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FOREWORD

S. Quegan - Symposium Chairman

Sheffield Centrefor Earth Observation Science, University of Sheffield,
Hicks Building, HounsfieldRd, Sheffield S3 7RH, UK.

Tel: +44 114222 3778 Fax: +44 114222 3809 Email: S.Quegan(cilsheffield.ac.uk

The Third International Symposium on "Retrieval of
Bio- and Geophysical Parameters from SAR Data for
Land Applications" began on September 11. 2001. This
was not the best of days. Towards the end of the
afternoon. news from New York begin to filter into the
meeting. bringing with it questions of reality and
importance. And throughout the week. always close to
the surface. was an awareness of events unfolding in a
bleakened world. The mood of the meeting was.
however. that when intimidation brings normal life to a
halt. mtimidation wins. That rs not acceptable.

In recent vears. interest in SAR data for land
applications has experienced tremendous growth, for a
range of reasons:

• the ready availability of SAR data acquired by
spaceborne sensors (ERS-1/2. SIR-C/X-SAR.
RADARSAT-L JERS):

• the imminence of new space sensors (Envisat.
ALOS-PALSAR):

• new data from airborne sensors (e.g.. the DLR
E-SAR. the TUD EMISAR. CARABAS):

• significant advances in scattering theory:
• the increasing maturity of existing techniques

(e.g.. SAR interferometry):
• the emergence of new techniques (e.g..

polarimetric interferometry).

In addition. important progress has been made over the
three years since the last Symposium in this series. held
in ESTEC. in understanding how to assimilate SAR data
into process modelling. The main purposes of the
Symposium were therefore to provide an overview of
these developments. to crystallise the state-of-the-art in
retrieving biophysical and geophysical parameters using
SAR data. and to show how this enhances our
understanding of land surface processes.

In total. 80 papers were presented in the oral and poster
sessions. The make-up of these presentations tells us a
lot about the main thrusts of recent work: 31% were
concerned with agriculture and land cover. 23% were on
forestry. 20% dealt with soils and hydrology, 13%were
about hazards and DEMs (lumped together because of
the importance of interferometry in many of the papers
for both applications), 7% were on snow and ice and 5%
explicitly considered the use of SAR in process models.
This is probably fairly representative of the distribution

of effort world-wide, despite western European
researchers having the largest presence at the
Symposium (although there were attendees from the
US, Canada, Argentina, Australia, Russia. Japan. Israel
and Thailand). An obvious exception is the lack of
papers on geology and geomorphology. where SAR
certainly has an impact.

By design, the Symposium did not contain papers on
instruments. methodology or satellite programmes.
except where these were seen as central to developing
applications. Nonetheless, the types of sensor and
technique encountered during the Workshop were very
diverse (interferometry, multitemporal analysis.
polarimetry and polarimetric interferometry. multi
frequency. VHF, combination of sensors. backscatter
modelling. interfacing SAR data with other data sources
and process modelling).

Overall. the Symposium provided a snapshot of where
we currently stand in exploiting SAR data to understand
geophysical and biophysical processes. It identified
important areas for future research. in terms of specific
problems and general trends. Getting so many active
workers together in a focussed but informal atmosphere
allowed easy exchange of ideas and productive
discussion. However. perhaps the most lasting
contribution will be the papers in these Proceedings.
Like those from the ESTEC meeting in 1998 and the
Toulouse meeting in 1995, they provide an invaluable
statement of our current understanding. They also form
a baseline from which to measure our progress when we
meet at the next Symposium in Innsbruck in 2004.
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ON THE RELATIONSHIPS BETWEEN RADAR MEASUREMENTS
AND FOREST STRUCTURE AND BIOMASS

Thuy Le Toan, Ghislain Picard, Jean-Michel Martinez . Pierre Melon and Malcolm Davidson

Centre d'Etudes Spatiales de la Biosphere
CNES~ CNRS; UniversitePaul Sahatier

18Avenue Edouard Belin, Toulouse cedex ./, 31401 France
tel: +33 561 556671/ fax: ++33 561 558500/ email: Thuy.Letoan@ccsbio.cnes.fr

ABSTRACT

This paper examines the information content of SAR
data with respect to the retrieval of two categories of
forest information of interest for which radar data play
a major role compared to ground measurements and
other remote sensing methods. Those are forest vertical
structure and forest biomass.
The physical background will be discussed in terms of
the relationships between the forest parameters and the
SAR measurements at different polarisations - incidence
angles and frequencies (X. C L, P and VHF bands).
This will include results from experiments carried out to
investigate these relations, and the development of
modelling approaches to interpret and extend the
observations.
Illustrations with spaceborne SAR data (ERS. ERS
tandem InSAR. JERS, RADARSAT). and airborne data
(AIRSAR, ESAR, CARABAS, HUTSCAT) will be
presented.

INTRODUCTION

The need for systematic assessment of forest areal
extent. forest structure and forest biomass has become
important at global and regional scales, since the forest
ecosystem status as a net sink or source of carbon needs
to be assessed. e.g. for the purposes of implementing the
Kyoto protocol requirements. For systematic
observations at different scales. remote sensing is
considered as a component of forest monitoring
programmes. The focus to date, however, has mainly
been on the use of optical data. Meanwhile. research
results indicate that Synthetic Aperture Radars (SARs)
has a significant role to play in forest observations.
Satellite SAR data have been continuously available
since 1991. provided by ERS-1 and ERS-2. JERS and
RADARSAT. Planned future systems such as
ENVISAT ASAR (2002). RADARSAT II (2003) and
ALOS-PALSAR (2004) will ensure operational data
provision well into the next decade. Advanced airborne
systems have also been developed to explore new
possibilities for surface parameter retrieval. Before the
operational use of radar data in forest monitoring
programmes. the real extent to which SAR observations
can contribute to the requirements of environmental
science and forest management needs to be assessed.
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FOREST INFORMATION REQUIREMENTS

The interest in using radar remote sensing for
monitoring forest cover raises from the two following
assets of radar data. The first is that radars can provide
information related to the canopy volume. which cannot
be collected by other means. These have been identified
as: above ground biomass . annual increment of stand
biomass. and vertical distribution of biomass. The other
advantage of radars is the possibility to acquire data
over areas with frequent cloud or haze coverage, and the
possibility to acquire data during and rapidly after
events such as fires or storms.
The forest information covers a large range of
requirements in terms of information accuracy and
spatial resolution. Very high resolution and accurate
forest vertical structure arc needed in ccophysiology.
biodiversity or forestry practices. At the other end.
global mapping of coarse classes of biomass is required
in estimates of the carbon budget at a global scale.
This paper will focus on the assessment of the capability
of SAR data to provide information on the canopy
volume. A non exhaustive summary of the relationships
between forest parameters and radar measurements will
be presented. First. the physical background gained
from modelling work is summarised. Secondly. the
relations between radar measurements and forest
vertical structure and forest above ground biomass arc
discussed in the light of the physical background. The
paper will not discuss polarimetric and polarimetric
interferometry. due to the lack of fully validated
physical models.

MODELLING APPROACH

Radar backscatter models of forests arc important to
understand the various influences of forest properties
and environment conditions on the radar backscatter. to
interpret the imagery. to determine basis for robust
methods of mapping of forest covers and retrieving of
forest parameters. and also to investigate the
performance and the use of new sensors and to define
optimum future sensors.
Numerous models have been published in the literature.
The models differ basically in two respects : the
characterisation of forest and the calculation of its
scattering properties.
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Characterisation of theforest:
The question to be addressed in the description of the
forest is how the radar systems see the forest. In the
frequency range from P band to X band, the
wavelengths are of the same order of magnitude as the
dimensions of the forest elements which interact with
the wave.

Frequen- x c L p VHF
cv band
Main Leaves, Leaves Branches Branches Trunk

scatterers Twigs Small & Trunk
branches

Table 1: Tree elements which are the main scatterers at
differentfrequency bands

In a first approach, the tree elements that play a major
role in the scattering and attenuation at different
frequency bands are summarised in table 1. However,
the relative contribution of different components may
change with the tree species and their development
state. Likewise, at a given frequency, the scattering and
attenuation sources can change with the polarisation and
incidence angle.
Since the forest is a very complex medium, in most
models, the characterisation of the forest was simplified
according to the frequency, polarisation and incidence
angle to be addressed and according to the related
assumptions on the importance of the forest elements in
the scattering.
One of the earliest models was the water cloud model.
developed by Attema and Ulaby (l 978). In this model,
the vegetation canopy was treated as a cloud of
spherical droplets, characterised by the total water
content, and the ratio of the droplets' backscattering
cross sections to their attenuation cross section. At high
frequencies it may be appropriate to treat a forest as a
cloud. At lower frequencies, where larger scatterers
which are the trunks and branches become important, it
is necessary to consider their shapes, size and
orientation distributions.
In scattering models, the forest has been described by a
homogeneous horizontal layer over a reflecting surface
(Attema and Ulaby 1978), by multi-layers (Ulaby et al.
1990, Karam et al. 1992), multilayers with gaps (Mc
Donald and Ulaby, 1993) and by a set of geometric
shapes representing the tree crowns (Sun and Ranson
1995)
The parameters which are inputs to the scattering
models have been characterised in different ways.
The first category of forest description models is based
upon allometric equations to characterise geometric
properties. These equations could be found in literature
as well as through direct measurement of the trees in the
study area. Sun and Ranson (1995) and Wang et al.
(1993) have used allometric equations to derive
geometric properties of scatterers but also tree crown
structures described through a simplified geometrical
shapes, such as spherical, ellipsoidal or conical,

depending on tree species. However, it is difficult to
acquire a realistic and accurate forest description, e.g.
for coherent models where scatterer relative positions
are needed. For this purpose, new ways of tree
characterisation such as vectorisation or computation
approaches have been recently used.
The vectorisation method is a fine 3D-tree architecture
reconstruction. based on similarity principles that are
used to rebuild whole branches from the sample
portions. However, the methodology, often derived for a
single tree, needs to be repeated at each growth stage,
which is limiting and sample dependent. Another recent
approach is the use of mathematical models. These
models are used in computer graphics domain, where
algorithms based on: fractals, L-systems or
combinatorial tree already exist. For example, Lin and
Sarabandi (1996) apply L-systems to the development
of the red maple tree with branching structure in order
to feed a coherent model. However, because of the
difficulty to modify the topology of the tree, they lack
botanical meaning and flexibility. A new approach was
developed that exploited existing tree growth models to
derive input parameters for the scattering models. using
the architectural plant model, which relies on both
qualitative and quantitative architectural plant growth
description and leads to realistic 3D computing plants.

Figure]: Examples of Austrian pine simulations at
16,24,32,36,45years old byAMAP (Castel et al., 2000)

The method developed through the AMAP model
(Atelier de Modelisation de I'Architecture des Plantes,
CIRAD, Montpellier, France) is based on architectural
analysis and growth and branching processes modelling.
Architectural analysis consists in morphological
observation and description of individuals of different
ages and growing stages in various environmental
conditions. This is achieved by characterising the
strategy used by the plant to build the different elements
of its structure - belonging to the trunk, branches, twigs,
etc. - including the description of some specific
morphological expressions of shoot growth and
branching processes. All these characters allow defining
the architectural unit of the species. Then, comparisons
of the architecture of the trees at different ages enable to
distinguish main stages of development; each stage is



related to an important event of plant structural
edification. The succession of the different stages
represents the architectural sequence of the species.
Figure 1 shows examples of Austrian pine trees at a
range of ages, simulated by the AMAP tree growth
model. Compared to previous methods , the tree growth
models appear a good method of forest characterisation.
in view of simulations of radar measurements at a large
range of frequency, polarisation and incidence. for
intensity but also for polarimctric and interferometric
data (Castel et al. 2000). However, the tree growth
models and their interface to backscatter modelling,
available for few tree species and validated at few
forests, need to be extended to a large range of species
and forests .

Scattering models :
Various approaches to the backscatter modelling have
been used. relying on the same physical basis, but
differing in the assumptions they include and in their
validity domain.
Exact methods of calculation (Method of Moments and
FDTD) arc in most cases not appropriate to calculate the
scattering from forest, except when the description of
the forest can be simplified, for example at VHF
frequencies, where the trunks and large branches may
be considered as the main scatterers.
The use of approximate models is imperative for such
complex media. Two approaches were considered :
radiative transfer and the distorted Born approximation.
The radiative transfer (RT) theory is based on
arguments requiring that the number of scatterers is
large, and that they arc sparsely and randomly
distributed in space so that the fields add incoherently.
The method is popular in remote sensing of forest.
optical and radar, being simple and not time consuming.
Its drawback is that the theory ignores the phase of the
wave. so the models cannot be used to simulate
interferometric data for example. Also. to simplify the
calculations. only first order iteration is considered in
most models. This can result in underestimation of the
cross polarised signal.
The Water Cloud model is the simplified RT model
with a single category of scatterers. MIMICS (Ulaby ct
al. 1990) is a RT model describing the forest as a
superimposition of layers (crown layer, trunk layer)
containing cylinders (trunk. branches. needles) and
ellipsoids (leaves) scatterers. The MIT/CESBIO model
(Hsu et al. 1994) includes in addition certain structural
effects through the branching model (Yueh ct al., 1992).
MIMJCS2 considers a discontinuous canopy, and the
Santa Barbara model (Sun and Ranson 1995) various
simple shapes of the crowns. The model due to Karam
and Fung (1992) includes second order scattering.

The RT model at CESBIO. as described by Picard et al.
(2001) was improved by a) adding the second order, b)
applying to a n horizontal layers, c) including the
horizontal inhomogeneity within each layer. Such an
improvement is only possible because of the accurate
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description of the layer vertical and horizontal
inhomogeneity, e.g. using the tree growth model.
The Distorted Born approximation (DBA) is a analytical
wave theory. in that it includes information on both the
amplitude and the phase of the scattered waves, thus can
be used to simulate interferometric data or low
frequency data. The Born approximation calculates the
total scattering by adding the complex scattered fields
from all the elements. In addition. the DBA takes into
account attenuation and refraction by replacing the free
space containing the clements by an effective medium.
The model provides identical results to first order
radiative transfer theory for volume scattering with
randomly positioned scatterers. But when the elements
are not randomly distributed , e.g. tree elements in a
forest structure. the DBA. being sensitive to the
positions of the scatterers. can take benefit of a precise
description of the forest. Also. when surface-volume
scattering is included. the coherent nature of this
mechanism can be taken into account (Saatchi and
McDonald. 1997). DBA simulations have been
compared to laboratory measurements of the backscatter
of a tree (Lang ct al. 1995).
In summary. the last few years have seen improvements
in the existing scattering models. together with the
improvements of the forest description. The
improvements were required to interpret SAR data at
various frequencies. polarisations and incidence angles.

FOREST VERTICAL STRUCTURE

Vertical distribution of forest foliar biomass is an
important structural characteristic for quantifying
energy and mass exchange inside forest canopies. A
better characterisation of the foliar biomass distribution
would allow a better modelling of the light
transmittance inside tree canopies. which is an
important regulator of canopy carbon gain. Several
studies have shown that foliar vertical distribution plays
a major role in photosynthetic activity. It has interest for
process-based forest growth models in which canopy
characteristics arc often required. Vegetation
distribution is also an indication of the growth
competition between trees and of the impact of the
sylvicultural practices.
The approach to measure the vertical structure of the
tree consists in using a airborne ranging scatterometcr.
In the following, the results obtained using the
helicopter-borne FM-CW scattcromctcr developed by
the Laboratory of Space Technology at the Helsinki
University of Technology (HUT) arc presented
(Martinez ct al. 2000).
The example is also used as illustration of how
improved modelling and observations can provide more
insight into the interaction mechanisms. In the
experiment performed over the Lozcrc forest in France,
the forest backscattering profiles were calculated along
each measurement transect, with a 0.68 meter vertical
resolution. Profiles were obtained for different tree ages.
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Fig. 2 presents a backscatter profile of HUTSCAT at X
band, 23° of incidence acquired over stand of corsican
pine of 40 years. The measured profiles suggest that a
significant proportion of the backscatter comes from
lower parts of the crown (several metres from the top ),
contrarily to the common knowledge for which the
penetration depth at X band is of the order of a metre. In
the first modelling simulations using the RT model, the
canopy was considered as horizontally infinite
homogeneous layers. The simulation predicted that the
principal backscattering sources are localised in the first
top layers of the trees.

HlITSCAT

.E 10..,
·;:;::c

0..-10 .J.; V> .,lj .10 -15 .•..JO
B:J1.:kM.-:111cringcoefficient (dB)

Figure 2: Comparison between HUTSCAT backscatter
profile at X band, HH, 23° and RT modelling results
applied on a) infinite homogeneous layers, b) layers
from 3D description of theforest.

The disagreement can be interpreted as follows : at low
incidence angle, the external part of the largest branches
at the lower part of the crown can be seen without
attenuation by the upper layers. But when the crown is
considered as infinite homogeneoushorizontal layers, the
contribution of the lower part is attenuated by the
uppermostand thereforeis reduced.
A 3-D Vector Radiative Transfer model (VRT3D) was
developed to take into account the horizontal and
vertical structure. The model presented here is a full
polarimetric RT model coupled with the ray tracing
method (Picard et al. 200l ). At the tree level, the
position, orientation and size of scatterers, and the shape
of the tree are described using the AMAP model. At the
stand level, the tree position are derived from ground
data or simulated using measurements of tree density
and spacing. With respect to the azimuthal symmetry of
the trees, layers are cylinders of diameter equal to
diameter of the crown (Fig. 3).
The model is in better agreement with the data,

indicating that the penetration depth within a canopy is
of several meters, even at X band. The results show that
a precise description of the vertical and horizontal
structure of forest and measurements provided by a
ranging scatterometer can contribute to refine our
understanding of the interaction mechanisms.
Similarity between the vertical distributions of the
backscatter and the foliar biomass suggested the
possibility to retrieve the foliar biomass distribution
from the radar backscatter profiles.

RT RT3D

Scatterers are distributed Scatterers are concentrated
in inlinite layers within cells surrounding the

canopy

Fig.3. Scattering geometry in RT and RT 3D modelling

Fig. 4 presents the comparison between measured and
radar-derived LAI vertical profiles, for the 40- year old
stands (Martinez et al. 2001)

-Ground data
-!Retrieved!

0.25 0.5 0.75
LAI (m2/m2)

Fig 4:Measured and radar derived LAI profiles
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Such a method of measurement of the vertical structure
of forest can be made operational using an airborne
scatterometer. The performance and cost need to be
assessed and compared to that of other new techniques,
e.g. using airborne lidars.

FOREST BIOMASS

Forests cover 28% of the land surface but contain 46%
of the terrestrial carbon, stored as biomass and soil
organic carbon. In global environment and climate
studies, forest biomass is a key variable in annual and
long term changes in the terrestrial carbon cycle, and
needed in modelling carbon uptake and redistribution


