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Abstract

A detailed 3D structural model of a conifer forest canopy was developed in order to simulate the reflectance (optical) and backscatter
(microwave) signals measured remotely. We show it is feasible to model forest canopy scattering using detailed 3D models of tree structure
including the location and orientation of individual needles. An existing structural growth model of Scots pine (Pinus sylvestris L.), Treegrow,
was modified to simulate observed growth stages of a Scots pine canopy from age 5 to 50 years. The 3D tree models showed close structural
agreement with in situ measurements. Needles were added to the structural models according to observed phyllotaxy (distribution). Individual
trees were used to generate model canopies, which in turn were used to drive optical and microwave models of canopy scattering. Simulated
canopy radiometric response was compared with airborne hyperspectral reflectance data (HyMAP) and airborne synthetic aperture RADAR
(ASAR) backscatter data. Model simulations agreed well in general with observations, particularly at optical wavelengths where model
simulations of low and high density canopy stands were shown to bracket observations. Relatively small sensitivity of observed reflectance to
canopy age was captured reasonably well by the simulations. The choice of needle shape and phyllotaxy was shown to have a significant impact
on multiple scattering behaviour at the branch scale. In the microwave domain, simulated backscatter values agreed reasonably well with
observations at L-band, less so at X-band. L-band simulated backscatter significantly underestimated observed backscatter at younger canopy
ages, probably as a result of inappropriate modelling of soil/understory. It is demonstrated that a combined structural and radiometric modelling
approach provides a flexible and powerful method for simulating the remotely sensed signal of a forest canopy in the optical and microwave
domains. This is particularly useful for exploring the impact of canopy structure on the resulting signal and also for combined retrievals of forest
structural parameters from optical and microwave data.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Vegetation canopy structure is known to have a significant
impact on the Earth Observation (EO) signal in both the optical
(Knyazikhin et al., 1998a,b; Panferov et al., 2001; Ross, 1981;
Widlowski et al., 2004) and microwave (Imhoff, 1995)
domains. This fact has been exploited through the development
of forward models of canopy scattering (Goel, 1988; Goel &
Thompson, 2000; Pinty & Verstraete, 1991). A large number of
different approaches to such modelling have been taken, with
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different assumptions and simplifications made for different
applications. As an example, scattering in the optical domain
from relatively homogeneous canopy types (cereals, grasses)
typically requires some form of radiative transfer (RT)
approach to describe the (dominant) volume scattering behav-
iour of the canopy—soil system (Myneni et al., 1989; Qin &
Liang, 2000; Ross, 1981). In contrast, the optical scattering
behaviour of more heterogeneous canopies (in terms of 3D
arrangement of scattering objects), such as forest canopies
consisting of numerous tree crowns with relatively large gaps
between them, tends to be dominated by the macroscopic
properties of illuminated and shadowed crown and ground
components. This can be modeled through the use of
geometric—optics (GO) (Li & Strahler, 1985, 1986). Many
intermediate modelling approaches have also been developed
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to describe canopies characterized by some mixture of both
volumetric and GO scattering in the optical domain (Goel,
1992, 1989; Strahler, 1996).

Different scattering processes dominate canopy scattering
behaviour at optical and microwave wavelengths. In the optical
(and shortwave IR) domain (i.e. wavelength 2 ~0.4 to 0.7 um
for visible, up to ~1.4 um in the NIR), scattering as a function
of wavelength is predominantly controlled by the spectral
reflectance, absorptance and transmittance properties of all
material within the canopy, in particular green leaf material.
Angular variation of the scattered radiation field is predomi-
nantly controlled by the three-dimensional structure (position
and orientation) of objects in the canopy. In the microwave
domain (4 0.1 to 50 cm), scattering is controlled by the size and
orientation of larger objects in the canopy (linear
dimensions>> 1) and soil roughness; absorption is dominated
by moisture content. As a result of these different scattering
processes optical and microwave models of canopy scattering
have generally developed independently (Sun & Ranson, 1995;
Lang et al., 1994; Sun et al., 1991; Ulaby et al., 1986). Both
optical and microwave scattering models can also be inverted
against observations in an effort to derive model parameter
estimates (Goel and Strebel, 1983; Kimes et al., 2000, 1997,
Pinty & Verstraete, 1991; Weiss et al., 2000). However, the
differing nature of the models in the two wavelength domains
has led to inversion methods being applied independently to
optical and microwave observations rather than in combination
(Ranson et al., 1997).

Much less has been done on exploiting microwave scattering
models in parameter retrieval. However, there are some
interesting recent examples showing how this can be done.
Moghaddam and Saatchi (1995) have validated a radiative
transfer model by comparing simulations for AIRSAR (C-, L-
and P-band) signatures of young- and old-Jack Pine. They have
then replaced the model with polynomial fits (dependent on the
canopy permittivity) to provide an estimation algorithm for tree
moisture (Moghaddam & Saatchi, 1999). They have gone
further and used a quasi-radiative transfer model to derive both
canopy and stem water content, and thence biomass (Saatchi &
Moghaddam, 2000) by fitting some of the more complicated
canopy structural parameters against AIRSAR data. Lin and
Sarabandi (1999a,b) have also used a linearised form of their
coherent scattering model, by showing first that it reproduces
both C- and L-band backscattering and interferometric signa-
tures for a forest stand, and then generating linear fits in
parameter space, locally around the validation. Some alternative
approaches have exploited artificial neural networks to solve
similar problems by first training the network using model
simulations (Kimes et al., 1997; Pierce et al., 1995) and then
testing the resulting networks for deriving forest characteristics
using real data. Kimes et al. (1998) review methods that include
both optical and radar data and models.

If the 3D structure of a particular canopy can be described
explicitly then it is possible to use models of canopy scattering
behaviour to describe the radiometric response of such a
canopy in both the microwave and optical domains. Such
model simulations can be used to explore the impact of canopy

structure on the EO signal as well as for generating look-up-
tables (LUTs) of canopy response in the optical and microwave
domains. In this way estimates of biophysical parameters of
importance for studies of the carbon cycle and global climate,
such as leaf area index (LAI), biomass and canopy cover can be
generated from combined optical and microwave EO data. The
potential of 3D structural modelling to provide a framework for
combining optical and microwave data has important implica-
tions for improving biophysical parameter information retrieval
from EO data.

Many approaches to modelling 3D canopy architecture have
been developed with particular emphasis in recent years in
morphogenetic and functional —structural modelling i.e. linking
genetic and process-based aspects of tree growth to develop-
ment of plant structure (Méch & Prusinkiewicz, 1996;
Perttunen et al., 1996; Reffye et al.,, 1997; Sievanen et al.,
2000). Godin and Sinoquet (2005) review current develop-
ments in these research areas.

However, such representations are typically used for
detailed process-level simulation of canopy response to
environmental drivers (climate, availability of water, nutrients
etc.) and ecosystem management (Kurth & Sloboda, 1997;
Maikeld et al.,, 2000; Reffye et al.,, 1999), rather than for
representing how such a canopy might look from EO. In the
latter application, only the external properties of a tree
contributing to its absorption or scattering of incoming
radiation are of interest, as only these can be measured (Disney
et al., 2004; Lewis et al., 2004). In studies where the EO signal
has been examined, this has generally been for a particular
species type and sensor and/or using simplified structural and/
or scattering models (Courbaud et al., 2003; Proisy et al.,
2002). This paper describes an approach that is essentially
generic: given a description of a 3D canopy of arbitrary
complexity derived from models or measurements or both,
along with radiometric properties of canopy components, the
canopy radiation regime can be simulated in the optical and
microwave domains using the same structural description.

As a demonstration of this method, this paper presents a
structural and radiometric comparison of a modeled Scots pine
canopy with observations. Forest structure is compared with
ground-based measurements of tree height and trunk diameter-
at-breast-height (dbh). Canopy reflectance (pcanopy) and back-
scatter (o) are simulated and compared with data collected
during the Synthetic Aperture RADAR and Hyperspectral
Airborne Campaign (SHAC) over Thetford Forest, Norfolk,
UK in 2000 (Saich et al., 2001; http://www.neodc.rl.ac.uk/
index.php?option=displaypage&Itemid=66&op=page&Sub-
Menu=66; Balzter et al., 2001). The utility of the 3D structural
approach to modelling scattering in both the optical and
microwave domains is explored and implications discussed. In
this paper we establish the utility of the forward modelling
approach. We do not solve the inverse problem as there are a
number of issues raised by this which will be discussed in
detail elsewhere. Detailed examination of the scattering
behaviour within the modeled canopy and some implications
for parameter retrieval via inversion are presented in Saich et
al. (2003).
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2. Material and methods
2.1. Scattering models

The aim of constructing 3D models of canopy structure in this
case is to develop a robust method for simulating the canopy
radiation regime in the optical and microwave domains using the
fewest assumptions possible. This requires development of a
credible model of forest canopy structure which can then be
combined with radiation scattering models. The models used for
simulating canopy radiometric response were drat (aDvanced
Radiometric rAy Tracer) in the optical domain and CASM
(Coherent Additive Scattering Model) in the microwave domain.

The drat model is an efficient Monte Carlo ray tracing
(MCRT) model (Disney et al., 2000; Lewis, 1999), which is
driven by 3D locations and orientations of scattering
elements (including triangles, spheres, cylinders, spheroids,
ellipsoids, Bezier patches etc.) combined with descriptions of
radiometric properties of the primitive set (reflectance,
transmittance at specified wavelengths) (Saich et al., 2003).
This model has been used in a number of simulation studies
and has been shown to agree with both measurements and
other models of canopy scattering (Liang, 2004; Pinty et al.,
2004). A highly efficient scattering model is required given
that each 3D Scots pine tree model contains of the order 10’
scattering primitives and a modelled forest stand may contain
several thousand trees, resulting in potentially >10'® primi-
tives in a large scene.

The CASM model is a (coherent) single scattering model of
microwave backscatter, also driven by canopy geometry. The
model is very similar to that of Lin and Sarabandi (1999a,b) in
which backscattered power is calculated by direct summation
of the far-field scattering from an ensemble of N particles with
positions r,,. In this case

6:47“<FF*> (1)

where A4 is the illuminated area and

Zf

Here k is the propagation constant, /7’ is the scattering
amplitude of the pth particle, F is the total electric field
(ignoring the far-field Green’s function term), F* is the
complex conjugate of £, and we have assumed backscattering
(ks=—k;). The components of the trees are modelled as finite
cylinders, based on the use of the internal field of an infinite
cylinder (Karam and Fung, 1988; Karam et al., 1988).
Interactions with the ground are also included for paths that
scatter from the vegetation to the ground and then the sensor
and vice versa. Within this implementation, a multiplicative
factor has been included to take account of the effects of the
surface roughness of the ground in lowering the reflected
power, so that the Fresnel coefficient is replaced with

p:N_)
F—= pr i (s —Fi)

p=1

o 2ikki 2)

é. _ ;‘672(kosccos())2 (3)

where the standard deviation in vertical height is s, 7 is the
Fresnel reflection coefficient and 6 is the scattering angle. The
permittivity of the ground surface is related to the soil moisture
via the empirical relationship of Hallikainen et al. (1985).

To take account of extinction losses in the medium, Foldy’s
approximation (Tsang et al., 1985) is used to derive the
effective propagation constant. A three-dimensional grid is
implemented to allow representation of both vertical and
horizontal inhomogeneity in the vegetation canopy. Propaga-
tion constants are determined on a cell-by-cell basis. Full
details of the model configuration are given in Saich et al.
(2003).

2.2. Canopy structural representation

The representation of canopy structure used in this study
was provided by the Treegrow model developed by Leersnij-
der (1992). Treegrow is an empirical growth model which is
parameterised by species-dependent branching statistics in
conjunction with specified external environmental conditions
such as the available light regime to simulate individual tree
development with time. The model has been used previously
by Woodhouse and Hoekman (2000) for example to generate
statistical properties of an ensemble of scattering objects for
simulation of RADAR backscatter from conifer canopies.
Whilst this approach is suitable for driving backscatter models
which approximate forest structure as layers of simple
scattering objects (e.g. cylinders) much of the fine-scale 3D
structural information output by Treegrow is not used. The
use of a coherent scattering model such as CASM permits full
use of the detailed 3D structural models and requires locations
of the individual scattering elements to be defined. This
detailed structural information becomes important when
simulating radiation in the optical domain where wavelength
is much less than the dimensions of the canopy scattering
elements, even needles (not the case at microwave wave-
lengths).

The Treegrow model is driven by:

1. Environmental parameters: the availability of photosynthe-
tically active radiation (PAR) at the bottom of the crown.
2. Species specific parameters: number of shoot types;
maximum number of flushes per year, number of shoot
orders; minimum shoot length; maximum age of shoots with
leaves; maximum stagnation time of a shoot; maximum
tolerable light reduction (%).

3. Tree specific parameters: an empirical canopy height
function; height to crown; maximum crown radius; maxi-
mum length of main stem.

Given these various parameters the model will “grow” a
tree to a specified age in specified time increments (a single
year being the smallest time step), following the various
limiting and controlling functions. In this study, if no
information regarding a specific parameter was available
default parameters were used (see Appendix A for full list of
default Treegrow parameters). As far as possible, parameters
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were modified in order that the 3D structural information
output by the structural model matched observed structural
information. This is described below.

2.3. Tree height and diameter-at-breast-height (dbh)

The tree height increment described by Treegrow is
controlled by two factors: the light reduction environment
within the canopy, and a species- and site-specific empirical
height function. The former property requires the definition of
a (arbitrary) light reduction function within the canopy. This
function describes the variation with age of the percentage of
light reaching the ground from the top of the canopy and
primarily controls the crown shape. It is in the definition of the
light reduction function that a limitation of the stand-based
parameterisation of the model becomes apparent. The default
light reduction behaviour is based on observations made in a
stand that has undergone extensive thinning at various times
and this is manifested as severe “saw-tooth” variations in light
reduction with time from age 15 years onwards. This behaviour
(and the longer term trend of gradual reduction in light
penetrating the crown and reaching the ground) results in
modelled tree height actually reducing with increasing time
beyond a certain age and with a crown shape markedly
different from that observed at Thetford. This is a result of the
Treegrow model parameterisations having been based on stand-
averaged measurements. In such a case it is reasonable that a
thinned stand, with the tallest trees having been felled, may
reduce in (average) height with age and develop a different
crown shape than would be the case in the absence of thinning.
This is clearly not valid when applied to an individual tree, so
in this study a modified light reduction function more
applicable to individual trees in a stand is developed. This
makes the assumption that a function generated from stand-
averaged light extinction behaviour can in fact represent the

100

light extinction environment of individual trees, but only if
trees within a stand are relatively homogeneous. The more
heterogeneous the stand, the less valid such a relationship will
be. However, in stands such as those at Thetford used in this
study the trees are planted in an extremely regular pattern and
are thinned to optimise growth conditions for all trees in a
stand. As a result, trees in a given stand have a similar structure
suggesting it is reasonable to assume that trees of a particular
age will have similar light extinction environments and hence
structural development. This is not the case for natural stands,
where light extinction environments differ drastically between
trees according to age and proximity of competing individuals
(amongst other factors). The modified light reduction function
used here was estimated iteratively by simulating the light
reduction through tree crowns generated with the default light
reduction function, comparing resultant modelled and observed
tree heights (and crown shape), updating the function and then
re-simulating. The default Treegrow and modified light
reduction functions are shown in Fig. 1.

It can be seen from Fig. 1 that significant change in the
default Treegrow light reduction behaviour is required in order
to match modelled to observed tree height. However, the
extreme thinning stages included in Treegrow parameterisation
are not realistic for trees at Thetford, where thinning is far more
gradual until harvest (pers. comm. Dr. Sebastien Lafont,
formerly UK Forest Research, Alice Holt, now ECMWF).
For this study, modelled trees were only generated to age 50
years as this corresponds with the region of maximum canopy
growth. Beyond age 50, annual increments in canopy structure
become smaller and smaller and so are less likely to influence
the measured pcanopy and o signal against which any
comparison of modelled response is performed.

Fig. 2(a) shows a comparison of tree height values modelled
using the original and modified light reduction curve with
heights based on measurements made during the SHAC
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Fig. 1. Default and modified light reduction curves used in Treegrow model to generate 3D canopy structural information for Scots pine.
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Fig. 2. a) Tree height (modelled using default light reduction curve) against tree height measured in Thetford Forest and Finland, as a function of tree age; b) as for (a)

but for dbh.

campaign (Balzter et al., 2001; Saich et al., 2001). In this case,
tree heights from a Finnish Scots pine stand' are also included
for comparison as the Treegrow model was originally
parameterised using measurements made in Finland. These
measurements illustrate the difference the light and manage-
ment regimes can have on tree growth. The variation of
modelled height values at each age represents the variation in
tree structure as a result of changing the random seed during
generation of each tree. Changing the seed value introduces a
stochastic element to what is essentially a deterministic model
and allows for variation in a population of statistically similar
trees generated by the model in order to mimic observed
variability.

It can be seen from Fig. 2(a) that the tree heights modelled
using the default light reduction function are in reasonable
agreement with the measurements (modelled height is slightly
too low) until about age 30 years. After this stage the modelled
tree height reduces, for the reasons described above, before
rising again. The tree heights modelled with the modified light
reduction function show that the anomalous reduction in
modelled tree height has been removed. The agreement
between modelled tree height and measurements made in
Thetford in this case is extremely close (% value of 0.96). The
agreement with the Finnish tree height values is also good until
about 25 or 30 years of age but after this the Finnish trees are
substantially smaller than those of equivalent age at Thetford.
Interestingly, the Treegrow model was based on measurements
made in Finnish Scots pine stands and this is reflected in the
fact that the default model behaviour changes after age 35 to
follow the Finnish observations much more closely. This is
partially due to different growth conditions (different latitudes
and climate) but also as a result of the thinning practices
applied in the Finnish stand being substantially different from
those applied in Thetford significantly reducing the overall
mean height of the tree stand at certain ages.

' We are grateful for data provided by Risto Sievenan, Finnish Forest
Research Institute (METLA), Vantaa Unit, PL 18, 01301 Vantaa.

Diameter-at-breast-height (dbh) was used as a further
comparison of measured and modelled structural parameters.
Dbh describes the trunk diameter at a height of 1.3 m from the
ground. This measure is used as it is relatively simple to make
and can be related to tree height and/or trunk size. As a result it
is often used as a driving parameter for microwave scattering
models of vegetation, where the size (and scattering properties)
of the trunk has a major impact on scattering behaviour. Fig.
2(b) shows the comparison of measured against modelled dbh
for the Thetford Forests and Finnish sites. Unsurprisingly, the
trend is very similar to that observed for height although there
is far greater variability within age-stands in this case. Values
of dbh range from a few centimeters in early growth stages to
0.35 m at age 50 years. Again, the Finnish forest is notably
smaller after age 20 or so than the Thetford case as trees with
larger dbh are likely to be selected preferentially because of
their greater timber yield (per tree felled). Agreement between
measured and modelled dbh is shown by an »* value of 0.97.

In addition to the light environment describe above, which
has an indirect impact on modelled tree height, Treegrow also
uses an empirical (species-specific) function to describe tree
height with age (which is modulated by the light environment).
Tree height at time ¢, 4, is governed by Eq. (4):

4)

where H,, H, and H; are empirical parameters controlling the
rate of increase, amplitude and decay of the annual height
increment Ah,=(h,—h,_,); S is a constant (30); &,_; is the
height at the previous time step, £ — 1. The default values of A1,
H, and Hj; are 0.035, 1.8 and 0.2, respectively, resulting in a
function of A/ which increases rapidly, to a maximum of 0.4 m
yr~ ! after 17 years, before decaying gradually. Values of H 123
parameters were generated for the Thetford stands by fitting a
function of the form of Eq. (4) to the observed height
measurements shown in Fig. 2. Resulting values of H, ;3
were 0.05, 2 and 0.22, respectively. Fig. 3 shows the measured
values of tree height %, as well as the unmodified and modified

H
hy = S{l - e(_H”)] g [H3h; 1]
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Fig. 3. Measured tree height h (£ 10, left axis) with age, from Thetford Forest (filled circles) compared with # modelled using the Treegrow default and modified
h functions (solid and dotted lines, respectively). Also shown are the corresponding height increment values, A#, (+ 10, right axis) for measured / (open circles) and

the default and modified / functions (solid and dotted lines, respectively).

Treegrow height functions based on the derived values of
H\ 5 3. Also shown in Fig. 3 are the values of A/, derived from
measured /£, as well as the unmodified and modified model
values of Ah, derived by transforming Eq. (4).

It can be seen from Fig. 3 that although the form of Eq. (4)
follows measurements of %, the unmodified function tends to
underestimate the observed values of # with age, whereas the
modified function fits the observations far more closely. This is
reflected in > values of 0.95 compared to 0.98. This illustrates
the improved model representation of tree height for the
Thetford Scots pine trees. The progression of Ak, with age in
Fig. 3 is less clear cut as a result of the variability of observed
h. There is an obvious peak in measured A%, at around 15 years
but there is also a high level of variability. This is reflected in
the values of AZ, calculated from the modified height function.

2.4. Generation of forest stands

Using the modified light reduction function described above
along with default values of other structural parameters (height
to crown, maximum height of main stem, maximum crown
radius) a series of trees were generated. Rather than generate a
forest stand by ‘cloning’ the same tree many times over, a
number of individual trees were generated at each age stage by
re-seeding the pseudo-random number generator used to
sample pre-defined probability distributions. This permits some
tree-level variability within each age group (as seen in Fig. 2).
Fig. 4 shows the development of an individual modelled Scots
pine tree with age from 5 to 50 years. For comparison, Fig. 5
shows a Scots pine stand of age 34 years in Thetford Forest.

In order to create model forest stands, individual trees were
distributed according to a specified tree density, with “cloned”
instances of a particular tree being randomly selected and

rotated in azimuth within the modelled stand (Disney et al.,
2000). The modelled forest stands were generated to be 300 m
on a side (to avoid edge effects only the central 50 by 50 m
region is viewed in simulations). Tree spacing was varied from
1.5 to 6 m in both horizontal dimensions. These spacings were
based on measurements made by UK Forestry Research
workers in Thetford Forest (pers. comm. Dr. Sebastien Lafont).
Juvenile trees are planted with a spacing of around 1.5—2 m but
the spacing grows to around 4 or 5 m as the trees mature and
the stands are thinned out. Random variability of up to 0.75 m
was included in the spacing used in the generation of forest
stands to take account of variability estimated from photo-
graphs taken during the SHAC 2000 campaign.

Fig. 6 (left-hand axis) shows the variation of stand LAI
(total one-sided green needle area divided by total stand area)
as a result of the density variations discussed above. There is
(unsurprisingly) a wide range of variation LAI with planting
density, ranging from 2.5 to 20 for the high and low density
stands respectively at age 5 years. Apart from the densest
stands, LAI is relatively constant with age: the amount of green
needle area does not vary anywhere near as much as the tree
height. Trees at age 50 years have similar amounts of needles to
their younger counterparts, but with far larger trunks. LAI can
actually fall as the canopy gets taller and broader, while adding
little green needle material. As a result of this behaviour,
combined with the effect of thinning, the true stand LAI will
not follow any one of the trajectories shown in Fig. 6 but will
start at the high end at age 5 years (spacing closer to 1.5 m line)
and progress to the lower end (spacing closer to 6 m) at age 50
years. Fig. 6 also shows (right-hand axis) how the mean
measured tree spacing (+1o0) of canopies increases in near-
linear fashion with age after 20 years, from the first major
thinning.
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Fig. 4. Development of a Scots pine tree based on modified Treegrow output for ages 5, 10, 20, 30, 40, 50 years (left to right). The scene reflectance was simulated

with the drat optical model at a wavelength of 850 nm.

Fig. 5. 34-year old Scots pine stand at Thetford Forest (photograph by P. Saich).

2.5. Needle properties

Forest scattering behaviour, in the optical domain in
particular, is not only a function of canopy density but also
of the size and arrangement of needles on the tree (Cermak et
al., 1998; Cescattti, 1998; Stenberg et al., 2001). Needles
influence the (optical) radiometric behaviour of the canopy
through (amongst other things) absorption of photosyntheti-
cally active radiation (PAR, 1=0.4—0.7 pm) and this behaviour
will be related to their number, orientation and distribution.
Smolander and Stenberg (2003) have, for example, shown the
impact of needle clumping on the angular variation of
reflectance behaviour in simplified mathematical radiative
transfer models of optical pcanopy. Specifically, they showed
that the use of empirical clumping parameters used to simplify
radiative transfer models of canopy scattering can introduce
significant underestimation of intercepted PAR for given LAI
due to underestimated multiple scattering interactions between
needles. They propose a wavelength-independent (i.e. struc-
tural only) correction to account for needle clumping more
satisfactorily. This correction acts to produce a wavelength-
dependent reduction in conifer peanopy compared with uncor-
rected models with the same LAI. Smolander and Stenberg
(2005) and Rautiainen and Stenberg (2005) show paramete-
risations and applications of this approach.

A major advantage of using the 3D approach to modelling
conifer peanopy as in this study, rather than using approximate
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Fig. 6. Stand LAI with age for modelled stands with varying tree spacing (left-hand axis), and mean measured spacing with age (+1a, right-hand axis).

radiative transfer models, is that such clumping need not be
“corrected” for at all. In fact, the existence of wavelength-
independent structural terms as noted by Smolander and
Stenberg (2003) which capture the impact of clumping on
scattering, may be a useful source of information. Theoretical
treatments of the wavelength-independent (structural) canopy
terms have been advanced by Panferov et al. (2001) and
Knyazikhin et al. (2005). These descriptions are based on the
consideration of the recollision probability of photons follow-
ing interaction with scattering elements within a canopy. These
approaches appear promising in practice (Wang et al., 2003).
Wavelength-invariant scattering properties of the models
presented in this study are explored by Saich et al. (2003).
Disney et al. (2005) show that it is possible to nest expressions
of leaf/needle scattering based on the approach described by
Knyazikhin et al. (2005), within descriptions of panopy derived
in the same way. This ‘lumped parameter’, nested, wavelength-
independent approach appears to describe observed pcanopy
accurately in many cases and may be used to derive canopy
structural and/or absorption properties from EO data. The
expressions of pcanopy are simple functions of wavelength-
independent canopy structural terms, combined with radiomet-
ric absorption terms only.

The Treegrow model indicates on which branch order
needles will be found but does not describe the location or
distribution of needles themselves. For use within the drat
optical model the needle distribution pattern (phyllotaxy)
describes the arrangement of needle pairs (in the case of Scots
pine) around the circumference of a given branch. The size and
arrangement are parameterised by: needle length; major and
minor radii of the ellipsoid; needle normal; angle between
needles in a pair; needle density (strictly, needles per unit
length). The phyllotaxy is parameterised by specifying the ratio
of the number of needle pairs to the number of turns around the

branch e.g. phyllotaxy of 26:10 would generate 26 pairs of
needles for every 10 rotations around the branch. In contrast,
Smolander and Stenberg (2003) have used a Fiobnacci
sequence to describe the phyllotactic arrangement, based on
the study of Cannell and Bowler (1978), with a divergence
angle of 8/13 x 27 between successive needle pairs and a
fascicle angle (defined as the opening angle between needle
pairs in a fascicle) uniformly distributed between 0 and 2/13m.
The dimensions of individual needles used in this study
follow those published by Smolander and Stenberg (2003) but
modified for the particular trees observed in Thetford Forest.
Specifically, needle density varies between 25 and 30 cm™ ',
mean needle length is 3 cm, needle angle from twig is 45° and
needle diameter is 0.1 cm. The fascicle angle was fixed at 25°.
These are close to the values chosen by Smolander and
Stenberg (2003) who used needle angle 40.5°, needle length
and diameter of 2.85 and 0.092 cm, respectively, and an
equivalent needle density of 25 cm™'. In this study, needles
were chosen to be ellipsoidal with cross-sectional radii of 0.1
and 0.05 cm, respectively, i.e. the needles are flatter in one axis
than another. Needles are oriented in relation to the twig in
such a way that the normal to the upper surface of the flat side
is directed towards the axis of the twig. Needles are assumed to
be reflecting only and are assumed to have Lambertian
scattering surfaces. High values of measured needle reflectance
suggest transmittance will be low, suggesting the first
assumption is not too drastic (Hosgood et al., 1995). The
needle surface is quite dull, so although not precisely
Lambertian, there will be little or no specular component.
The impact of needle length, shape and phyllotaxy on
simulated forest reflectance was investigated. The needle shape
and in particular the ratio of the two cross-sectional radii of the
needle ellipsoid were found to have the most significant impact
on reflectance. In comparison, needle phyllotaxy and length
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Fig. 7. Variation of angular reflectance of shoot at two wavebands (red=546 nm, NIR =844 nm) with the ratio of cross-sectional semi-minor to semi-major axis of the
ellipsoidal primitives used to represent needles (1:1 is a needle with circular cross section, 1:5 represents a flattened ellipsoid; 1:10 represents a severely flattened
ellipsoid; viewer and illumination at 0° and shoot is viewed/illuminated from bud along axis of shoot).

had relatively small impact on simulated pcanopy- Fig. 7
illustrates the change in reflectance of a single shoot with the
changing ratio of cross-sectional radii. This is expressed in Fig.
7 as the ratio of the radius perpendicular to the upper surface of
the needle (as defined above) to the orthogonal radius.

Fig. 7 shows the increase in reflectance as the needle shape
progresses from near-cylindrical (1:1) to a much flatter shape
(10:1). At nadir viewing and illumination, there is a clear
increase in Pgpo0 in the visible red (450 nm) and NIR (850 nm)
wavelengths as the needle shape becomes flatter. The effect of
needle shape is seen in the reduced limb-brightening with
increased flattening observed in the NIR. This is a result of the
particular needle configuration: the flatter the needle shape, the
more the scattering phase function of the needles exhibits a
preferential scattering direction. The scattering behaviour away
from the hotspot region (nadir in this case) is significantly
different for the different needle shapes.

Stenberg et al. (2001) define a quantity STAR, the
spherically averaged shoot silhouette to total area ratio (Oker-
Blom & Smolander, 1988; Stenberg et al., 2001). This is
defined in Eq. (5) and describes the projected area of the shoot
over all angles as a fraction of the total area.

S 1 1
STAR = = - A SSA(2)d2 (5)
where TNA is the total needle area; §2 is the viewing vector,
and is a function of view zenith (0) and azimuth (¢) angles.
A shoot of the same length as that of Smolander and
Stenberg (2003) was constructed. Using the phyllotaxy
described above, needles of the same length and cross-sectional
radii as those of Smolander and Stenberg (2003) were added
(but ellipsoidal rather than cylindrical) and STAR values were

calculated for the resulting shoot by MCRT simulation. Results
for both shoots are compared in Table 1 (SS: Smolander &
Stenberg, 2003; DLS: Disney, Lewis and Saich, this study).
Fig. 8 shows a comparison of the SS and DLS shoots (prior to
implementation of Fibonacci sequence) from nadir and 45°.
Results in Table 1 show that the SS shoot has a higher area
(156.5 cm?) than the equivalent DLS(a) case (107.9 cm?) for a
given number of needles of fixed size. This is a result of the
larger area of a cylinder of length / and cross-sectional radius
compared with the equivalent ellipsoid of major radius //2 and
minor radii r. Interestingly, STAR for the (default) case (0.225)
is somewhat higher than for the SS case as a result of the
flattened ellipsoidal shape of the needles affecting the mean
needle area. In this case, needle orientation is significant. The
DLS(a) scenario represents a shoot with the same phyllotaxy as
that of the default case but with needles of the same dimensions
as the SS case. In this scenario both minor radii are equal i.e.
needles are prolate (elongated) spheroids rather than cylindri-

Table 1
Comparison of STAR values for shoots used by Smolander and Stenberg
(2003) (SS) and those used in this study (DLS)

SS DLS (default) DLS (a) DLS (b)

No. of needles 190 166 220 198
Needle length 2.85 cm 3.0 cm 2.85 cm 32 cm
Cross section 0.092 cm 0.1, 0.092, 0.05,

(diameter) 0.2 cm 0.092 cm 0.05 cm
Single needle area  0.824 cm®  1.14 cm® 0.65 cm? 0.79 cm?
Total needle area 156.5 cm®  190.2 cm? 142.6 cm®  156.4 cm?
STAR 0.133 0.225 0.231 0.201

DLS (default) are values used in later simulations; DLS(a) scenario matches
needle dimensions of SS case; DLS(b) matches needle area of SS case
(modified needle phyllotaxy and needle dimensions).
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Fig. 8. Two shoot designs: top row is nadir and bottom row is 45° viewing
zenith angles: left: DLS (Disney Lewis Saich) representation (this paper, prior
to imposition of Fibonacci distribution); right: Smolander and Stenberg
(2003) (SS).

cal, but not flattened. In this case, many more needles are
included in order to match the same needle density, yet the total
area is still lower than the SS case. Unsurprisingly, the STAR
increases to 0.231. The DLS(b) scenario is the closest match of

total SS needle area and needle number under the specified
phyllotaxy and needle length. In this case, needle diameter
must be reduced significantly and the resulting STAR falls to
0.201 due to the smaller number of needles with less
preferential angular scattering. Clearly, phyllotaxy and needle
shape can have a significant impact on scattering behaviour.
The use of a phyllotactic arrangement for needles based on a
Fibonacci sequence (as in Smolander & Stenberg, 2003)
provides significant benefits. In particular, it is more closely
based on observation and has evolved to maximise available
area for light interception by minimising self-shadowing (this
effect is obvious from the nadir views in Fig. 8). As a result,
the Fibonacci-based distribution was subsequently implemen-
ted for the models used in this study.

Choice of needle shape is also important. As a conse-
quence of assuming Lambertian scattering, needles tending to
a more cylindrical shape scatter far less radiation than might
be expected for a given size. A flatter needle shape resulted in
far higher values of STAR for a given LAI (or needle area in
this case). The strong impact of needle shape on simulated
Peanopy indicates that care should be taken over selecting an
appropriate form. In particular, the selection of needle shapes
as cylindrical may not be appropriate, particularly if surface
reflectance is Lambertian (leading to significant underestima-
tion of the scattering phase function) and transmittance is
ignored. Fig. 9 demonstrates the impact of needle shape and
phyllotaxy on multiple scattering behaviour (assuming no
transmittance and direct illumination only). This dependence
on shape is a further advantage of using a model which
allows for explicit descriptions of needle shape, size and
location.

For both the DLS and SS shoots, the contribution to the
signal is seen to drop off very rapidly after the first scattering
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Fig. 9. Log;o % contribution to total scattering as a function of scattering order (number of interactions) for the default DLS and SS shoot/needle configurations.
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contribution (scattering order 1). In Fig. 9 all view zenith
angles are lumped together but the variation of contribution
with view zenith angle can be seen in the range of values for
each scattering order. For the SS shoot, at high view zenith
angles (—85°, 85°) the single scattering contribution is of the
order of 30% of the total, with the contributions falling below
1% at around scattering order 10. For the nadir case, the single
scattering contribution is 76%, falling to below 1% after only 5
scattering interactions. The DLS shoot shows significantly
different behaviour, with single scattering at high view zenith
angles being <5% of the total. The contributions fall off far
more slowly with scattering order compared with the SS shoot
to the extent that contributions do not fall consistently below
1% until >25 scattering interactions. The nadir case for the
DLS shoot however shows similar behaviour to the SS shoot,
with a single scattering contribution of 83% falling to below
1% at scattering order 5. The regression lines in Fig. 9 also
indicate that multiple scattering behaviour of the SS shoot
configuration is far more variable than the DLS case (7 of 0.57
compared with 0.83) with the multiple scattering contribution
dropping off more rapidly than for the DLS shoot. Fig. 9
illustrates the impact of needle shape and phyllotaxy on
multiple scattering behaviour (particularly as a function of
view/illumination angle) at the shoot-scale.

2.6. Trunk, bark and needle properties

The trunk/bark reflectance used in the optical model
simulations was a laboratory-measured spectrum of bark
material, recorded in the European Goniometric Observatory
(EGO) facility at JRC, Ispra, Italy, during the LOPEX
experiment (Hosgood et al., 1995). For optical forest stand
simulations, canopy understory was considered to be a simple
Lambertian soil surface. This may also impact simulations
significantly as the relatively dense understory vegetation
within Thetford can be seen in Fig. 6. However, it is also true
that the understory of the denser canopies is dominated by
soil and dead needle material only. Soil reflectance values
were taken from the soil basis functions of Price (1990),
which have been shown to reconstruct 99.6% of observed
variance of measured spectra. Needle reflectance was derived
from the LIBERTY model (Dawson et al., 1998), modified
(pers. comm T. Dawson) to accommodate the absorption
coefficients derived from the PROSPECT leaf reflectance
model (Jacquemoud & Baret, 1990; Jacquemoud et al., 1996).
Needle transmittance was assumed to be zero. Clearly this
may have an impact on canopy scattering behaviour
(particularly multiple scattering in the near infrared) but there
appear to be very few published studies of needle transmit-
tance properties.

2.7. HYMAP airborne optical data

HyMAP is an airborne whiskbroom hyperspectral digital
scanner developed for a range of commercial remote sensing
applications (Cocks et al., 1998). HyMAP data were
geometrically corrected and registered to the OSGB36 datum.

Atmospheric correction was carried out using HYCORR with
continental aerosol model and mid-latitude summer atmo-
spheric profile (Boardman, 1998). The HyMAP data from
SHAC 2000 consisted of 126 spectral bands ranging from
437 to 2485.9 nm in steps of 16 nm (bandwidth 10—20 nm).
Three flightlines were flown (up and back) on the 17th June
2000 at 10:36 (heading 180°), 10:47 (heading 2°) and 10:59
(heading 181°), at an altitude of 6500 m above ground level.
The at-ground spatial resolution from this altitude is around
4 m with a swath width of around 2.5-3 km. Unfortunately
the HyMAP flightlines were between 30° and 40° off the
solar principle plane and so much of the angular signal,
which is at its greatest in the solar principal plane, was
missed. This has implications for the model results described
below.

2.8. E-SAR airborne synthetic aperture RADAR data

The microwave data used in this study were acquired
during the SHAC 2000 campaign over Thetford Forest, 31st
May 2000, using the DLR E-SAR instrument (Balzter et al.,
2001). Overpasses were made between 09:49 and 11:08, with
track angles of —178° (X-band) and 2° (L-band). These data
include L-band (HH, VV and HV) backscattered powers, L-
band coherence and interferometric height (derived from
repeat-pass observations), and X-band interferometric heights.
The 4-look products have a spatial resolution of approxi-
mately 4 m (range) x2.5 m (azimuth) and the site was
imaged at a range of incident angles between ~40° and 60°.
CASM simulations of the Thetford Forest canopy were
carried out for fixed vegetation moisture (0.7) and soil
moisture (0.1) for canopy ages of 10—50 years every 10
years, with appropriate corresponding tree densities based on
in situ measurements.

In each case, thirty pairs of simulations were conducted to
generate the interferometric phase and coherence (across all of
the simulations). From the simulations the backscattered
powers under both the coherent and incoherent summations
can be calculated. In any single simulation, a set of five trees
was used to populate (with given planting positions) a
300 x 300 m area (as in the optical case), and from this the
central 25 x 25 m cell has been taken to form the basis for that
simulation. In all cases, the flight altitude is assumed to be
3000 m and the (horizontal) baseline is 10 m.

3. Results

Using the ground data collected during the SHAC campaign
19 stands of Scots pine of age 5 to 53 years were identified
within the HyMAP images. These stands and their sizes in
pixels are listed in Table 2 (pixel size 4 x 4 m). Stands were
also located within the E-SAR data in the same manner,
although fewer age stands were covered by the E-SAR
instrument.

Several stands of age 5, 10 and close to 15 years exist within
the HyYMAP data, but fewer of the older stands were covered,
including only four in total over the age of 30 years.
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Table 2
Scots pine stand ages in HyMAP data, with size in pixels

Stand age (yr) Stand size (pixels)

5 850
5 1900
5 2208
10 2418
10 2639
10 4218
10 1664
14 1702
16 2898
20 1764
20 6060
20 2808
24 2565
24 2170
30 2964
34 4796
42 946
53 1302
73 350

Rectangular subsets of these stands were extracted and their
mean reflectance and variance were calculated. Mean values
were used in order to reduce significant intra-stand variability
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caused by the small size of the stands suitable for extraction
from the HyMAP data. Viewing zenith and azimuth angles for
each subset were calculated from the aircraft ephemeris data.
Solar zenith and azimuth angles were calculated from the time
of day and location.

Using the drat optical and CASM microwave models
described above, pcanopy and ¢ were simulated at the
viewing/illumination configurations observed within the
HyMAP and E-SAR data. The resulting drat-simulated optical
reflectance values are shown in Fig. 10 for four spectral bands
(446, 544, 646 and 844 nm) along with the corresponding
HyMAP reflectance values. Fig. 11a shows a regression of
D measured 3ZAINSt P modelled> aSSUMIng no specific tree density for
a given age in the modelled canopies. In Fig. 11b the regression
is carried out assuming the 3 m tree spacing for canopies of age
<20 years, and against the 6 m spacing thereafter.

Fig. 12 shows variation of L- and X-band backscatter values
with age simulated over the Thetford Forest stands for varying
canopy age. Fig. 13 shows the comparison of measured and
modelled microwave backscatter values, for the L-band
simulations in the HH, HV and V'V polarisations.

Fig. 14a shows a comparison of X-band simulated back-
scatter with age at two extreme canopy spacings (1 and 20 m)
with E-SAR X-band VV polarised observations. Fig. 14b shows

T T T T T T T T T
0.14 - 6m spacing .
3 3m spacing ===== |
012 - HyMAP H—<— |
0.1
(]
3 L
o
8 0.08 -
(S
2 +
& 0.06 -
0.04
0.02 -
0 L 1 L | . 1 , | \
0 10 20 30 40 50
Age (yrs)
0.4 T T T T : . . - .
i 6m spacing ]
0.35 - 3m spacing ===== |
I HyMAP ——x— |
0.3 |- -
o 025 -
o
g i -
IS
o 02 3 % -
9 N
ko) i S J
X 0.15 - ., |
L . |
‘\
0.1 N -
r \~ L7 s
0.05 - Sset s~
0 ! 1 . | A 1 , | )
0 10 20 30 40 50

Age (yrs)

Fig. 10. Comparison of simulated and observed forest canopy reflectance in the optical: 446 nm (upper left), 546 nm (upper, right), 646 nm (lower left) and 844 nm
(lower right). The upper and lower lines in each case represent reflectance for the low (6 m spacing) and higher density (3 m spacing) canopies, respectively.
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a measured against modelled backscatter values for all bands
and polarisations in L-band and X-band VV polarisation.

4. Discussion
4.1. Optical

In each case in Fig. 10, modelled results are presented from
two canopy structure scenarios: the solid line represents
average tree spacing of 6 m, while the dashed line represents
average tree spacing of 3 m. As described above, tree spacing
in Thetford Forest is initially around 2 m but rises to between
4 and 6 m from around 20 years onwards following thinning.
The comparison shown in Figs. 10 and 11 demonstrates that
the optical domain simulations of canopy reflectance are
generally in good agreement with the HyMAP observations,
particularly given the variability of observed reflectance for
given age. This variability is illustrated by the range of
observed values of NIR reflectance at age 10, where
reflectance varies from less than 0.2 to greater than 0.33.
What is clear from Fig. 10 is that the radiometric simulations
driven by the structural model encompass the observations
rather well ie. the 3D model representations of canopy
structure coupled with the optical simulations are able to
encompass the observed range of reflectance variation. It is
also clear from Fig. 10 that there is not a great deal of
variation in observed reflectance with age in the HyMAP
data. However, interestingly there is a noticeable increase in
observed reflectance between 20 and 30 years of age,
particularly at the NIR wavelength. The observed reflectance
values move from the lower range of modelled values,
corresponding to the dense 3 m canopy spacing, towards the
upper range, corresponding to the less dense 6 m canopy
spacing. From Fig. 1la it is clear that there is better
agreement between modelled and measured reflectance values
for the dense canopy at younger ages, and similarly for the
less dense canopy at older ages. This is highlighted in Fig.
11b where the same results are shown, but with only the 3 m
spacing canopy model results included up to and including 20

years, and only 6 m spacing model results used after this.
Clearly the regression results are much better in the latter
case, with 7> values rising from 0.89 to 0.98.

This suggests that the simulated reflectances are actually
capturing the changes in reflectance due to the thinning of the
forest that occurs between 20 and 25 years rather well. The
agreement in Fig. 11b between modelled and measured results
is good and indicates that a LUT-based inversion approach
would be ideal in this case. Pre-computed values of
reflectance in a LUT would encompass a range of realisations
of canopy structure and hence reflectance. The match with
observations could then be made with the corresponding
appropriate canopy structure. The agreement shown in Fig.
11b indicates that this would be effective despite the fact that
there is relatively small sensitivity to age variation within the
HyMAP observations. One issue not considered here is that
over- or under-estimate of the value of the atmospheric
optical depth, 7, used in the atmospheric correction procedure
will have a disproportionate effect in the visible part of the
spectrum, due to increased atmospheric scattering at shorter
wavelengths (Kaufmann, 1989). However, a LUT-based
approach can even include 7 as a retrieval parameter, via
multiple simulations of the atmospheric contribution to
measured reflectance (Lewis et al., 2003).

4.2. Microwave

In the microwave domain, Fig. 12 shows that the L- and
X-band model predictions are essentially unaffected by tree
spacing for all but the largest spacings (20 m) in which case
the backscattered power is significantly lower. In all simula-
tions (at both L- and X-bands) the dominant contribution to
the scattering is directly from the trees themselves, and
scattering from the ground or ground-vegetation double
bounce is much lower. The comparison between modelled
and observed backscattered values in Fig. 13 shows that
agreement is reasonable in many cases. The insensitivity of
the measured signal to canopy age seen in the optical data is
somewhat different for the microwave observations, with a
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Fig. 12. Modelled microwave backscatter values with age for L-band (top row, left-to-right are HH, HV and V'V polarisations), and X-band (bottom row, left-to-right

are HH, HV and VV polarisations).

high sensitivity for younger canopies but with all simulations
showing a saturation in the scattered power at around 25-30
years.

The model predictions in Fig. 13 underestimate the
observed data at low ages (very noticeably) and tend to
overestimate the observed data for older trees (by up to 2
dB). This discrepancy between younger and older canopies is
similar to that seen in the optical comparisons in Fig. 10,
although the sensitivity of modelled backscatter to tree
spacing is much lower than the sensitivity of modelled
reflectance.

For the comparisons of X-band modelled and measured
backscatter shown in Fig. 14, the more extreme variation of
spacing clearly brackets the observations at the early stages but
narrowly fails to do so at later stages. In the younger cases
shown in Figs. 13 and 14 (<25 years) it should be noted that
both the L- and X-band simulations are dominated by the
ground at low ages and the underprediction of modelled
backscatter is likely to be either a consequence of an incorrect
representation of the ground scattering or the fact that
understory vegetation is not included in the model. Fig. 14b
shows the scatter of measured against modelled results is

greater in the microwave simulations. However, given that the
variability of observed backscatter is up to 10 dB at any given
age this is perhaps not surprising. This is reflected in 7> values
of between 0.22 and 0.6.

5. Conclusions

Results presented above show that, given a suitable 3D
structural model of the development of forest canopy architec-
ture, it is possible to drive both optical and microwave
scattering models using the same structural description. The
reason for such an approach is to establish that, if such
architectural models can be interfaced successfully with both
optical and microwave scattering models, then they can be used
to: 1) simulate and understand the canopy scattering signal in
both the optical and microwave domains (in particular, the
impact of canopy structure in this signal); and ii) establish a
framework for combining optical and microwave data for
biophysical parameter retrieval problems. Such an approach
has the potential for greatly improving biophysical parameter
retrieval from EO data by combining the advantages of both
wavelength regimes.
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Fig. 13. Comparison of modelled and measured microwave backscatter values with age for L-band (left-to-right are HH, HV and VV polarisations), with varying

canopy density.

For large, complex canopies such as those described here
(containing ~10'" scattering primitives) it has only been
recently possible to contemplate simulating the scattering
behaviour in the optical domain, such as by Monte Carlo
methods, because of the number of calculations involved. Even
with advances in computing power highly efficient scattering
models are required. As a result, typical numerical inversion
methods are not useful for trying to retrieve biophysical
parameters using such detailed 3D models. However the models
can be used to generate LUTs of canopy radiometric response for
arange of canopy scenarios, at arbitrary wavelengths (including
thermal, although that is not covered here). This potentially
allows the retrieval of canopy parameters from combined optical
and microwave EO datasets (Saich et al., 2003).

In this study, an architectural model of Scots pine was used
to generate individual trees for various stages of growth from 5
to 50 years of age. The driving parameter of the architectural
model, the light extinction regime within the canopy, was
optimised iteratively to generate trees with height and dbh
parameters corresponding to values observed within a managed
Scots pine forest at Thetford, in the UK. Individual modelled
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trees were replicated to generate 3D structural models of entire
forest canopy scenes covering the available range of observed
tree spacing (according to management records for Thetford
Forest). The resulting architectural models, along with a
description of the wavelength-dependent scattering properties
of the media comprising the canopy (needles, bark, soil,
understory vegetation) were used to simulate the radiation
regime of the Scots pine canopy at various stages of growth.
The size, shape and distribution (phyllotaxy) of needles at the
shoot level were compared with representations used in other
studies. These parameters, particularly needle shape and
phyllotaxy, were shown to be of importance in the optical
simulations of reflectance, particularly in the NIR where
multiple scattering is significant. The impact of needle shape
and phyllotaxy tends to be smoothed out in moving from shoot
to canopy scale but needle shape in particular can influence the
total absorbed radiation within the canopy and hence the
reflected signal available to be measured remotely.

It was shown that the simulated optical and microwave
canopy response agreed quite well in some cases with optical
and microwave observations collected over Thetford Forest. The
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Fig. 14. Comparison of modelled and measured microwave backscatter values with age for X-band with varying canopy density. a) Shows comparison with two
extreme model realisations (1 and 20 m tree spacing); b) shows modelled against measured results for all microwave cases.
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optical simulations were shown to bracket the observations in all
cases. The discontinuity in observed reflectance with age as a
result of thinning was captured by the model simulations in
moving from high to low density canopy realisations. This is
despite the relative insensitivity of the observed reflectance with
canopy age. This insensitivity is likely to be in part due to the
presence of canopy understory dominated by relatively homo-
geneous green vegetation. This means that even when solar
radiation penetrates the canopy, it tends to be scattered/absorbed
by green vegetation with a similar spectral response to the tree
canopy itself. The understory is also more likely to influence the
signal at younger ages and/or stands of lower density and will
therefore reduce sensitivity of the measured signal with age. In
future studies, the use of more realistic description of the
understory (such as a detailed 3D model) may improve
sensitivity of the modelled signal for lower density/age stands.
As a result of these factors, in order to differentiate stands of
different ages a signal more sensitive to variations in structure is
required, such as more suitable angular configuration. Unfortu-
nately, the HyMAP data available for this study were flown more
than 40° away from the solar principal plane where the angular
signature is known to be strongest (Liang, 2004). What small
variation there is arises from variability within the stands rather
than as a result of varying view zenith angle. This is confirmed
by analysis demonstrating only small variation of reflectance
with view zenith angle (Saich et al., 2003). This lack of angular
signal is also partly due to the fact that many of the forest stands
are located towards the centre of an already narrow instrument
swath and the potential for view zenith angle variation is not all
that high, regardless of whether sampling were in the solar
principal plane or not.

Despite the various issues with the EO data used, the
feasibility of using full 3D descriptions of canopy structure
(including location of all needles) to simulate arbitrarily
complex forest canopy scenarios was demonstrated. Using
efficient 3D scattering models allows the reflectance and
backscatter of complex scenes to be carried out in typically
10—100 s of minutes per view angle per scene (Lewis, 1999;
Pinty et al., 2004). Even in extreme cases (very dense canopies),
we have shown that it is possible to use full descriptions of 3D
canopy architecture, down to the level of individual needles, to
simulate reflectance and backscatter of canopy stands. In this
way LUTs of canopy response in both optical and microwave
domains can be generated in a few days using a common canopy
structure, which in turn can be used to generate biophysical
parameters from remote sensing observations (i.e. to solve the
inverse problem). The application of such an approach to the
inverse problem and, in particular, the implications for under-
standing the impact of uncertainty in retrieved parameter, is the
subject of ongoing work and will be discussed elsewhere.
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Appendix A

The following tables give the default parameter values used
in the Treegrow model for generation of Scots pine canopies in
this simulation study. All other variables (and modifications
thereof) are described above.

Table Al
Treegrow species characteristics

Number of shoot types 2
Maximum number of flushes per year 1
Number of shoot orders 4
Minimum shoot length (cm) 1
Maximum age of shoots with leaves (yr) 6
Maximum stagnation time of a shoot (yr) 6

Maximum tolerable light reduction (%) 75

Plagiotropy order >1 Yes
Shoot type conversion Yes
Sympodial growth No
Terminal flowering No
Table A2

Treegrow shoot length parameters

Shoot type 1 Shoot type 2

L1 (0-1) 0.6 0.350
L2 1 1
L3 (>0) 5.0 5.0
L4 (>0) 0.4 0.4
L5 (0-1) 0.2 0.2
Table A3
Treegrow shoot number parameters (child shoots per parent shoot)
Shoot type 1 Shoot type 2
NO (1-31) 1 0
N1 1.43 0.42
N2 0.41 0.94
F1 (%) 0.4 0.4
F2 (>0) 0.5 0.5
Probability of reiteration 1 1
Maximum age of potential reiteration 6 6
Table A4
Treegrow shoot distribution parameters
Shoot type 1 Shoot type 2
Random distribution Yes Yes
Max. dist. from shoot base to 0.6 0.9
top of parent/parent length (0—1)
Opposite buds distribution No No
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Table AS
Treegrow shoot diameter parameters
Shoot type 1 Shoot type 2
D1 (>0) 0.12 0.12
D2 (>0) 0.650 0.650
D3 (>0) 0.670 0.670
Table A6

Treegrow angle-of-side-shoot-with-parent-shoot parameters

Shoot type 1 Shoot type 2
Al (0-180) 45.0 60.0
A2 (0-180) 30.0 30.0
A3 (0-180) 60.0 90.0

Table A7
Treegrow angle-of-continuing-shoot-with-parent-shoot parameters

Shoot type 1 Shoot type 2

A4 (—100—-100) -2.0 -2.0

A5 (0-10) 0 0

A6 (0-180) 15.0 15.0

A7 (0-180) 2.0 2.0

Table A8

Treegrow shoot inclination increment parameters

11 0.17
12 0.22
3 0.05
Table A9

Treegrow shoot mortality parameters

M1 0.17
M2 0.22
M3 0.05
Max. branch length/diameter ratio 160.0
Bl (>0) 10.0
B2 (>0) 12
Max. diameter (mm) of living shoots that may break off by accident 5.0
Accidental breakoff probability (%) 0.01
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