm] 0.2 0.4 0.5 0.45* 0.4 0.4*
Disc Thickness [cm] 0.02 0.02 0.02 0.02* 0.015 0.015*

Stems Property
Moisture Content [kg/kg] 0.59 0.83 0.83 0.65 0.63 0.55
Density [m−2] 693 523 512.4 601.7 418 440.
Height [cm] 5.1 16.1 27.8 54.9* 67.4 61.6
Outer Radius [cm] 0.09 0.15 0.18 0.21* 0.2 0.17
Inner Radius [cm] 0. 0. 0.08 0.13 0.1 0.09

Ears Property
Moisture Content [kg/kg] 0.65 0.59 0.25
Lenght [cm] 6.1 5.9 4.8
Radius [cm] 0.21 0.39 0. 48

Table 4.2: Main observation parameters and ground data used in model simulation of the wheat SAR data at
Matera in the 2001 campaign. * This measurement was not carried out coincidentally to SAR acquisition, so
that the value measured on a close day was considered. ** LAI was not directly measured, but derived from leaf
density and leaf dimensions measurements
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Day Of Year 64 99 115 134 150 169
Incident Angle [deg] 20.5 20.5 24.5 20.5 24.5 20.5
Soil Property

Moisture Content [m3/m3] 0.27 0.2 0.18 0.08 0.08 0.11
Correlation lenght [cm] 24 24 24 24 24 24
Roughness Std [cm] 0.6 0.6 0.6 0.6 0.6 0.6

Fresh Biomass [kg/m2] 0.27* 0.76 1.26* 1.29 1.16 0.59
Leaves Property

Leaf Area Index** [m2/m2] 0.73 3.2 4.9 5.2 4.2 1.48
Moisture [kg/kg] 0.76* 0.73 0.71* 0.53 0.25 0.12
Disc Radius [cm] 0.15* 0.36 0.4* 0.48 0.36 0.18
Disc Thickness [cm] 0.03* 0.03 0.03* 0.03* 0.03 0.03

Stems Property
Moisture Content [kg/kg] 0.8* 0.78 0.74* 0.63 0.47 0.18
Density [m−2] 428.* 523 758* 699 703 574
Height [cm] 5.46* 14.4 26.8* 56.6 47.8 44.9
Outer Radius [cm] 0.16* 0.1 0.14* 0.12* 0.12 0.12
Inner Radius [cm] 0. 0. 0.03 0.055 0.064 0.088

Ears Property
Moisture Content [kg/kg] 0.6 0.49 0.07
Lenght [cm] 5.1 5. 5.3
Radius [cm] 0.2 0.3 0.29

Table 4.3: Main observation parameters and ground data used in model simulation of the wheat SAR data at the
field 5 of Matera in the 2003 campaign. *,** See notes of Table 4.2
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Day Of Year 64 99 115 134 150 169
Incident Angle [deg] 20.5 20.5 24.5 20.5 24.5 20.5
Soil Property

Moisture Content [m3/m3] 0.29 0.24 0.24 0.12 0.12 0.098
Correlation lenght [cm] 24 24 24 24 24 24
Roughness Std [cm] 0.6 0.6 0.6 0.6 0.6 0.6

Fresh Biomass [kg/m2] 0.25* 0.42 1.02* 1.56 1.33 0.8
Leaves Property

Leaf Area Index** [m2/m2] 1 2.64 4.9 4.5 3.7 4.84
Moisture [kg/kg] 0.7* 0.7 0.74* 0.68 0.42 0.16
Disc Radius [cm] 0.2* 0.33 0.42* 0.44* 0.44 0.67
Disc Thickness [cm] 0.03* 0.03 0.03* 0.03* 0.03 0.03

Stems Property
Moisture Content [kg/kg] 0.75* 0.76 0.77* 0.7 0.45 0.41
Density [m−2] 558.7* 564.7 752* 684 460 440.3
Height [cm] 8.34* 8.4 20.8* 48.8* 48.8 47.5
Outer Radius [cm] 0.1* 0.13 0.14* 0.13* 0.13 0.13
Inner Radius [cm] 0. 0. 0.03 0.052 0.06 0.083

Ears Property
Moisture Content [kg/kg] 0.65 0.5 0.21
Lenght [cm] 5.2* 5.2 4.98
Radius [cm] 0.19* 0.35 0.39

Table 4.4: Main observation parameters and ground data used in model simulation of the wheat SAR data at the
field 6 of Matera in the 2003 campaign. *,** See notes of Table 4.2
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4.1.3 Loamy Data Set

In spring-summer 2003, one corn field and one wheat field were monitored
at the Belgian Loamy site by both Envisat ASAR and ERS-2 SAR along
5 different orbits with incidence angles ranging from 20o to 42o. The data
collected by the two instruments have been joined together. Ground mea-
surements were detailed, and covered the significant variables required by
the model as inputs Blaes (2005). They are reported in Table 4.5–4.6 for
the corn field and the wheat field, respectively. The maximum value for
wheat biomass was about 4 kg/m2 and was reached later with respect to
other sites. The corn field reached a maximum fresh biomass value of about
8 kg/m2.
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Day Of Year 142 164 177 196 212 218 234
Incident Angle [deg] 25.8 24 33 30 25.8 20.5 24
Soil Property

Moisture Content [m3/m3] 0.31 0.16 0.13 0.1 0.19 0.12 0.09
Correlation lenght [cm] 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Roughness Std [cm] 1. 1. 1. 1. 1. 1. 1.

Fresh Biomass [kg/m2] 0.01 0.94 4.71 8.15 6.91 7.72 8.31
Leaves Property

Leaf Area Index** [m2/m2] 0.03 1.29 4.62 6.21 5.85 5.8 5.8
Moisture [kg/kg] 0.82 0.87 0.85 0.82 0.81 0.8 0.8
Sheet Lenght [cm] 7.47 31.16 55.52 67.45 72.44 70.26 76.23
Sheet Width/Disc Diameter [cm] 1.35 4.07 6.37 7.22 7.92 8.1 8.55
Sheet and Disc Thickness [cm] 0.02 0.02 0.024 0.026 0.025 0.028 0.026

Stems Property
Moisture Content [kg/kg] 0.82 0.94 0.93 0.88 0.82 0.81 0.82
Density [m−2] 10.2 10.2 10.2 10.2 10.2 10.2 10.2
Height [cm] 1.7 22.44 77.8 244 256 251 261.7
Radius [cm] 0.22 0. 86 1.21 1.02 0.83 0.94 0.82

Table 4.5: Main observation parameters and ground data used in model simulation of the corn ENVISAT and
ERS-2 SAR data at Loamy in the 2003 campaign
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Day Of Year 85 126 142 164 177
Incident Angle [deg] 42 30 25.8 24 33
Soil Property

Moisture Content [m3/m3] 0.18 0.32 0.33 0.18 0.1
Correlation lenght [cm] 7.5-20 7.5-20 7.5-20 7.5-20 7.5-20
Roughness Std [cm] 1.8 1.8 1.8 1.8 1.8

Fresh Biomass [kg/m2] 0.08 1.02 2.01 2.78 3.56
Leaves Property

Leaf Area Index** [m2/m2] 0.1 1.84 2.19 2.92 2.18
Moisture [kg/kg] 0.58 0.77 0.78 0.63 0.51
Disc Radius [cm] 0.17 0.32 0.4 0.67 0.47
Disc Thickness [cm] 0.023 0.023 0.023 0.023 0.023

Stems Property
Moisture Content [kg/kg] 0.58 0.8 0.8 0.7 0.68
Density [m−2] 260 933 645.1 396. 436.
Height [cm] 1. 10 16.8 58.8 69.1
Outer Radius [cm] 0.1 0.16 0.16 0.19 0.175
Inner Radius [cm] 0 0. 0 0. 0

Ears Property
Moisture Content [kg/kg] 0.7 0.63
Lenght [cm] 11.4 9.6
Radius [cm] 0.27 0.3
Inclination [deg] 5–25 10–50

Table 4.6: Main observation parameters and ground data used in model simulation of the wheat ENVISAT and
ERS-2 SAR data at Loamy in the 2003 campaign
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4.2 Simulations and comparisons

The section aims at investigating about the model accuracy. In partic-
ular the single scatterer approximations introduced in Chapter 3 will be
consedered. In particular, the dielectric curved sheet theory will be adopted
to represent the corn leaves, while the hollow cylinder will be adopted to
reproduce the hollowness of wheat stems during the ripe period.

4.2.1 Corn fields

Model simulations have been compared with experimental data collected
over both the corn sites described in section 4.1. For the Central Plain
site, the model has been run at C-band and for an incidence angle of 30o,
Figure 4.2–4.3 represent comparisons at VV, HH and HV polarizations, re-
spectively. The simulations have been repeated by assuming the leaves sub-
divided into circular discs and by means of curved sheet approximation. In
general, experimental data are fairly well reproduced: the sheet model leads
to lower values, which reproduce better experimental data at early stage,
while the disc model gives a slightly better correspondence in full growth.

In Figure 4.4, the sheet and disc models are compared against experi-
mental data collected at Loamy site. Here the sheet model gives the best
correspondence during the whole observation interval. From an inspection
of the various contributions to backscattering, it turned out that, for both
data sets, soil dominates at early stage, as expected, and consequently the
variations of soil moisture are reproduced. Vegetation contribution becomes
dominant after days 170–180, that is when biomass gets to about 2–3 kg/m2,
thus reducing the σo dynamics. In Figure 4.2–4.3 and 4.4, the disc model
produces σo values slightly higher than the ones of the sheet model. Several
factors could contribute to this effect, such as the higher number of scat-
terers in the case of small discs, and the sheet curvature which reduces the
scatterer effective area in the backscattering direction. The above simula-
tions have been performed calculating the vegetation permittivity by means
of the model described in Ulaby and El-Rayes (1987). We have however
checked that using the model developed by Mätzler (1994) slightly lower
values, by about 1 dB, are obtained.

4.2.2 Wheat fields

Signatures collected at Matera site, in 2001 by ERS-2 SAR, are compared
with simulation results obtained by using the “full cylinder” model and the
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(a)

(b)

Figure 4.2: Comparison between corn Central Plain multitemporal σo’s and
values simulated using disc and sheet models, at C-band and incident angle
θi = 30o. (a) VV polarization; (b) HH polarization. Triangles: experimental
data. Continuous line: disc model. Dashed line: sheet model.
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Figure 4.3: Comparison between corn Central Plain multitemporal σo’s and
values simulated using disc and sheet models, at C-band and incident angle
θi = 30o, at HV polarization. Triangles: experimental data, continuous line:
disc model and dashed line: sheet model.
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Figure 4.4: Comparison between maize multitemporal σo’s at Loamy site
and values simulated using disc and sheet models. C-band, VV polarization
- notice that backscatter values at different incidence angles are included
(see Table 4.5). Triangles: experimental data. Continuous line: disc model.
Dashed line: sheet model
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“hollow cylinder” model. From Figure 4.5(a) it is visible, as at early stage,
the two models give the same results since from the weight measurements
the stem inner radius is zero, that is the stem was full. In the mature
stage, when the stem became hollow, the “hollow cylinder” model represents
better the experimental data while the full cylinder model underestimates
wheat backscattering. This is due to a strong difference in attenuation,
which is lower for the case of the hollow cylinder (see figures 3.14(a)–(b)).
In particular, the full cylinder model does not allow to reproduce the σo

increase on day 129, when there was an increase of soil moisture due to rain.
Figure 4.5(b) shows the contributions of the single components, for the

case of the hollow cylinder. It can be observed that in the first days, backscat-
tering comes from the soil which shows a decreasing trend due to decreasing
soil moisture content and increasing attenuation of the plants. On the last
day, the soil contribution increases again, despite the soil moisture keeps on
decreasing, because of the reduced attenuation introduced by the dry stems
(see decreasing biomass at the end of the wheat cycle in Figure 4.1(b)). On
its turn, volume contribution initially increases and then gets again lower
than the ground contribution, due to vegetation drying.

Comparisons between the signatures collected at C-band in 2003 and the
simulations carried out by means of the 2 model approaches are shown in
Figure 4.6(a)–(b), for field 5 and 6, respectively, of the Matera site. Here
the correspondence is generally good for both fields, and it is better for the
hollow cylinder, in both fields due to the lower attenuation of soil backscat-
tering. Because of the low biomass, the backscattering is generally much
influenced by soil contribution, while the vegetation contribution is signifi-
cant only in the middle phase of growth.

Finally, in Figure 4.7(a) the Loamy site is considered. For this site, the
stem has been modelled only by means of a full cylinder with radius equal
to the measured one. Indeed, from the weight measurements it appeared
that the stem of the wheat plants at Loamy was not yet hollow for the time
interval of observation, since the stem inner radius resulted to be 0. In Fig-
ure 4.7(a), together with SAR data, the incidence angle at each acquisition
is reported for ease of reference.

In Figure 4.7(b) the time trend of the various backscattering compo-
nents can be examined. A large discrepancy between experimental data and
simulations is observed on the first day, when a low σo was measured. At
this date vegetation was almost absent, and the surface model predicts a
relatively high σo even if the soil is quite dry and the incidence angle is
large, since ground measurements indicate the soil to be rough (height std
= 1.8 cm). Around day 140, vegetation biomass gets to 2 kg/m2 but, since
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(a)

(b)

Figure 4.5: Comparison between multitemporal σo’s measured over a wheat
field at Matera in 2001 at C-band, VV polarization. (a) SAR data (Triangles)
and values simulated using full (continuous line) and hollow cylinder (dashed
line) models. (b) Total backscattering (solid line), volume backscattering
(dashed line), double bounce effect (dotted line), soil backscattering (dot-
dashed line).
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(a)

(b)

Figure 4.6: Comparison between multitemporal σo’s measured over wheat
fields at Matera in 2003 (Triangles) and values simulated using full (Continu-
ous line) and hollow cylinder (Dashed line) models. C-band, VV polarization.
(a) Field 5; (b) Field 6.



4.2 Simulations and comparisons 67

(a)

(b)

Figure 4.7: Comparison between σo
V V ’s at C-band measured by ENVISAT

ASAR on the wheat field at Loamy and model simulations. (a) Triangles:
experimental data. Continuous line: model simulations; (b) Total backscat-
tering (solid line), volume backscattering (dashed line), Double bounce effect
(dotted line), soil backscattering (dot-dashed line).
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acquisition is made at low angle, its contribution is still low, while soil con-
tribution is high due to the high SMC. On the last days, inclination of ears
has been taken into account, as it is indicated in the ground measurements.
An underestimation on the last day but one is still present, while in the last
sample, σo showed an increase, in spite of the higher angle and the dry soil
(see Table 4.6). This trend is reproduced by the model as a consequence of
direct backscattering from ears and leaves, since soil backscattering becomes
negligible due to the large crop biomass.

4.2.3 Accuracy Assessment and Conclusions

In this section, we quantify the accuracy of the model simulations by means
of the RMS error in dB between simulated and measured backscattering
coefficients. Table 4.7 shows the rms errors (dB) computed for the corn
fields observed by RASAM at Central Plain and by Envisat/ERS at Loamy,
in the case of the model results pertaining to the curved sheet approximation.
The two data sets include all measurements collected at different angles and
polarizations. Also the accuracy related to the wheat fields of Matera (both
2001 and 2003 campaigns) and Loamy is reported, with reference to the
simulations performed applying the “hollow cylinder” model. The RMS
errors are smaller than 2 dB, with the exception of the wheat field at Loamy.

SITE RMS [dB] N. of
samples

Corn Fields Central Plain 1.44 48
Loamy 0.96 7

Wheat Fields Matera 1.78 20
Loamy 2.23 5

Table 4.7: RMS errors (dB) in comparisons between simulated and experi-
mental σo’s for corn and wheat fields.

In summary, the improvements on leaf and stem representation allowed
to develop an electromagnetic model able to reproduce crop backscattering
with reasonably low RMS. However, the ERS/ENVISAT measurements that
we used for model validation show a reduced dynamic range which limits
their practical application. This is due, in the case of the Loamy data sets
(both corn and wheat) to the highly variable incidence angle; in the case of
the Matera data sets, to the limited biomass of the wheat fields.



Chapter 5

Forests

The present chapter describes the recent improvements delevolpments con-
cerning the passive version of the Tor Vergata Model, in particular for
forestry applications. An electromagnetic representation of litter will be
provided. Moreover, in view of future space projects, a procedure has been
developed to generate the input data set when only general information
about forests is available.

5.1 Introduction

Several scientific and technological efforts, aimed at monitoring soil moisture
by microwave spaceborne radiometers, are being done worldwide. Important
projects, such as SMOS Kerr et al. (2001), based on L-band radiometers, are
under development. For a global scale observation system, the presence of
forests must be considered. Forests cover a large fraction of land, so that sev-
eral pixels will be subject, totally or partially, to such a kind of cover. Only
a limited number of theoretical and experimental studies have addressed the
topic of emission by forests Ferrazzoli and Guerriero (1996); Karam (1997);
Pampaloni (2004). Some important results are available, which have been
summarized in Pampaloni (2004), but are still limited to few samples of
covers and environmental conditions, especially at lower frequencies. The
advantage of a theoretical approach lies in the possibility to consider the
effects of several structural and environmental parameters, including soil
moisture, soil roughness, presence of litter and/or understory, amount of
woody and leafy biomass, geometrical structure of forest components. Also
the effects of polarization and angle may be considered. Such an investiga-
tion cannot be done by using only the limited amount of experimental data

69
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available at the present.
In the present chapter all the improvements, introduced into the passive

Tor vergata Model, are described. The news introduced into the model
regard two different aspects. The first one deals about the model capability
to be able to represent a wide set of heterogeneous forest species. This
properties is required by the world coverage foreseen with the SMOS stellite
missions. The second point regards the electromagnetic representation of the
litter, whose electromagnetic properties comprehension is a foundamental
key for understanding the overall forest emissivity properties.

5.2 Specific Aspects for Forest Radiometry Mod-
eling

In the passive version of the model, the overall reflectivity is first computed,
and the emissivity is then obtained using the energy conservation law, in-
troduced in §2.4. The model gives a discrete representation of the canopy,
which is composed by an ensemble of single scatterers, whose electromag-
netic properties are computed using suitable approximations.

The Crown of coniferous forests is composed by branches and needles.
Both elements are depicted as cylindrical bodies and the infinite length
approximation is used to obtain the scattering and absorption cross sec-
tions. The infinite length approximation is used also for Trunks. For a
wave incoming from above, trunk scattering is strongly directed downward.
Therefore, trunks are approximated to vertical absorbing cylinders in the
reflectivity/emissivity computation. A simple absorbing layer is used to re-
produce its behaviour. The Soil is represented as a dielectric half space
with a rough interface, and its bistatic scattering coefficient is obtained by
the IEM theory. The crown is subdivided into N thin sub-layers, which
contain branches and needles with variable dimensions and orientation, a
sketch of the geometric representation is depicted in Figure 5.1. Each layer
is described by scattering and extinction matrices. The overall reflectivity is
estimated by means of the Matrix Doubling Algorithm, introduced in §2.2.3.
The model requires several input data, such as dimensions, orientation and
permittivity of branches, trunks and needles, as well as soil and understory
parameters.

Particular attention deserves the litter-understory layer, whose electro-
magnetic behaviour will be analyzed in §5.3. Recent studies have demon-
strated that this component has an important influence on the overall forest
emissivity Della Vecchia et al. (2006a). Furthermore, its contribution has
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Figure 5.1: Sketch of forest model representation
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been proved to be strictly correlated with the soil contribution Grant et al.
(2006a,b).

5.3 Litter representation

In the previous model version Ferrazzoli and Guerriero (1996) the soil was
described as a simple homogeneous half-space with a rough interface, and its
permittivity was computed using the semi-empirical formula given by Ulaby
et al. (1986). In the new version, the model has been refined in order to
include litter effects. The procedure may be subdivided into various steps.

Figure 5.2: Sketch of litter model representation

First, the soil is assumed to have a flat interface, and to be overlaid by
a dielectric layer, representing the litter. In this first stage, also the layer
interfaces are assumed to be flat. The layer is a mixture of air and dielec-
tric material, as depicted in Figure 5.2. The dry biomass of the dielectric
material DDRY (kg/m2) may be estimated by using litter-fall data avail-
able in Cannell (1982), and assuming two years of fall to be accumulated
over the soil. This leads to the following empirical formulas, as supposed in
Della Vecchia et al. (2006a), relating DDRY to the Leaf Dry Biomass LDB
(kg/m2):

DDRY =

1.246 · LDB for Hardwood (Broadleaf) forests,

0.250 · LDB for Softwood (Coniferous) forests.
(5.1)

The gravimetric moisture of dielectric material DMC (kg/kg) is related to
volumetric soil moisture SMC (m3/m3) by an empirical linear relationship
based on recent measurements Grant et al. (2006a,b). The simple formula
is:

DMC =


SMC for 0 ≤ SMC < 0.1,

3.0971 · SMC − 0.1817 for 0.1 ≤ SMC ≤ 0.35,

0.85 for SMC > 0.35

(5.2)
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The correlation coefficient for this relationship is R2 = 0.84.
The permittivity of the dielectric material is computed as a function of

moisture, using the same empirical formula adopted for vegetation Ulaby
and El-Rayes (1987). The thickness (TL) of the layer, which is a mixture
of air and dielectric material, is related to total fresh biomass of the dielec-
tric material DT (kg/m2 ) using an empirical linear relationship derived by
fitting the data published in Putuhena and Cordery (1996).

TL = 0.85 ·DT (5.3)

where TL is in cm.
The corresponding volume fraction values, of dielectric material within

the layer, are spread into the interval [0.38–0.18], for litter moisture val-
ues corresponding to a range of volumetric soil moisture values of [0.05–
0.30]. At this point the permittivity of the layer mixture is computed by
means of the quadratic “refractive model” for mixtures given in Ulaby et al.
(1986, pag. 2044). For soil permittivity, the dielectric model proposed in
Hallikainen et al. (1985) is used.

The previously described procedure allows to evaluate the dielectric and
geometrical parameters of a composite medium consisting of a dielectric
half-space with a flat interface overlaid by a dielectric layer of given permit-
tivity and thickness. At this point, the overall reflectivity of this composite
medium is computed, at all required angles and at both horizontal (H) and
vertical (V) polarizations, using the coherent multiple reflection model de-
scribed in Ulaby et al. (1982). This coherent model predicts a trend of re-
flectivity as a function of layer thickness which is characterized by enhanced
oscillations, due to coherent interactions among multiple reflected waves. In
reality, this process is smoothed by the natural variations of layer thickness
around its average value. In order to account for this, an averaging process
is applied, making the reflectivity trend monotonic while keeping the asymp-
totic values. To this aim the parameters of an exponential function, giving
the minimum rms difference with coherent model outputs, are estimated.

In order to clarify the procedure, we have considered the case of a flat
soil with a volumetric moisture SMC equal to 20% overlaid by a litter layer
of various biomass (or thickness) values. According to equation (5.1), the
corresponding moisture of litter dielectric material is equal to 0.46. We have
considered two angles (20o and 50o). Figure 5.3(a)–(b) shows the reflectivity
as a function of litter biomass computed after the two steps of the procedure:
1) as a result of the coherent multiple reflection model; 2) after averaging to
account for natural variations of layer thickness.
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(a)

(b)

Figure 5.3: Simulated reflectivity of soil/litter as a function of litter biomass.
Volumetric soil moisture = 20%; (a): Vertical polarization; (b) Horizontal
polarization.
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In the next step, an equivalent homogeneous half-space is considered and
its permittivity is computed by minimizing a “cost function” proportional
to the rms difference between the set of reflectivity values computed for the
composite medium and the one computed for this homogeneous “equivalent”
medium. The set is generated by applying the well established Fresnel formu-
las for flat half-spaces and considering all angles in the range from 0o to 60o,
with a 10o step, and both polarizations. Thus, the whole soil-litter medium
is reduced to a unique homogeneous half-space of given permittivity.

As an example, we have considered a soil overlaid by a litter layer with
TL equal to 0.45 cm. First of all, we have estimated that the previously
described reduction to a unique half-space leads to an overall rms error
in reflectivity ranging from 0.01 (at the lower moistures) to 0.03 (at the
higher moistures). Then, we have computed real and imaginary part of
the dielectric constants obtained in the various steps, as a function of soil
moisture: soil (εrs), dielectric material (εrd), litter mixture (i.e. dielectric
material + air) (εrl) and equivalent half-space (εre). It is understood that
the moisture of the dielectric material is related to soil moisture by equa-
tions (5.1) and (5.2). Results are shown in Figure 5.4(a)–(b) for real and
imaginary parts, respectively. As expected the permittivity of the equiva-
lent half-space is lower than soil one, and also its variations with respect to
moisture are moderate. Permittivity differences between soil and equivalent
half space are mostly evident in the real part, which is also the part that
most influences overall reflectivity, and thus the numerical algorithm.

Finally, the roughness at the interface between air and the previously
defined homogeneous half-space is introduced, and described by well estab-
lished parameters, such as height standard deviation and correlation length.
The bistatic scattering coefficient is computed by means of the Integral Equa-
tion Method Fung (1994) and is used to combine soil scattering with vege-
tation scattering.

5.4 Forest Structure Algorithm

In view of satellite missions such as SMOS, which will have the aim of map-
ping both the soil moisture and ocean salinity at world scale, becomes more
and more important the possiblity to develop suitable and large scale model.
In this section, the approach used to adopt the Tor Vergata Model at global
scale is introduced. The approach is finalized to predict the signatures of
spaceborne radiometers, when only general information about ground data is
available. The adopted methodology is based on allometric equations avail-
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(a)

(b)

Figure 5.4: Real parts (a) and imaginary parts (b) of the dielectric constants,
as a function of soil moisture: soil (εrs), dielectric material (εrd), litter
mixture (εrl) and equivalent half-space (εre)



5.4 Forest Structure Algorithm 77

able in the literature. The formulation includes also the new representation
of forest litter just shown in §5.3.

Described by Masson et al. (2003); Champeaux et al. (2004), database
ECOCLIMAP is a basic source, from which LAI (leaf area index) and forest
species information is obtained. Information about density and geometry of
trunks, branches and leaves is then derived. To obtain the input data re-
quired by the Tor Vergata Model (TVM) it is necessary to use also a set of
allometric equations Jenkins et al. (2003, 2004), which link a simple param-
eter, such as the trunk diameter at breast height (Dbh), with dry biomass of
the entire tree and its components: roots, branches, trunks and leaves. Some
species treated in Jenkins et al. (2003, 2004) are typical of North America,
but other ones, such as pine, fir or oak, are much more common and present
in many other countries of the world. Neither information contained in Jenk-
ins et al. (2003, 2004) nor ECOCLIMAP one are sufficient by themselves,
but from a merge of both data sources it is possible to get a systematic
description of many kinds of forests. In particular, allometric equations are
used for a single tree, while LAI is used to estimate the number of trees
per unit surface. The modelling work may be subdivided into 3 main steps,
which will be described in the following:

1. Single tree description, using allometric equations for different forest
kinds

2. Averaging and merging with LAI information, in order to provide
inputs to TVM

3. Running the TVM

The following forest species are considered:

• Needleleaf

• Deciduous broadleaf

• Evergreen broadleaf, including Tropical forests

• Mixed forest

• Woodland

5.4.1 Single tree description

For a single tree belonging to a given forest species, the allometric equa-
tions of Jenkins et al. (2003, 2004) provide several important variables as
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Figure 5.5: Total biomass for several kind of Softwood and Hardwood species

a function of Dbh. Figure 5.5 shows the trends of total dry biomass (in
kg) for different Softwood and Hardwood species. Since the sensitivity to
soil moisture variations depends strongly on total biomass, the information
of Figure 5.5 is of fundamental importance. Other important information
contained in Jenkins et al. (2003, 2004), regards the subdivision of total
biomass. Indeed, another set of allometric equations allows us to assess how
total biomass is subdivided into components.

Figure 5.6 shows the percentages, with respect to total dry biomass,
of stem (trunk), branches and foliage dry biomass, for both hardwood and
softwood forest typologies. The information content of Figure 5.6 is essential
for TVM, because it uses a discrete approach to describe the electromagnetic
interactions with single vegetation components.

However, the information contained in Jenkins et al. (2003, 2004) is not
sufficient to develop a complete growth routine, because all the available data
refer just to a single tree, whereas the model requires information about the
entire forest, or a part of it. Indeed leaves, branches and stems densities are
obtained by merging LAI information, available in ECOCLIMAP dataset,
with allometric equations of Jenkins et al. (2003, 2004), as it is shown in the
next Section.



5.4 Forest Structure Algorithm 79

Figure 5.6: Component biomass percentages for Hardwood and Softwood
species

5.4.2 Using ECOCLIMAP LAI information

The passage from “single tree” level to forest level requires two fundamental
steps:

• To adopt a distribution of Dbh values within the considered forest plot

• To establish a realistic correspondence between LAI and forest density

Within an extended forest plot, assuming a single Dbh value is not realistic.
Therefore, a distribution is taken, in such a way as to have:

Ntr(Dbhi) = Ntot

∫ Dbhi+1

Dbhi

fNtr(Dbhi) d(Dbh) (5.4)

where:

• Ntot is the total number of trees per unit of surface [ha−1]

• fNtr is the selected distribution function for Dbh parameter

• Ntr(Dbhi) is the number of trees per unit of surface with diameter
included in the range Dbhi-Dbhi+1 [ha−1]
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Figure 5.7: Distribution function for three coniferous species

Typical distribution functions of Dbh for coniferous forests are given in
Monserud and Marshall (1999). Figure 5.4.2 shows the trends for three
common coniferous species: Douglas-fir, Ponderosa pine and Western white
pine. Other distributions are available in the literature for different species
Macelloni et al. (2001a).

At this point, information about LAI and leaves dry biomass is used.
The first step aims to link the LAI to leaves dry biomass (LDB) per unit of
underlying surface. This is accomplished by fitting the measured data given
in Cannell (1982) and depicted in Figure 5.4.2.

A linear relationship between LAI and LDB is assumed. A regression
analysis gives:

LAI =

1.49 · LDB for Hardwood,

0.43 · LDB for Softwood.
(5.5)

By inversion of (5.5), the total forest LDB may be derived as a function of
LAI. Once the forest LDB is known, a relationship with tree density may
be established with the following considerations. A typical natural forest is
composed of trees of different ages and dimensions, and this is represented
by a distribution of Dbh. The range of Dbh values is subdivided into N
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Figure 5.8: Relation between LAI values and dry leaves for Hardwood and
Softwood species

discrete intervals. Therefore, the total LDB may be expressed as:

LDB =
N∑

i=1

LDBi =
N∑

i=1

LDB(Dbhi)Ntr(DbhHi) =

Ntot

N∑
i=1

LDB(Dbhi)
∫ Dbhi+1

Dbhi

fNtr(Dbhi) d(Dbh) (5.6)

where

• LDBi is the dry biomass (per unit of underlying surface) of leaves
[t/ha], for all the trees with Dbh values within the ith interval. Infor-
mation about the total dry biomass of leaves for a single tree can be
obtained from Jenkins et al. (2003, 2004),

• LDB(Dbhi) is the dry biomass [t] due to the trees with Dbh values
within the ith interval

• Ntot

∫ Dbhi+1

Dbhi
fNtr(Dbhi) d(Dbh) represents the number of trees [ha−1]

with Dbh within the ith interval (i.e. with diameter included in the
range Dbhi-Dbhi+1)
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At this point allometric equations giving total dry biomass of single trees
and component subdivision, as a function of Dbh, are used. For this scope,
it is important to have the maximum yearly value of LAI, corresponding to
full leaf development, and derive LDB values corresponding to it from (5.5).
For a given forest species, we have Jenkins et al. (2003, 2004):

DBtot = e(b0+b1 ln(Dbh)) (5.7)

DBx = DBtot e
(a0+

a1
Dbh) (5.8)

where DBtot is the total tree dry biomass, while DBx is the component
referred to leave, stems or branches. b0 and b1 coefficients depend on tree
species, whereas a0 and a1 depend also on the considered component. Using
these equations for each Dbh interval, the value of LDB(Dbhi), to be used
in (5.6), is computed. The same equation is then used to compute Ntot

and, hence, absolute values of Ntr(Dbhi) In this way, dry biomass values for
trunk, branch and leaf, may be converted from single tree values into val-
ues per unit of underlying surface. Figure 5.4.2 shows examples of biomass
components, computed as a function of LAI. Pine forest data are repre-
sented with continuous lines, whereas Douglas-fir data are in dotted lines.
Ntr(Dbhi) distributions, computed for Hardwood and Softwood forests, are
shown in Figure 5.4.2.

5.4.3 Geometrical and moisture variables

The procedure described in the previous Sections gives the biomass of forest
components (in [t/ha]) for each Dbh interval. Since the Tor Vergata Model
needs geometrical dimensions and moistures as input, a suitable conversion
procedure must be established. First of all, volumes of leaves, branches and
trunks, per unit of underlying area, are computed. Since vegetation is com-
posed by water and dry matter, we can establish, for each tree component,
connections among water component, dry and fresh matter:

Ww = VM ·W (5.9)

Wd = (1− VM) ·W (5.10)

hence

Ww =
NM

1− VM
Wdry (5.11)

where:
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Figure 5.9: Dry biomass components as a function of LAI for Douglas-fir
and Pine forests

Figure 5.10: Douglas - fir and Pine numbers of trees per hectar, for different
values of LAI
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• VM (Vegetation moisture) is the fraction of water by weight (with
respect to total fresh matter)

• Ww is the water weight [kg/m2]

• Wd is the dry matter weight [kg/m2]

• W is the fresh matter weight [kg/m2]

For each component, the volume may be computed as:

V = Vd + Vw =
Wd

ρd
+
Ww

ρw
=

1
ρd

+
1
ρw

· VM

1− VM
=(

1− VM

ρd
+
VM

ρw

)
W (5.12)

where:

• V and ρ are fresh matter volume [m3/m2] and effective density [g/cm3]

• Vw and ρw are water volume [m3/m2] and density [g/cm3]

• Vd and ρd are dry matter volume [m3/m2] and density [g/cm3]

W = ρV ⇒ ρ =
ρdρw

(1− VM)ρw + VMρd
(5.13)

Since the dry matter is given by Jenkins et al. (2003, 2004), we can ob-
tain the fresh one and then the volumes by using the previous relations
and assuming VM to be known. Typical values for dry matter density are
0.3 g/cm3 for leaves and 0.4 g/cm3 for branches and trunks, whereas the
corresponding typical values of vegetation moisture are 50% and 60%, re-
spectively. Knowing the stem volume, it is possible to estimate the stem
height as a function of Dbh. Results for Douglas-fir and Pine are shown
in Figure 5.4.3. An appreciable difference between two coniferous species is
observed.

The overall branch volume may be obtained using the same procedure
as for leaves, given by equations (5.9)–(5.12). A priori knowledge of VM
will be supposed also in this case. The overall branch volume is subdivided
into cylindrical branches of different diameters. We assume the maximum
branch diameter to be equal to Dbh/4 for Hardwood species. For Softwood,
we take the relationship between maximum branch diameter and Dbh given
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Figure 5.11: Trunks seight versus Dbh values

in Kasischke et al. (1994). The following function is adopted to reproduce
the branches diameter distribution in Saleh et al. (2005):

P (β) = A cosn

(
π

2
β − βm

β0 − βm

)
β1 ≤ β ≤ β2 (5.14)

• P (β) represents the density of probability of a random variable to be
equal to β̃

• βm is the value of the random variable with highest probability of
occurrence

• β0 is the value of the random variable with the lowest probability of
occurrence

• β1 and β2 define the function range.

The relative volume of branches within a diameter range is obtained
by integrating the fit function (5.14) between two diameters, with the ap-
propriate model parameters. Figure 5.4.3 represents the branch diameter
distribution functions for several Dbh values. In order to reproduce the nat-
ural curvature of branches, all branches are subdivided into elements 25 cm
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Figure 5.12: Diameter Branches distribution for Pine and Douglas-fir

long, similarly to the approach adopted in Saleh et al. (2005). For the time
being, a random branch orientation distribution is adopted. This will be
kept for smaller branches. Other distributions will be considered for larger
branches and the effect on the overall emissivity will be evaluated.

As far as leaves are concerned, the model uses as input LAI and geometri-
cal parameters, i.e. radius and thickness for broadleaf, radius and length for
needleleaf. These parameters are available in Saleh et al. (2005); Chauhan
et al. (1991); Ranson et al. (1997) for various species. In order to include
leaf effects, a monthly sampling of LAI should be sufficient.

5.5 Parametric Analysis

As a summary of previous description, the overall emissivity simulation al-
gorithm is structured as indicated below

1. Input

• Soil parameters

• Forest main category

• LAI
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• Leaf (needle) dimensions

• Gravimetric moisture of trunks, branches, leaves

• Dry matter density of trunks, branches, leaves

2. For each Dbh value

• Compute LDB(Dbhi) and Ntot as a function of LAI using equa-
tions (5.4)–(5.6)

• Compute trunk volume per unit area and trunk dimensions us-
ing (5.7)–(5.12) for trunks

• Compute branch volume per unit area using (5.7)–(5.12) for branches

• Establish maximum branch diameter as a function of Dbh and
apply branch diameter distribution of Figure 5.4.3

• Compute leaf volume per unit area using (5.7)–(5.12) for leaves

• Use information about leaf dimensions and compute number of
leaves per area

• Using TVM, compute scattering and absorption of all forest ele-
ments of the considered Dbh category

3. The single contributions from all Dbh categories are combined and the
overall scatter matrix of standing vegetation is computed.

In this section, simulation results are reported. For soil, height standard
deviation and correlation length have been assumed to be equal to 1.5 cm
and 5 cm, respectively. Simulations have been made at L band (1.4 GHz) and
for V and H polarizations.Single emissivity and transmissivity components
are also reported.

5.5.1 Softwood

Figure 5.13(a)–(b) show overall emissivity and single components trends vs.
observation angle at V and H polarization, with a Volumetric Soil Mois-
ture Content (SMC) equal to 10%. Litter effects are here included in soil
contribution. Figures show a low contribution from trunks, although they
contain most of the biomass. The same trends, but for a SMC equal to
20%, are given in Figure 5.14(a)–(b). In order to describe completely the
effects of single forest components, also transmissivity values are represented
in Figure 5.15(a)–(b). A stronger contribution to attenuation comes from
branches, a weak contribution comes from needles and trunks contribution
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(a)

(b)

Figure 5.13: Emissivity vs observation angle for a SMC=10%; (a) : V po-
larization; (b) : H polarization.
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(a)

(b)

Figure 5.14: Emissivity vs observation angle for a SMC=20%; (a) : V po-
larization; (b) : H polarization.
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(a)

(b)

Figure 5.15: Transmissivity vs observation angle; (a) : V polarization; (b) :
H polarization.
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is even lower (i.e. trunk transmissivity is close to the unity). Figure 5.16(a)–
(b) allow to estimate the sensitivity with respect to soil moisture variations,
which is a key issue for SMOS. The emissivity trends as a function of SMC
are reported for angles of 25o and 45o, respectively. In the figures, upper
plots show emissivity computed without including litter, while lower plots
consider litter. As expected, the sensitivity is better for smaller angles,
due to the lower value of attenuation. In absence of litter, some sensitivity
is observed also at higher angles and for high values of LAI. However, this
sensitivity disappears in presence of litter.

5.5.2 Hardwood

Results obtained for Hardwood forests are here shown. Figure 5.18(a)–(b)
show overall emissivity and single components trends vs. observation angle
at V and H polarization, with a Volumetric Soil Moisture Content (SMC)
equal to 10%. Litter effects are here included in soil contribution. Fig-
ures show a low contribution from trunks, although they contain most of
the biomass. The same trends, but for a SMC equal to 20%, are given
in Figure 5.19(a)–(b). Similarly to the Needleleaf forest case, contribution
from trunks is low. In order to describe completely the effects of single for-
est components, also transmissivities are represented in Figure 5.20(a)–(b).
Figure 5.21(a)–(b) represent the sensitivity to soil moisture variations. The
emissivity trends as a function of SMC are reported for angles of 25o and 45o,
respectively. In the figures, upper plots show emissivity computed without
including litter, while lower plots consider litter. Similarly to Needleleaf
case, some sensitivity is observed also at 45o and for the higher values of
LAI, but only if litter is not included.



92 FORESTS

(a)

(b)

Figure 5.16: Emissivity vs SMC for θ = 25o; (a) : without litter; (b) : with
litter.



5.5 Parametric Analysis 93

(a)

(b)

Figure 5.17: Emissivity vs SMC for θ = 45o; (a) : without litter; (b) : with
litter.
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(a)

(b)

Figure 5.18: Emissivity vs observation angle for a SMC=10%; (a) : V po-
larization; (b) : H polarization.
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(a)

(b)

Figure 5.19: Emissivity vs observation angle for a SMC=20%; (a) : V po-
larization; (b) : H polarization.
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(a)

(b)

Figure 5.20: Transmissivity vs observation angle; (a) : V polarization; (b) :
H polarization.
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(a)

(b)

Figure 5.21: Emissivity vs SMC for θ = 25o; (a) : without litter; (b) : with
litter.
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(a)

(b)

Figure 5.22: Emissivity vs SMC for θ = 45o; (a) : without litter; (b) : with
litter.



Chapter 6

Forests Model Validation

The present chapter shows and discuss some comparisons between exper-
imental emissivity data, collected in the framework of several campaigns,
and simulations obtained by Tor Vergata Model described in Chapter 5.
The campaign involves either Softwood and Hardwood forest species.

6.1 EuroSTARRS

The EuroSTARRS campaign is an experimental activity carried out in view
of SMOS satellite mission. The airborne platform was equipped with an
L-band (1.4 GHz) radiometer and it was able to measure brightness tem-
perature at nominally vertical polarization at several angles in the range
5o–50o Saleh et al. (2004). The flights took place between 17th and 23th

of November 2001, and covered various kinds of surface such as bare soil,
agricultural fields, coniferous and deciduous forests. The surface considered
here includes the coniferous woods of Nezer, into Les Landes forest, where a
large number of stands with different biomass are present. Simultaneously
to airborne observations, volumetric soil moisture (V SM) was measured at
stands of different ages. Values were close to 0.10 [m3/m3] for 5 year-old
stands, while were close to 0.15 [m3/m3] for stands older than 20 years.
Forest understory was very heterogeneous, mostly made of grass, shrubs,
needles and dry ferns. Detailed measurements of its biophysical and geo-
metrical properties are not available. Surface emissivity (e) was computed
from measured brightness temperature (Tb) from STARRS, two-channel in-
frared temperature Tir obtained concurrently to flights, and estimations of
the downward sky brightness temperature Tsky, by the following equation
e = (Tb−Tsky)/(Tir−Tsky) Saleh et al. (2004). Tir was measured at 12o only,

99
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while a time interpolated value was assigned to all the angular observations
for a given time t.

The forest was homogeneous, and the gradients in the canopy and in the
soil-vegetation interface at morning (and rather cloudy conditions) were low.
The rms error in surface temperature estimate by means of Tir was evaluated
to be under 2 K, and the error in Tsky estimation is about 1 K. Other
inaccuracy sources may be due to integration within antenna main lobe,
sidelobes and polarization mixing. Over Les Landes site, these problems
were reduced by the low slope of the angular trends. Moreover, the aircraft
pitch angle was always lower than 3o, and the roll angle had a standard
deviation of less than 1o. The overall inaccuracy due to these errors was
estimated to be about 1 K Saleh et al. (2004).

Comparison with Experimental Data

Emissivity values simulated by the model have been compared with values
measured during the EuroSTARRS campaign over stands of the same age
(i.e. 5, 26 and 32 years old). Detailed information about forest geometry and
biophysical properties described in Saleh et al. (2005), as well as measured
values of soil moisture, have been used as model inputs Della Vecchia et al.
(2006d).

Unfortunately, detailed information about soil roughness and understory-
litter vegetation was missing. Anyhow, since our objective was to investigate
the effects of the coniferous tree components, we have followed the procedure
indicated below.

• First of all, emissivity values measured over stands of very low age
(2 years) have been taken as a reference for the background soil emis-
sion. The effects of arboreous vegetation are assumed to be very low
over these stands. We have compared the measured emissivities with
values simulated for bare soils with V SM equal to 0.10 [m3/m3] and
understory-litter optical depth τ equal to 0, 0.1 and 0.2, represented
by means of an absorbing dielectric layer.

• Then, for forests 5, 26 and 32 years old, simulations have been made by
considering the same soil roughness and the same values of understory-
litter optical depth as above. Measured values of V SM have been
used.

Figure 6.1(a) shows trends of measured emissivity vs. observation angle
for 2 year-old stands (error bars), and simulations obtained with a soil sur-
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(a)

(b)

Figure 6.1: Modeled (lines) and observed (±1.5 σ error bars) emissivity as a
function of angle. L-band, V polarization. Understory-litter optical depths
= 0, 0.1, 0.2. (a) 2 years; (b) 5 years.



102 FORESTS MODEL VALIDATION

(a)

(b)

Figure 6.2: Modeled (lines) and observed (±1.5 σ error bars) emissivity as a
function of angle. L-band, V polarization. Understory-litter optical depths
= 0, 0.1, 0.2. (a) 26 years; (b) 32 years.
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face height standard deviation equal to 1.5 cm. Three values of understory-
litter optical depth have been included: 0, 0.1 and 0.2 (lines, from bottom
to top). Experimental data include all the 2 year-old stands observed by
the radiometer, which have an appreciable dispersion. The best correspon-
dence between simulated and experimental data is obtained with τ = 0.2.
The associated standard error is equal to 0.02 emissivity units, mostly due
to dispersion in experimental data. Then, the model has been run for the
three forest stands of 5, 26 and 32 year-old.

Figure 6.1(b) and 6.2(a)-(b) shows the comparison between simulated
emissivities for the same three values of understory/litter optical depth
(lines) and experimental data ( ± 1.5 σ error bars). For an understory-
litter optical depth equal to 0.2 (i.e. the value providing a good fit to the
2 year-old stands emission) the following standard deviation errors are ob-
tained (in emissivity units): 0.012 for the 5 year-old stands, 0.015 for the
26 year-old stands, 0.014 for the 32 year-old stands. These differences may
depend to model approximations, related to the large number of forest and
soil parameters influencing the overall emissivity, as well as some inaccuracy
in the experimental data. For older forests, a slightly better correspondence
would be obtained by assuming the understory-litter τ to be lower than 0.2.

6.2 Bray

Bray 2004 is a long term experiment carried out in view of SMOS mission.
In fact, a multitemporal set of brightness temperatures was collected in
Les Landes coniferous forest, between July and December 2004 Grant et al.
(2006a,b). Measurements were carried out by the EMIRAD radiometer, op-
erating at L-band 1.41 GHz and horizontal polarization. The radiometer
antenna had a full beamwidth of 25o, and looked downward from a 40 m
tower towards a 34 years old Maritime Pine forest, with an average tree
height of 22 m. Measurements were averaged to half-hourly values for the
final data analysis. A thermal IR radiometer (Heitronics KT 15.85D, 9.6 -
11.5 µm) was fixed next to the microwave instrument to give measurements
of canopy temperature over approximately the same footprint. Soil temper-
ature was measured at depths of 1, 2, 4, 8, 16, 64 and 10 cm below the soil
surface, using thermocouples made by INRA and a CR21X Campbell Sci-
entific data logger. During the radiometric measurements, volumetric soil
moisture at 5 cm depth and litter moisture were measured with a sampling
time of 10s and averaged to half-hourly values. Details of the experiment
are given in Grant et al. (2006a,b).
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Comparison with Experimental Data

In order to simulate the brightness temperatures measured over Bray site
by the EMIRAD radiometer, the model was run using as input forest vari-
ables previously estimated for Les Landes parcels with an age as close as
possible to the age of Bray parcel §6.1. In particular, we considered the data
published in Saleh et al. (2005) for the Berganton site, which was 32 years
old. Corresponding values of geometrical and physical parameters used as
input were given after subdividing forest crown into two levels. For soil
and litter variables, values measured on site were adopted. The volumetric
soil moisture varied between about 10% and about 30% during the measur-
ing time. Details about moisture measurements are given in Grant et al.
(2006a,b). Litter moisture was derived by empirical equation (5.2), whose
fresh biomass value was approximatively 10 kg/m2.

The model computes the overall emissivity and the single components
due to soil, canopy and canopy-soil multiple interactions. In order to eval-
uate the emitted brightness temperature, the simulated soil emissivity was
multiplied by soil temperature, while the other components were multiplied
by the canopy temperature. The three terms were finally added to each other.
The canopy temperature was assumed to be equal to the measured infrared
temperature, while the soil temperature was derived by direct measurements
at 1 cm depth. Comparisons were done at a 45o angle and horizontal polar-
ization. Results are shown in Figure 6.3(a), four time intervals with almost
continuous measurements have been considered. Days of Year are: 250–252,
255–265, 271–281, 286–307, 313–327, 335–342 and 347–348. Also the trend
obtained by neglecting the litter is reported for comparison. Figure 6.3(b)
shows the trends of canopy temperature, soil temperature, and soil mois-
ture. It may be observed that the measured brightness temperature shows
daily variations, mostly related to variations of canopy temperature, and
long term variations, related to a seasonal effect of temperature decrease
and soil moisture increase. The model reproduces well both the absolute
values of brightness temperature and its variations, although with a slight
overestimation. If litter is not considered, an evident underestimation is ob-
served, although variations are still represented. The overall standard error
between measurements and simulations is equal to 3.65 K and increases up
to 17.98 K if litter is not included in the model.
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(a)

(b)

Figure 6.3: Multitemporal trends at Bray site. (a) Brightness temperature
(measured, simulated including litter, simulated without litter) at 45o, H
polarization; (b) Soil moisture, soil and canopy temperature.
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6.3 Jülich

A long term experiment was carried out on the deciduous forest site in the
research centre of Jülich (Germany), between the autumn 2004 to spring
2005. Two radiometers were used for the experiment, the L-band 1.4 GHz
radiometer ELBARA and the X-band radiometer MORA at 11.4 GHz. Ther-
mal infrared temperature was measured by means the infrared radiometer
Everest Interscience 4000.4ZH, carried on ELBARA, whose spectral range
is [8–15] µm and temperature range is [243–1033] K with an accuracy of
±1 K. Both the microwave and infrared instruments have a beamwidth
about 15o. The thermistor Campbell S-TL107 was used in order to collect
soil surface temperature between 0 cm and 16 cm of deep, furthermore a
continuous monitoring of soil moisture values was carried out.

During the campaign two different radiometer configurations were adopted,
Figure 6.4(a)-(b), give a sketch of both. Hereafter they will be named re-
spectively “Upward Looking” configuration and “Downward Looking” con-
figuration.

(a) (b)

Figure 6.4: Sketch of radiometer configuration: (a) Upward configuration;
(b) Downward configuration.

Upward Looking

This radiometer configuration, was adopted in the first part of the exper-
iment, between 30th of September and 22nd of November 2004. All the
intruments were located on a track, under the observed forest, and directed
towards to the sky, as depicted in Figure 6.4(a).

Unfortunately, not all the information about soil and vegetation were
collected, (moisture and temperature). Some of the available information
are plotted in Figure 6.5, also Dbh distribution was made available. For this
reason, only LAI value, indirectly obtained from the leaves biomass, and
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Figure 6.5: Data ground collected during the experiment. From bottom to
up, precipitation rate [mm/ha], environmental temperature oC and leaves
fallen.

plants density were used as input for the model, and the overal description
of the canopy were taken by the canopy growth routine, and litter model,
proposed in Chapter 5.

The particular configuration and the long period of observation make
it possible to get an insight into specific problems: a) to single out the
vegetation contribution, b) to take advantage from the defoliation in order
to also analyse the leaf emissivity component.

Results are shown in Figure 6.6(a)-(b). Measured and simulated bright-
ness temperatures are shown as a function of the day of year. Measured
crown brightness temperatures are about 180–190 K, and decrease by about
20 K during the defoliation process. It is quite clear that a Tb decrease of
almost 10K is due to the temperature (Figure 6.5), while the remaining 10K
are due at the defoliation effect. These brightness values are appreciably
lower than values measured by downward looking radiometers, observing
soils covered by forests. Therefore, the experiment confirms the prediction
that in future spaceborne observations, at L-band, the emission of soil/litter
ensemble will be appreciable, even under dense forests. The model repro-
duces with a quite good accuracy the absolute brightness values and the de-
foliation effects. Horizontally polarized brightness temperatures are slightly
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(a)

(b)

Figure 6.6: Comparison between simulated (continuous lines) and measured
(dots) brightness temperatures vs. Day of Year, 40o (blue) and 60o (red):
(a) V polarization; (b) H polarization.
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higher than vertically polarized ones. Also this effect is reproduced by the
model, at least at 60o, and is attributed to polarized trunk shadowing which
occurs for the particular configuration of this experiment, i.e. with an up-
ward looking radiometer.

Downward Looking

In the second part of the campaign the radiometers were moved on a 100m
high tower, and looked down towards the same forest site analyzed in the first
part of the experiment. The aim of the experiment was still to investigate
about the radiometric sensitivity with respect to known variables under a
dense forest. In order to single out canopy emission from soil emission, a
foil was also introduced under the forest during the spring 2005, as shown
in Figure 6.7(a)-(b).

(a) (b)

Figure 6.7: Downward looking configuration with foil: (a) sketch of the
configuration; (b) picture of the foil from the tower.

The Figure 6.8(a)-(b) show a direct comparison among Tb collected for
all the described radiometer configurations, at obesrcation angle of 40o and
60o, and when the defoliation was completed. By comparison between the
brightness temperature values with the sky as background and the radiomet-
ric values collected from the tower with the soil as background, it is possible
to single out the soil and the canopy contributions. Under the enhanced
developed forest of Jülich, the difference between upward looking and down-
ward looking Tb’s is almost 100K at 40o and 80K at 60o. Moreover at 40o,
where radiometric data were collected from the tower still in the presence
of the foil, it is possible quantify the alteration induced by it, which is at
about 20K.

The Figure 6.8(a)-(b) also shows the predicted brightness temperatures
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(a)

(b)

Figure 6.8: Data collected from both the radiometer configurations: (a)
observation angle of 40o; (b) observation angle of 60o.
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versus measured values. The model shows a quite good reliability in the
reproduction of the brightness temperature, in all the proposed radiometric
configurations. The discrepancy are small, when compared with the overall
dynamic range.

6.4 STAAARTE

A multifrequency campaign, was carreid out in the framework of the Euro-
pean Community Scientific Training and Access to Aircraft for Atmospheric
Research Throughout Europe (STAAARTE) 1999 Project Macelloni et al.
(2001a). Scope of the project was to investigate about the use of microwave
radiometry in the study of characteristics of Mediterranean forests, in par-
ticular forest classification and phenological status by means of the higher
frequencies and forest biomass estimation by means of lower frequencies.

The IROE microwave sensors, operating at several frequencies (1.4, 6.8,
10 and 37 GHz) characterized by a radiometric accuracy of about 1 K, were
located over two different aircrafts. An ARAT (Fokker 27) hosted the higher
frequency instruments, dual polarization and with an observation angle of
30o. Instead, an ultralight aircraft carried on the L-band radiometer at
vertical polarization. Both the ARAT and the ultralight aircraft carried of an
infrared radiometer (8–14 µm), in order to estimate the surface temperature
and hence the emissivity.

The observed forest sites included both deciduouse species, beech (Fagus
sylvatica), turkey oak (Quercus cerris L.), holm oak (Quercusilex L.) and
two coniferous forest sites, fir and pine.

During the campaign several ground data were collected. A quite de-
tailed information regarding the forest were collected, in particular LAI,
trunk diameter, basal area, plant density, heigh and woody volume were
measured, but no information about soil has been taken. As the flies, have
taken place two weeks late the last significant rainfall, it is reasonable to
suppose a quite homogeneous and dry soil.

Comparison with Experimental Data

In order to propose a model comparison with the radiometric data collected
during the experiment, showed in Figure 6.9, some of the ground data were
used in input for the Tor Vergata Model. As not all the information required
by the model was available from ground measurements, the canopy growth
routine and litter model, proposed in Chapter 5 was adopted. The roughness
soil standard deviation has been fixed equato to 1 cm, and the soil moisture
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content to 5% in summer and 15% in winter. The presence of an understory
with an optical thickness of 0.1 (due to a biomass of about 1 Kg/mm2) has
been taken into account in the summerr simulations.

The basic input used were the LAI value and plant density, the forest
canopy data are summarized in the Table 6.4.

Figure 6.9: Comparison between simluated data and radiometric values col-
lected during the campaing, over the sites specified in the Table 6.4
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Site Dbh Range
[cm]

Mean Dbh
[cm]

Dbh
Std

LAI

Ulignano
Turkey Oak 0–40 13.5 10 0–2.2∗

Cologne
Holm Oak 0–40 19.5 10 5.1
Cala Violina
Holm Oak 0–40 14.9 10 4.2
Teso
Beech 0–80 36 10 0-3.6∗

Vallombrosa
Beech 0–80 40.5 10 4.3

Table 6.1: Main ground data collected in the deciduous site, * Respectively
winter and summer Leaf Area Index (LAI) values.
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