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ABSTRACT:

Space borne observations constitute a highly aptepsource of information to quantify and monilarth surface processes. The
reliability that may be associated with the outcarheterpretation and assimilation efforts of thefata, however, relies heavily on
the actual performance of the available modelimistcScientists, space agencies and policy makatsmant to make use or support
the derivation of quantitative information from spaobservations must therefore have access toatodscdescribing the quality of
the models and algorithms that are used in retseve a formalization of earlier model verificati@fforts the RAdiation transfer
Model Intercomparison (RAMI) initiative was launchad 1999 in an attempt to shed light on the relipbiand accuracy of
physically-based canopy radiative transfer modetailating the interactions between sunlight andetation. This contribution
documents the evolution and achievements of RAMI@ogides an outlook of challenges and opportusiitiat still lie ahead.

1. INTRODUCTION
1.1 Purpose of Canopy Radiative Transfer M odels

The exploitation of global Earth Observation dategks more
and more on physically-based radiative transfer (Ribgels.
These models simulate the interactions of solaatiad within

directionally (and spectrally) varying reflectanabservations.
Knowledge of the BRDF of terrestrial surfaces is ssagy for
1) the accurate retrieval of surface albedo (vieemispherical
integral of the BRDF), 2) the specification of thewéy
boundary condition in atmospheric corrections and the
estimation of cloud and aerosol propertieg.( Hu et al.,
1999), and 3) the retrieval of sub-pixel surfacarelteristics

a given mediumeg., clouds, plant canopies) and are used to(e_g. Widlowski et al, 2004).

generate look-up-tables, to train neural networksoadevelop
parametric formulations that are then embeddeduantitative
retrieval algorithms such as those delivering tiperational
surface products for MODIS, MISR and MERIS, for exémnp
Assessing the quality of RT models is thus esseifitadcurate
and reliable information is to be derived from thérases and
errors in RT models may also affect the outcome @i n
mission concept studies, as well as our capacitguantify
Earth surface processes and the reliability of dsiveam
applications that assimilate such remotely sensed streams.
The focus of this contribution lies with the quglitof
physically-based models that deal with the represiem of
radiative processes in vegetated environmentsmitie optical
domain of the solar spectrum.

Most land surfaces are strongly anisotropic refiectwhen
observed from optical to thermal-infrared waveléisgt The
angular dependence of their reflectance functienmed the
bidirectional reflectance distribution function BRDF) results
from 1) the three-dimensional (3-D) nature of tetmial targets,
i.e, the size, shape and spacings of trees in a foresbps in a
field, which produces distinct patterns of shaddka change
with the direction of view (and illumination), and) the
scattering behaviour of individual foliage, wood darsolil
elements together with their density and orientatiith respect
to the illumination and viewing directions (Ross, 819
Physically-based canopy RT models, when usedoiward
mode, are capable to predict the BRDF of a vegetatioretavg
the basis of architectural, spectral and illumiortirelated
descriptions. Conversely, when used imverse mode,
physically-based canopy RT models may, in principirieve
the structural and spectral canopy propertiesgheg rise to the
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1.2 Typesof Canopy RT Models

A large variety of physically-based canopy RT modeatse
been developed over the past five decades or smrding to
Qin and Liang (2000) the purpose of modelling thdiation
distribution in the 1960s was primarily to estim#te canopy
photosynthetic rate; in the 1970s the focus was tioa
calculation of surface albedo and net radiation déoergy-
balance and micro-meteorological research; in t880% and
90s canopy RT modelling was driven by the need toirately
describe the angular distribution of the reflectadiation. In
the last decade or so the emphasis was placed fimiergf
representations of radiative processes in incrggsicomplex
3-D canopy architectures and the retrieval of sixklpsurface
structure information. In a landmark paper, Go&9dg7)
grouped canopy RT models into 4 different categories

1. Geometrical models, that assume the canopy to be
made up of a ground surface (of known reflective
properties) with geometrical objects of prescribed
shapes and dimensione.d;, spheres, ellipsoids,
cones) and optical properties (reflectance,

transmittance and absorption) placed on it in a
defined manner (random or clustered) to represent t
spatial distribution of tree crowns. The canopy
reflectance is the weighted sum of four components:
sunlit and shaded crown, and sunlit and shaded
background. These models are best suited for small
view and sun zenith angles and for sparse canopies
with high leaf densities, where the effects of nalitu
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shading and multiple scattering are minimal (for a
recent review see Chen et al., 2000),

Turbid medium models assume the canopy to be
horizontally uniform and to be composed of plane
parallel layers that are filled with dimensionless
scatterers randomly distributed throughout the
available volume and oriented in accordance with a
given leaf normal distribution function. These misde
are best used for dense canopies with small végetat
elements (e.g., mature agricultural crops) and
relatively inappropriate for open forest canopies &
recent review see Qin and Liang, 2000),

Hybrid models represent vegetation canopies using
both of the above approaches. Typically they assume
that the interior of geometric objects (represemtin
tree crowns) are uniformly filled with a ‘gas’ obimt-

like oriented scatterers of specified orientati@msl

In-situ or laboratory measurements, that were
acquired with sensors — typically supported byaantr
system or goniometer structure — looking down at th
canopy target, are used as a means to evaluate the
quality of RT model simulations based on the
spectral, structural and illumination charactecstbf

the canopy target (ideally acquired at the same &m
the BRDF measurementsg,g., Franklin and Duncan
(1992), Strahler and Liang (1994),

Canopy RT model simulations, that were (ideally)
generated by sophisticated Monte Carlo RT models
on the basis of detailed 3-D description of theoggn
architecture, are used to assess the output ofl@imp
canopy RT models making use of the same canopy-
target characteristics (albeit adapted to theidrfee
input parameter specificationgg., Goel and Kuusk,
(1992), Liang and Strahler (1992).

spectral properties. These models can be used to
represent both sparse and dense canopies. Howevén, some cases the quality of canopy RT models i® als
multiple scattering is not rigorously treated aheé t addressed in inverse mode, that is, by lookingaat kvell a
models are often limited by one single type of arow model allows to retrieve certain biophysical partereon the
geometries (Goel and Thompson, 2000), basis of measured BRDF data. Such an approach isveow
Computer simulation models can represent arbitrarily more suited to comment on the numerical inversictgdure
complex canopy architectures using constructivielsol than the physical correctness of the canopy RT modRehty
geometry or similar computer graphics techniquédls. A and Verstraete (1992) advocated the use of bothafor and
facets of a geometric object (needle, trunk, lasify, inverse modes. Their idea was to acquire detaitstriptions
etc.) can be tagged with spectral and directionabf the structural and spectral properties of a pgrtarget and
scattering properties. In ray-tracing models a Mont to feed these into an RT model to simulate BRDF pasterf
Carlo procedure is then used to determine the lmtati the target under a specific set of illumination afizbervation
and direction of incident light beams; the type of conditions. These forward simulations can thendrepared to
interaction, i.e., reflection, absorption or traimssion,  actual observations previously acquired over thegetain
that such rays undergo when intersecting with armguestion at the same viewing and illumination gewie® The
object, and in the case of a scattering eventleo RT model can then be inverted against the measurdtbra
direction of further propagation. To compute the simulated data sets and the output of this operateonpared to
BRDF of a plant canopy one keeps shooting rays intdhe canopy characteristics that had been measnitally and
the scene, follows them through their variousused as input to the forward simulations.
interactions until they exit the scene and end up i
certain small solid angles around predefined vigwin Unfortunately, the verification of canopy RT models the
directions. Due to the large number of photons eded basis of actual measurements has always been hegnpgithe
for reliable statistics this type of RT model tetade  lack of accurate, comprehensive and self-considieltt data
relative computer intensive (Disneyal., 2000). sets, e.g., Strahler, (1997). This situation haschanged much
since the 1990s and even the use of artificial etargn

1.3 Early Canopy RT Model Validation Efforts

With the availability of a large set of canopy RTdets in the
1980s the question arose as to how one could askess
quality and reliability. Of primary interest hereasv the
validation of ‘simple’ canopy RT models that — besmwf fast
execution times and small numbers of parametergre Vikely
to play a role in the operational retrieval of qiitative surface
information from optical remote sensing data. So tae
verification of canopy RT models in forward mode lasays
relied on comparison strategies with respect to anmore of

laboratory environments suffer from the same diffies, that
is, instruments and methods that allow for a hightgcise
characterisation of 1) the light environment sumding the
target, 2) the position, orientation, size and shap all the
physical components making up the target, 3) thgnihade,
directionality and spatial variation of scatterimgperties of all
canopy and background elements, and 4) the detlectation,
foreoptics (if present) and spectral response fanst None of
these issues are present, however, when canopy Re&lsnare
compared using virtual plant environments.

the following types of reference data:

1.

2. SYSTEMATIC RT MODEL EVALUATION
Air or space borne observations, that were acquired

over specific test sites and subsequently corrested 2.1 Strategy

the basis of concurrently measured atmospheric

properties, are used as a means to evaluate thehe RAdiative transfer Model Intercomparison (RAMI)

simulations of canopy RT models based on structuralinitiative was launched in the late 1990s to previdplatform

spectral and illumination related information for the systematic evaluation of physically-basesopy RT

pertaining to the same canopy target and (ide#dly)a models (Pinty et al., 2001). Of primary relevanaswthe need

the same time of acquisition as the space or aindbo to eliminate sources of uncertainty that affect tutcome of

observationse.g., Schaaf et al., (1994), Soffer et al., verification efforts but that do not pertain to theality of the

(1995), canopy RT models themselves. At the time, this egsat
precluded the evaluation of RT model simulationgttenbasis
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of laboratory, in-situ, air and space-borne measergs. This
was primarily due to difficulties associated wittetacquisition
of accurate and spatially detailed descriptions 19f plant
architectural properties, like foliage orientatiamd density,
wood distribution and branching patterres., 2) directional
scattering characteristics of plant and backgrocaostituents
suitable for inclusion into canopy RT models,
directionally resolved solar radiation fields, tlzme all needed
to guarantee a faithful reproduction of the ac@ialtarget (at
the time of observation) within the RT models. Thaleation
of models through comparison with observation rezialso
access to information regarding the angular andctsgde
resolution of the measuring devices, as well asuticertainties
associated with eventual up-scaling and correctémhniques
(e.g., atmosphere, adjacency effect, point spread ifomyct

To avoid these issues RAMI evaluates models unddeqily
controlled experimental conditionse., all structural, spectral,
illumination and observation related characteristice known
without ambiguity. Deviations between RT simulati@as thus
only be due to — explicit or implicit — assumpticarsd shortcuts
entering model-specific implementations of the atide
transfer equation. This mathematical foundatiorploysically-
based canopy RT models allows furthermore to verfydel
predictions of arbitrary sub-components of thelt@hsorbed,
transmitted and reflected) radiatione., quantities that could
not be measured in reality, and to check that thedeh
simulations remain consistent with physical reasgneven if
the environmental conditions deviate from thoseoentered in
nature. The latter two aspects are crucial sineg allow — in a
few select cases — to assess RT model performaredesiiute
terms,i.e., against analytical solutions of directionally~yiag
or hemispherically-integrated radiative quantitiesxd to
increase the confidence in model simulations mgdato new
species/biomes and phenological conditions, resdyt

As a general rule, RT model comparison activitiegeh® deal
with the fact that the true solution is not knoviRAMI deals
with this issue trough a three-pronged evaluatippraach
based on:

1. model consistency tests: that verify the internal

theinvalidation of such tools (Oreskes, 1994). In other words, a
model may yield the correct solution but for theomg reasons,
and therefore nothing can be said with absoluttaicgy about
the reliability/accuracy of its predictions wherphed to cases
that were not actually tested beforehand.

and 3)2.2 Outcome

As an open-access and community-driven activity RAMI
operates in successive phases each one aimingassessing
the capability, performance and agreement of thesta
generation of RT modelifp://rami-benchmark.ec.europa.eu/
RAMI-1 involved a small yet somewhat abstract setafopy
scenarios specifically designed to suit both 1-D &D canopy
RT models. The results of RAMI-1 underlined the néed
model verification since many of the submitted dations
differed quite substantially between the 8 partitipy models
(Pinty et al, 2001). In some cases, the cause heket
discrepancies may have been due to operator erasftware
bugs (some of which were identified during the damtalysis
stage). RAMI-2, therefore proposed a rerun of aliliea
experiments together with two new test cases aslithgesssues
of topography and spatial resolution. This timechBopy RT
models participated and their agreement was mudterbe
especially for the homogeneous canopies (Pinty.e2@04a).
Expanding the set of experiments yet again, RAMb8atuded
with an unprecedented level of agreement amid & 1
participating RT models and this for both the honmegeeis and
heterogeneous vegetation canopies (Widlowski e2@07).

candidate canopv RT model

‘ Does model conserve energy? lﬁ)

ves
v

‘ Is model self-consistent?

lyes

Does model match analytical | no,
solutions where available?

lﬁ)

yes
vy
Does model formulation exclude | pg,

. . —
RT shorteuts & approximations?

consistency of RT models, for example, with respect
to energy conservation, or, when radiative quaiti
are modelled that vary in a pre-determined manner
across spectral bands, with background brightress,

yes
v

Does model agree with other RT
models satisfying above criteria?

with changing illumination conditions,
2. absolute performance tests. that

against those predicted by analytical solutionsigivh

can be derived for some types of canopy targets l}’es

having certain well defined characteristics),

3. relative performance tests. that compare simulations

of different models in the light of knowledge olpte

compare the
magnitude of model simulated radiative quantities

yes
v

sfapow 13 Adousa ajqipais, Jo |81 WOIJ [3pOL apn[axa

Can model represent arbitrary | no,
complex canopy architectures?

‘credible’ canopy RT model

Figure 1. The selection process of ‘credible’ canB models.

from 1) the above model consistency and absolute

performance tests, and 2) an analysis of the aitsrtc USing the process outlined in Figure 1 it was paesito
and assumptions contained in their respectivddentify six 3-D Monte Carlo models from among the NRIA3

implementations/formulations of the RT equation.

In order to obtain viable assessments of the trgoatterns and
perhaps also biases in the performance of canopymn&iels it
is imperative to compare model simulations overaararge as
possible set of structural, spectral and illumio@tirelated
conditions. Such an approach is also conform wighparadigm

participants that differed by ~1% over several ands of BRF
and flux simulations. A ‘surrogate truth’ referergdata set was
then generated on the basis of the simulationsesg ‘credible’
canopy RT models (Widlowski et al, 2008). This, umnt, lead

to the development of the RAMI Online Model Checker
(ROMC), a web-based benchmarking facility providingasj-
real time statistics of the differences existingween the

stating that computer simulation models can never bSimulations of a users canopy RT model and the RBMI-

completely validated and that efforts should foaustead on
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Currently, over 30 models have been registered enRODMC
and several scientific publications use ROMC-gemweraraphs
to provide independent and traceable proof of thality of a
canopy RT model. Of particular interest here isfdut that the
ROMC provides an indication of model skill, defined a

L+ R’
N2 2
R , %t | [ Foaa , G

od +
Xeef

Skill =100

Xnod Jref Jmod

whereR is the correlation coefficientX is the mean value, and

J is the standard deviation of N simulations providsdthe
candidate model .t and ROMC reference data sek)(
respectively. The skill metric depends on N andiea 100 for
a perfect match with the ROMC reference data.

With the availability of the ROMC it became feasifde RAMI
to address new issues. As such, RAMI proposed itzeut

‘credible’ 3D Monte Carlo models to provide benchknar
radiative x flu

solutions against which the shortwave
formulations in the land surface schemes of SVAT® @CMs
could be evaluated. This proposal was endorseagitinie first
Pan-GEWEX meeting in late 2006 and led to the lauvfcthe

By its very nature, RAMI and the I3RC (its sister aityiv
dealing with clouds: http://i3rc.gsfc.nasa.goy/ are both
dynamic and evolving activities. As a result, trenthmarks,
reference data sets and evaluations issued by th&l Rfocess
must be considered snapshots describing the stdte @rt at
the time of the exercise, and not as a final, alteohnd
definitive judgment on the worthiness and perforoganf any
particular model. In fact, it is through its systgio approach to
RT model verification that RAMI contributes to the adjty

assurance of space derived information.

3. OPPORTUNITIESAND CHALLENGES
3.1 Expanding the scope of RAMI

Through its systematic benchmarking efforts theowsr phases
of RAMI have allowed to 1) identify ‘credible’ cangpRT

models, 2) generated ‘surrogate truth’ reference dets, 3)
automate the model verification process via queal-itime

web-based benchmarking facilities, and 4) graduiaktyeased
the complexity and realism of the simulated planti@nments.
This allows RAMI to envisage the expansion into ribematic
areas (soils, coastal zones, urban areas), spedgibns
(thermal, SAR), and specific instruments (both spaed in-situ
based). Similarly, the benchmarking of RT model s$ations

RAMI4PILPS suite of experiments in 2008 (where 1punder truly ‘controlled experimental conditions'sdch as are

modelling groups from around the world participateth
parallel, the fourth phase of RAMI was launched 002 with a
completely new set of test cases, some of whiclhe Wwased on
detailed field inventories and exhaustive in-sitd daboratory
measurements of actual forest stands. In additiohMI-1V
expanded also the range of model simulations beybat of
passive optical space sensors to include also wawefiDAR
instruments and devices typically used duiimgitu validation
campaigns of remotely sensed products. Figure 2igee an
overview of the evolution of the RAMI activity witthepictions
of the canopy architecture of various test cases.

The strategy of RAMI benefited 1) model developedso were
able to debug their software codes and receiveations as to
where future development efforts were most neegledsers of
canopy RT models, who can now make better choigegdeng
the selection of canopy RT models, and 3) the RT itinde

nowadays achievable in reference laboratory fasli+ should
be addressed in the future. This would both stremgtthe
credibility of the 3-D Monte Carlo models that warsed to
generate the ROMC reference dataset, and also ethabket-
up of a traceable quality assurance system to erethe
performance of simpler canopy RT models — via theval8-D
Monte Carlo models — to a series of absolute referen
standards of the real (as opposed to virtual) world

Ultimately, however, it is the accuracy of the imted state
variable values that counts in many RT model apfptioa.
During RAMI-1 it had already been proposed to adsrie
inversion of RT models against predefined sets etsal and
angular observations, similar to those providedth®y current
fleet of space borne sensors. In this way, it h@ged, that in
this manner the impact of the various structural aadiative
canopy model assumptions could be thoroughly asdessce

automate benchmarking process

assess shortwave
realistic scenes

RT scheme of GCMs
1

RAMI On-Line Model Checker (ROMC)

reference
data sets

credible 3D
MC models

i

RAMI-2
(2002)

RAMI-3

(1999) (2005)

ROMC
(2007)

RAMI4PILPS
(2008)

RAMI-IV
(2009)

Figure 2. Evolution of the RAMI initiative.
community which, through its continuing support aactive
encouragement of RAMI, was able to increase itdwisi and
maturity. About 60-65% of all currently existingncgpy RT
models have voluntarily participated in the RAMItiative.
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the uncertainties of the available surface BRFs weosvna

priori. This approach had to be abandoned though due to a

sever lack of participants. Now, with the idengfion of
‘credible’ canopy RT models new sensor-specific {0bp
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canopy or top-of-atmosphere) data sets could bergted to
revisit the model inversion issue once again.

3.2 Revisiting model evaluations with measur ements

RAMI was conceived as an open-access community isgerc

and will continue to pursue that direction. As sitshgoal is to
move forward in a manner that addresses the netdkeo
majority of RT model developers and users. With ywaodel

having its own implementation of ‘reality’ it hasedome
necessary to provide as detailed descriptions asilgle of

increasingly realistic canopy architectures. Durthg fourth

phase of RAMI explicit 3-D tree generations (accoumfor the

position and orientation of every single leaf, tveigd branch)
were generated on the basis of detailed foreshiove data and
L-system based or interactive tree generation soéwools,
eg., Streit (1992) and Lintermann and Deussen (1988¢h

tree representations, although realistic lookingdegign, are
not exact copies of the trees actually preserfteatdst sites. At
best the RAMI-IV canopies agree in terms of the tioceof the

overstorey trees and their outer dimensions anfl deatent

with what was present at the actual stands. Folagatation,

distribution and colour, as well as, the branchiradgterns and
densities in trees, however, are in all likelihatitferent. The

same is also true for the directionality of scatiginteractions
between the sunlight and foliage, branch or baakgio
components, or, the directionality of the incideadiation. The
apparent realism of some of the RAMI-IV test casethus at
best an example of the capabilities of some of3#ie canopy
RT models but not proof of our abilities to genersttecturally

and radiatively accurate replicas of existing forgands (that
are suitable for the validation of canopy RT models)

or space borne observations acquired over the samepy
targets under th@roviso that both the characteristics of the
remote sensor(s) and the directionality of the dent solar
radiation at the time of overpass were accuratebwin. In this
way canopy RT models could actively contribute talvére
systematic validation of remote sensing data, petsdand field
protocols as promoted by the Committee on Earth @aten
Satellites (CEOS).

4. CONCLUSION

Through a decade of systematic benchmarking eff@A|
allowed to 1) identify a series of ‘credible’ cayoRT models,
2) generated ‘community’ reference data sets, @béish web-
based benchmarking facilities, and 4) increasedhlism of the
simulated plant environments. A variety of thematamains,
spectral regions and individual sensors could ahdjit from
being included in future RAMI activities. Due to rdp
improvements in space sensors and physically-besteigval
algorithms systematic RT model validation activitiese
essential to document whether the quality of spaesgved
information is improving. Here, a more proactivegart from
space agencies, scientific bodies and policy makexg help,
for example, by making the provision of funding daional on
quality certificates that testify as to the aptgudf models
and/or algorithms contained in a given proposaltofated
web-based benchmarking facilities, like the ROMQ) aleady
now deliver such quality assurance support.
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