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ABSTRACT:

We present an attempt to apply the spectral inrbagproach to canopy scattering of a complex farasopy. Spectral invariant
theory describes a method of expressing photontesiteg as a function of purely structural propestod the canopy, the so-called
photon recollision probabilityp — the probability of a scattered photon undergdimther collision rather than escaping the canopy
- can be used to describe the main impacts oftstreion total canopy scattering. We apply a nevetsgkinvariant formulation for
canopy scattering (Lewis et al., 2007) to a dedadP structural model of Scots pine. This desaiptissumes energy conservation
(by definition in derivation of spectral invariat@rms), and thap approaches a constant value when the scatteredioads well-
mixed (when the escape probabilities in the upveard downward direction; andt; respectively, approach each other after some
finite numberi of scattering interactions). We explore the bebawvof the resulting scattering from the complexdels and apply
the spectral invariant model description to theultésy scattering. We show that the behaviour efgpectral invariant termp, (r, t)
are superficially similar to cases for simple caeepconsisting of reflecting and transmitting diskearticularly for lower
LAl/density cases. However, the dominance of truitksthe higher density/LAl cases violates the smcinvariant model
assumptions. We suggest it may be possible to dengtie scattering behaviour of the trunks and tegigm separately, considering

the recollision probabilitiep,eeqie@andpyunk independently.

1. INTRODUCTION
1.1 Canopy spectral invariants

There has been increasing interest in recent jieathe so-
called spectral invariant representation of vegmtatanopy
scattering (Knyazikhin et al., 1998; Panferov et &001;
Huang et al., 2007). In this approach, the totattecing from a
vegetation canopy at optical wavelength&n be expressed as
a function of wavelength as follows:

1=
S, =ty + (L-t,)D 56, @)
i=1

recollision probabilityp; (the probability that radiation incident
on leaves afteri interactions recollide with other canopy
elements rather than escaping from the canopys. fEaollision
probability can also be considered in terms ofdtreesponding
‘escape’ probabilities in the upward and downwaitealions
respectivelyrand ti.e.p; + r; + t = 1 for energy conservation.

There are have been various treatments of the ponzke
spectral invariants, notably by Knyazikhin et a998) and
Panferov et al. (2001) who have shown that the llisiom
probability is in fact the principal eigenvalue tbfe radiative
transfer operator. Disney and Lewis (1998) indepetigl noted
that the multiple scattered radiation from a 3Dldyacanopy
was well-behaved after relatively few scatteringgiactions. In

where t, is the probability of radiation being transmitted both cases, the multiple scattering can be phrased infinite

through the canopy without interacting with canadgments
(the zero-order transmittance); is the canopy element single
scattering albedo and the tersisare spectrally-invariant terms
dependent on the incident radiation distributiorhe t
arrangement and angular distribution of canopy efes) and
the ratio¢, of leaf transmittance [, to total leaf scattering
(Wean » = Teamrt Reas 1) Where Rg, »  is the leaf spectral
reflectance i.e.

¢, = Tleaf,/l/(RIeaf,A + Tleaf,/]) @
The canopy spectral transmittances,Treflectance R, and
absorptance @, for a canopy with a totally absorbing lower
boundary (‘black soil’) can be expressed in simifarms.
Relationships between the spectral invariant tammsS,, Ty,

sum of scattering terms (a Neumann series). Thisrspresents
the multiple interactions (and attenuation) of tmad radiation.
This description of canopy scattering is spectrafiyariant,

depending on structure alone. The spectral invaaaproach
has been used by Smolander and Stenberg (200%)thexs to

represent scattering at multiple scales includivegleaf (Lewis
and Disney, 2007), shoot (Smolander and Stenbed§5s;2
Mottus et al., 2007).

As noted by Huang et al. (2007) and others, thellision

probability tends to converge to its final valugeafrelatively
few iterations. can be considered the recollisioobpbility of

the radiation in the canopy when it is ‘well mixgde. it has
settled down to a stable value). ‘Well-mixed’ candonsidered
the pint at which the escape probabilities in tipsvard and
downward direction;r+ t; are effectively equal.

Resp and Ayg), can be expressed using the concept of a
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There are two primary reasons why the spectral riant
approach to describing canopy scattering is atiacFirstly,
such a representation can provide a rapid, straltyugonsistent
way to model canopy scattering. This potentiallykesa the

spectral invariant description very useful in apglions where #

rapid, consistent models of scattering are requisedh as in
look-up-table (LUT) retrieval of biophysical paratees from
observations of scattering, or for assimilationobervations
into models of ecosystem function. Speed is a egetsite in
both these applications; a consistent (across wagéh and
canopy structure) representation of scatteringgbly desirable
and makes analysis much more straightforward ag asingle
model of scattering is required..

Secondly, the spectral invariant approach perrhgsseparation
of scattering behaviour due to structural and heodical

influences (Lewis and Disney, 2007). These propsrire often
coupled and so separation of their behaviour magmipe
retrieval of either alone. Without this separatirch retrieval
may not be possible.

This paper presents an exploration of the spedtradriant
approach to describing scattering from a highhated 3D
Scots pine canopy.

2. MATERIALSAND METHODS
2.1 3D structural model

A 3D structural model of Scots pine was developsihgi the
Treegrow/PINOGRAM model of Leersnijder (1992). Thedel

is based on measurements of canopy structural afaweint
made in the field. Scots pine stands were simulated a range
of ages (5 to 50 years in 5 year steps) and dessifiree
spacing was varied between ~1.5m and ~6m, covettieg
observed range of densities for such a canopy maged forest
stands in the UK. Full details of stand developmend

comparison to observed data are given in Disney. €2006). It
is shown that the resulting canopies can be usesintalate
observed reflectance well.
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Figure 1. Stand-averaged LAl and woody area withatd
density.
Figure 1 shows the variation of the stand propenigh age
and density. It can be seen that the stand-averdgdd

Figure 2. Managed forest stands of 15 years @eit) 35
years (right).

2.2 Canopy simulation and modelling

To examine the spectral invariant behaviour of $uwets pine
canopy, energy conservative (totally scatteringidiiag)
simulations were carried out using the Monte Caalptracing
(MCRT) model,drat (see Pinty et al., 2004 and Widlowski et
al., 2007 for model intercomparison). All 7 comhioas of
Pieaftrunksoil = 0, 1 were simulated. In order to simulate teoz
order transmission componeng ftom equation 1), reflectance
and was simulated in a case with no soil i.e. ilhated from
above, but with transmitted radiation passing diyethrough
the lower boundary. In all cases, scattering wasulited to
scattering order 100. This might seem excessive vidugn
considering the scattering in energy conservatigees (no
absorption), the amount of energy remaining aftesanyn
scattering interactions can still be significanheTimplications
for this become apparent below.

Analysis of the resulting scattering behaviour iesented
below, as well as results from attempting to fie tmodel
representation of Lewis et al. (2007). This modesatibes R,
T, S as follows:

_1 W, c,dw 3)
==(1-t,)@- G o |
Rb“ 2( O)( pm{l_ P.w, 1- pmdle
_ 1 w c,dw (4)
Thor =t + = (- t,)(1- A 22
=l 300K p"’il— P, 1-p.dw,
(Sai—t) - @-p.)w, + @- pw)( ¢, diw, C,0,w, } (5)
-t) 1-pw, 2 [1-pdw, 1-pdw,
where, under energy conservation
Cldl = CZdZ (6)
1-p.d 1-pd,

The terms ¢, and d, are fitting’ (i.e. not biophysical)
parameters parameter. The derivation of the abosgemand
assumptions underlying it are described in Lewiale(2007).
The key for this analysis is that the behavioutttaf escape

increases with age to a maximum at age 30 yearge Ttprobabilities y, t in the upward and downward directions

equivalent measure of trunk area trunk, ‘trunkaanedex’,

varies in the same manner, but peaks slightly Etaround age

35 years due to the shift to proportionately redutsaf area
(increased trunk area) at increased age.

Figure 2 shows examples of the variation in treace and
crown shape (for Sitka spruce in this case) ardcajly
observed in managed tree stands of the sort bedaigiled. As
the trees develop in close proximity to one anqther crown
size reduces and the stands become dominated atyeby
large quantities of trunk area.

respectively are assumed well-behaved i.e. thét’iti is

approximately constant onpe has been reached.



3. RESULTS

3.1 Scattering behaviour
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Figure 3. Canopy scattering behaviour as a funaifon
scattering ordeit,

Figure 3 shows the decay of total diffuse scatte(®) for high
density (average tree spacing < 2m) and low derfaitgrage
tree spacing > 5m) cases, as a function of scadtesider,i.
The terms ‘high/low density’ are used to imply tkame
spacing through the following text. In log spade scattering
in both cases decreases relatively rapidly for fingt few
scattering orders and then much more gradually initheasing
i. In the high density case, two things become agar) there
is little difference between behaviour for differeages, except
over the first two scattering orders; ii) the fimtder behaviour
can be unexpected, with greater scattering=atthani=1 in
some cases. In the low density stands, there &ratgn of the
scattering behaviour between the different stands.ad\lso
apparent is that simulations become quite noisyneag
scattering orders < 20.
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Figure 4. Canopy scattering behaviour as a funaifon
scattering ordeli density and ag

Figure 4 shows the same results as in figure 3,dvet all
scattering orders (i.e. ig100). Asi exceeds 30 we see that the
separation of scattering behaviour with stand ag®ines more
apparent even in the high density case. Most imaptst, we
see that theate of decayof scattering is still decreasing for the
older canopies and does not seem to have settled to a
constant rate, even at i=100. This is importanthes model
fitting described below assumes constant recoligimbability
p. i.e. when the rate of decay of scattering froto i+1 is
constant.

In the low density case, conversely, the scattavgtzaviour has
two distinct phases. The first settles down quidklya constant
(steep) decay; the second then takes ovierl&@-30 (depending
on stand age) and has a much more gradual decay.

3.2 Escapeprobabilitiesr;, t;
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Figure 5. Upward and downward escape probabilities
t;) for a high density canopy (2-3m tree spacing).

Figure 5 shows the behaviour of the escape prababiln the
upward (f) and downward {x directions for the high density
canopy as function af In both cases the behaviour follows the
same path. This differs distinctly from the casésesved in
idealised disk canopies seen in Lewis et al. (20@Rere as;r
decreases; increases. Figure 6 shows the same information for
the low density canopy case.
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Figure 6. Upward and downward escape probabilities
t;) for a low density canopy (5-6m tree spacing).

3.3 Recollision probability, p

Figure 7 shows the variation of recollision protigpip; (1 — ¢
— t) as a function scattering order for high and logngity
stands (upper/lower panels) and for two ages, D4&nyears
(left/right panels). In each casp, is shown for three view
zenith angles, 9 3¢° and 60 (sun zenith is Din all cases).
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Figure 7. Recollision probability;, as a function of age,
scattering order and view zenith angle.

The recollision probability varies in a similar way that seen
by Lewis et al. (2007) for idealised disk canopiéalues start
between 0.6 and 0.8 forl and progress to > 0.9. In all cases in
figure 7,p does not appear have reaclpgceven ai=30. There



is little variation with view zenith in the high dsity case, but
this is not true for the lower density case. Othdifferent

behaviour is seen for high density case at ipwherep can

reduce before increasing again.

3.4 Mode fitting

Figure 8 shows the results of fitting the model spiectral
invariants presented by Lewis et al. (2007) (equti3-5) to
the simulated values of canopy reflectance shovavalFigure
9 shows the same information for the low densigndt In each
case the solid lines are the model fits and thebsysnthe
corresponding MCRT-simulated values.
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Figure 9. Model fit for low density stand, age 19{left)
and 45yrs (right).

The model fitting results are presented as a fanatif needle
single scattering albeday. As a result of fitting the spectral
invariant model (equations 3-5) we can express [@ano
scattering in this way over the whole range of fidss/alues of
w, rather than for some specific value. This is aiethe
advantages of using spectral invariants: scattdvigftaviour is
expressed purely a function of the structural tenostained
within the model, rather than as some combinedcsitral-
biochemical scattering behaviour at specific wavgles.

4. DISCUSSION

The scattering behaviour of the 3D Scots pine carshwn in
figures 3 and 4 is superficially similar to thabsim by Lewis et
al. (2007) for idealised disk canopies i.e. rapdduction of
scattering in the first two orders, followed by aadyal
reduction until a point is reached at which furtheduction of
scattering is constant (in log space). This isgbmt at which
the scattering can be considered ‘well-mixed’ amat p = p.,.

Lewis et al. (2007) note that this typically occats [RLAI.

However, closer inspection reveals some signiflgadifferent
behaviour. In particular, the first orders of sedttg can
increase, particularly for the very dense standsaddition,
there are large differences in behaviour with dgethe older,
larger trees in figure 4 the scattering is cleatll levelling out
and has not reached the plateaupof p,, even after 100

scattering interactions. This is largely due to dioeination of
the high density/age stands of the trunk matefiglures 1 and
2 show how much trunk material can be containedhinig
scene. In the energy conservation case, this troaterial is
white, and so the scenes are dominated by large afetotally
reflecting solid objects (no transmission). Thigpears to have
significant implications for the model represermaatand fitting.

We note that in the low density case, there appedre two

separate decay processes occurring. The first, tdudghe

needles, dominates scattering orders < 20 causiapic decay.
Beyond this, a second decay rate takes over wiidarimore
gradual. This is likely to be the influence of tienks. Once a
photon has penetrated through the upper crown layeman

interact many times with the trunks before escaftimgugh the
upper (or lower) boundary. This behaviour tendsléminate
for the denser/older canopies and will result ieréhbeing
effectively two values of, Pheedie@NdPrunk-

The results of fitting the spectral invariant modekcribed by
Lewis et al. (2007) appear to be reasonable, peatly for the
younger trees and lower density stands. Howeverthi® high
density/age the model form is clearly not apprdpri&igure 10
illustrates what is occurring during the modeirfigt
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Figure1C. Model fit with scattering ordei.

Figure 10 shows the decay of the MCRT-simulatedtes¢ag
terms, as well as the modelled versions of thasesteesulting
from fitting equations 3-5 to the simulated scatigr Although
the modelcan fit to the first few scattering orders, where tota
energy is large, the decay of the modelled ternfaristeeper
than observed. As a result, the modelled valyzdgparts quite
strongly from the ‘actual’ value, as a result oé ttwo-stage
behaviour described above. The result of this ingmate fit is
that although the model may seem to fit quite wel§ doing so
for the wrong reasons.

100

A second issue that can be seen in figure 10 ib¢haviour of
the separate scattering components. The form ofsgeetral
invariant model outlined above assumes energy costsen,
that r;, t; the upward and downward escape probabilities,
approach a constant value and thﬁis approximately

constant oncep, has been reached. This is clearly not the
observed behaviour in figure 6. As a result, tmalfispectral
invariant model is not appropriate for the 3D Scpige
canopies simulated here.

A further departure from the assumptions of thecspé
invariant model is the issue of energy conservatiorthe most
extreme high density/age case, there can be eétyg order
of 0.05 to 0.5% remaining even &t100. As a result, the



assumption of energy conservation is not met. Algto this
might appear to be a very small amount of enetgg, the rate
of decay at this stage which determipgs

As a result of these departures, and the lack afemét for
higher orders of scattering, we suggest that tlagtesing from
the trunks and needles may need to be treatedraselya
requiring the formulation of the spectral invariambdel for
scattering from needles/soil (Vigeeqd and trunks/soil (via
Prun) as  well
components (via combination OPneeqle aNd Pyun)-  This
approach was used in Saich et al. (2004). In thge ccanopy
scattering,o, was expressed in the form
P =W +WS+T +TS+WT (6)
Where W is the scattering from needles only; WScisttering
from needles and soil; T is scattering from trunmdyp TS,
scattering between trunk and soil; and WT is sdatjebetween
needles and trunk. Each of the terms in equationw@&s
represented through an expression of the form

aw

_aw (7
1-bw

PursU

from the Neumann series solution for multiple sat
components. In the case of Saich et al. (2003 kawere
considered ‘empirical’ model fitting coefficientslowever it is
clear that d1 (1-p) and b p in terms of the form expressed in
equations (3-5). This approach worked extremely,vaeld was
able to describe observed scattering very closébywever the
model was essentially a semi-empirical one: theiouar
scattering terms introduced in the form of equaiiénhaving
no direct physical equivalent.

5. CONCLUSIONS

A spectral invariant approach to modelling canogattering in
a complex 3D Scots pine canopy was explored. Teaabpy
scattering was simulated for a range of structwa@narios
spanning the range of observed canopies, using rdeVioarlo
ray tracing model. A model of scattering phrasedemms of
spectral invariant terms developed for an idealidisit canopy
(Lewis et al., 2007) was applied to the resultingdeiled
scattering. The spectral invariant approach comsid@anopy
scattering in  energy conservation cases
scattering/absorbing canopy/soil components).

While the scattering behaviour of the Scots pin@opées
superficially resembled that from the idealisedkdisases,
scattering decayed much more slowly. In additidre tmore
dense the canopy, the less the scattering behaxésembled
that of the disk canopies. Some significant radrats

The behaviour op, the recollision probability, was similar to
that observed for the idealised disk canopies. Hewethe

(totally

close fit in some cases (particularly for lower sigrage
stands), this is for the wrong reasons. The moadleh fis not
appropriate for the observed scattering behaviour.

It is proposed that the presence of large aretsiok within the
canopy dominate the scattering response, partlgudarhigher
orders of scattering. Given the total area of tramkl branch
can approach 100nper nf of ground area in extreme cases,
this is not surprising.

as multiple scattering between the two

It is proposed that a spectral invariant model tfos type of
canopy requires a more complex representation pe cuth:

non-transmitting needles; three components as @glptts two
which greatly increases the number of scatteringpaments in
the resulting signal. Specifically, observed scatte suggests
the application of separate recollision probaleiitifor the
trunk/branch and needle componeptsegieaNdpPyunk.

The extreme density simulations carried out here aot

realistic in that intersection of scattering eletsenannot be
precluded for tree spacing < ~3m. In addition, l#rge areas of
trunk and branch render the needle scattering&ar $ignificant
as a proportion of total scattering.

Future work will include simulation of canopiesinfermediate
structural complexity i.e. somewhere between tlealided disk
cases and the 3D Scots pine canopies seen hemplesaof

these would be heterogeneous broadleaf-type canapiéch

have trunk material, but not in such large quatitas for the
Scots pine canopies. The conifer-like and birck-l§cenes of
third RAMI experiment will provide examples for shi
(Widlowski et al., 2007).
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