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Abstract—This paper evaluates 1) to what extent one-dimen-
sional (1-D) models can be used to represent the magnitude and
directionality of the surface reflectance field of heterogeneous
canopy targets at different spatial resolutions, and 2) whether
this usage results in significant biases in the estimation of the
corresponding state variables. It will be seen that when both the
1-D and three-dimensional (3-D) models account for all features
of the measured radiation field, then—in the absence of further
information regarding the nature and structure of the target—the
use of a 3-D model may amount to an over-interpretation of
the available data. The simplified surface structure formulation
contained within the 1-D model, on the other hand, may affect the
values of the state variables that such models will retrieve. This is
because the shape of the reflectance anisotropy of the 3-D target is
almost always different from that of a structurally homogeneous
(1-D) canopy with the same state variable values but no foliage
clumping. By consequence the 1-D canopies that are capable of
mimicking the bell (or bowl) shaped reflectance anisotropy of 3-D
targets will tend to feature lower leaf area index, higher soil albedo
and, in particular, predominantly erectophile (or plagiophile) leaf
normal distributions.

Index Terms—Bidirectional reflectance function (BRF) shape,
multiangular reflectance data, one-dimensional (1-D) models,
pixel-based inversion, three-dimensional (3-D) canopy structure.

1. INTRODUCTION

URFACE heterogeneity exists at many different spatial

scales and affects both the structural and spectral properties
of vegetated targets. In addition, canopy characteristics do not
remain constant in time, but tend to evolve under the influence
of phenological processes, anthropological activities, canopy
aging, and natural hazards, to mention but a few. As a conse-
quence, both the magnitude and directionality of the reflectance
signature of vegetated surfaces is continually changing, and
depends not only on the illumination and viewing directions,
but also on the structural (and spectral) composition of the
target area and its surroundings at the time of measurement.
Furthermore, space borne sensors are constrained to deliver
spatially integrated quantities pertaining to the ensemble of
objects that are located within their instantaneous field of view
(IFOV), which—for global missions—tends to be significantly
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larger than the typical dimensions of structural and spectral sur-
face properties that are present within the observed biophysical
systems.

Improvements in Earth Observation, in particular with the ad-
vent of multiangular sensors [1]-[4], have stimulated advances
in the development of better radiative transfer (RT) models, es-
pecially to account for the anisotropy of the reflected radiation
fields and to describe the role of the structure and properties of
the complex systems that are being observed. Indeed, the de-
pendency of the reflectance of a target on the observation an-
gles (zenith and azimuth) has been explicitly linked to both the
intrinsic optical properties of the materials and the geometric
structure of the target (e.g., gappiness) [5]-[9].

The characterization of this surface heterogeneity can, how-
ever, be considered meaningful only if the surface properties
of the observed 3-D target area cause its reflectance field to
deviate noticeably from that of structurally dissimilar but oth-
erwise (i.e., in terms of state variables) identical counterparts.
If this is not the case, then a large variety of potential surface
type candidates, having different structural and spectral proper-
ties, will all become equally probable on the basis of the avail-
able bidirectional reflectance factor (BRF) measurements alone.
The most extreme situation that can thus arise is when a set of
multispectral and multidirectional BRF data can be interpreted
equally well by RT model simulations using 1) plane parallel
canopy representations, with no scales of organization beyond
the individual leaf (1-D), and 2) heterogeneous canopy repre-
sentation, with an entire hierarchy of physical scales from the in-
dividual leaf to entire patches of forest (3-D). If both the 1-D and
3-D RT models are capable of explaining the target’s BRF pat-
tern—in the sense that differences between either model simula-
tions and the data are smaller than the user-prescribed accuracy
requirements, or well within the expected uncertainties of the
measurements and/or model limitations—then the retrieval of
heterogeneous (3-D) surface information from that set of BRF
measurements may denote an over-interpretation of the avail-
able data and should (if at all) be conducted with caution. On
the other hand, the interpretation of the state variable values of
the 1-D model may also constitute a challenging task, since it is
well known, both in cloud and vegetation canopy physics, that
structural oversimplifications and misrepresentations of the geo-
physical media of interest may lead to (sets of) state variable
values that have little bearing on reality, e.g., [10]-[15].

This paper investigates two issues regarding the interpretation
of optical remote sensing data over land using physically based
RT models. The first one concerns the ability of structurally
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simple RT models (i.e., 1-D) to represent the anisotropy of a re-
flectance field generated by a more complex 3-D model at mul-
tiple spatial resolutions. In other words, when and to what extent
are 1-D models—with their ecologically improbable canopy ar-
chitectures—capable of representing the reflectance anisotropy
of complex forest scenes? As soon as the structurally simplest
(1-D) model is able to match the reflectance field over complex
3-D plant architectures, then—without a priori information on
the target—it will no longer be possible to identify the target’s
true surface structure at the moment of the BRF acquisition. This
is because that same set of BRF measurements can always be
matched (to within identical accuracy levels) by RT models fea-
turing more involved canopy architecture formulations (i.e., by
using more input parameters). Thus in order to select “one” of
these surface type solutions for further interpretation efforts, the
principle of parsimony may be invoked, which—by stating that
plurality should not be posited without necessity—would favor
the selection of the structurally simplest (1-D) solution in this
context. This choice, however, raises a second issue, namely: If
a 1-D model can match the BREF field generated by a 3-D model
within a predefined range of accuracy, will the inversion of this
1-D model (at low spatial resolution where they are more appro-
priate) lead to systematic (and significant) biases in the retrieval
of surface properties? Both questions are essential in defining
the domain of applicability of 3-D RT models in typical remote
sensing applications, as well as the kind of errors that can be ex-
pected when interpreting optical remote sensing data using 1-D
or 3-D surface type candidates that are structurally dissimilar
from the observed target.

Section II describes the simulation of the BRF fields for the
3-D target canopies, the generation of a large ensemble of 1-D
candidate reflectance fields, and a metric allowing to determine
the equivalence between the BRF simulations of a 1-D candi-
date surface type and the 3-D target. Section III will quantify
how well 1-D models are capable of mimicking multiangular
BRF simulations over 3-D canopy targets at multiple spatial res-
olutions. Section IV will subsequently show, that the 1-D solu-
tion that is “most suited”” to mimick the reflectance anisotropy of
the 3-D targets does, however, in general not correspond to the
1-D candidate with identical state variable values as the target.
The properties of the state variable values of the “BRF-equiva-
lent” 1-D surface types will then be documented in Section V,
whereas Section VI discusses some of the consequences and im-
plications of these findings.

II. EXPERIMENTAL SETUP

In order to simulate very high spatial resolution reflectance
fields at multiple field of view locations within a larger
heterogeneous surface representation, in an accurate and com-
putationally efficient manner, the 3-D Monte Carlo raytracing
model of [16] was expanded using the local estimator (or
photon spreading) technique described, for example, in [17] to
yield the Rayspread model [18]. Simulations of the homoge-
neous and heterogeneous test cases of the RAMI benchmarking
project (http://rami-benchmark.jrc.it) agreed within 0.01% of
those of [16]. Specifically, the Rayspread model was applied
to the simulation of multiangular and multispectral surface
BRF (psp) measurements acquired with an ideal sensor over
coniferous forest representations at multiple spatial resolutions.
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TABLE 1
STRUCTURAL AND OPTICAL PROPERTIES OF THE 94 506 STRUCTURALLY
HOMOGENEOUS (1-D) SURFACE TYPES IN THE LOOKUP TABLES

Parameter Value(s)
Canopy Height [m] 12
Leaf Radius [m] 0.0125

Leaf Area Index
Leaf Normal Distr.

0.0, 0.1 - 7.5 (in steps of 0.1)
uniform*, planophile, plagiophile,
extremophile, erectophile

0.005, 0.01 - 0.06 (in steps of 0.01)
0.005, 0.01 - 0.06 (in steps of 0.01)
0.39 - 0.51 (in steps of 0.02)

0.37 - 0.49 (in steps of 0.02)

0.072, 0.126*, 0.172, 0.238, 0.299, 0.351
0.084, 0.159%, 0.207, 0.292, 0.356, 0.428
Lambertian (for soil)

Bi-Lambertian (for leaves)

Leaf Reflectance (Red)
Leaf Transmittance (Red)
Leaf Reflectance (NIR)
Leaf Transmittance (NIR)
Soil Albedo (Red)

Soil Albedo (NIR)
Scattering Law™

* Value(s) also used for 3-D surface representations.

The vertically elongated crown shapes and the low needle
reflectance and transmission values of this biome were deemed
likely to force the anisotropy of the reflectance field to deviate
quickly from that of a structurally homogeneous surface. The
selection of the architectural properties of individual trees
capitalized on the compilation of allometric relationships de-
scribed by [19], to yield Scots Pine (Pinus Sylvestris) stands
with a uniform spatial distribution, a lognormal tree height
distribution having a mean tree height of 12 + 1 m, an average
crown leaf area index (LAI) of 3.37 £ 0.16, and four different
tree density values, namely, 300, 600, 1200, and 1800 stems
per hectare. For each one of these 3-D forest scenes the outer
scene dimension (SP) was set to 900 m and the entire canopy
was illuminated in a uniform manner. This was to ensure a
proper representation of the horizontal fluxes across the lateral
boundaries of the sampled canopy volume at all spatial reso-
lutions of interest. Local BRF simulations were performed at
various spatial resolutions (1 m < S < 500 m) and for multiple
footprint locations, R = (z,y,2T9¢) contained within the
spatial extent of the overall forest scenes. The top-of-canopy
BRFs were computed for seven out of the nine nominal view
zenith angles of the Multiangle Imaging SpectroRadiometer
(MISR) onboard Terra (8, = 0°, +26.1°, +45.6°, £60.0°)
in both the orthogonal and principal plane, for the red and
near-infrared (NIR) spectral bands, and for an illumination
zenith angle of #y = 30°. The reference height for the BRF
simulations was kept at a constant height zT9€(SP), chosen
to be slightly larger than the maximum tree height encountered
within the overall forest representations.

In parallel, a series of lookup tables (LUTs) was gen-
erated, using the semidiscrete 1-D model of [20], that
contain the reflectance fields pip of a large number
(m = 1,...,.M = 94506) of structurally homogeneous
surface types under the same conditions of illumination,
Qo = (0o, o) and observation, ,, = (6., ¢, ) as for the 3-D
cases. The structural and spectral properties of the various 1-D
canopy types in the LUT are summarized in Table I. Their
reflectance fields are assumed to be representative of the entire
domain of solutions that structurally homogeneous vegetation
canopies can exhibit (when simulated by the semidiscrete RT
model). Finally, in an effort to assess the level of uncertainty
arising from different radiation transfer implementations, both
the Rayspread (3-D) and the semidiscrete (1-D) RT models
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simulated the reflectance fields of structurally homogeneous
(1-D) vegetation canopies with low (0.25) and high (7.00)
LAI values. The resulting model-induced uncertainty levels in
the orthogonal (principal) plane were 0.76 (0.69)% and 0.56
(7.39)% of the BRFs in the red, as well as 0.25 (0.52)% and
0.09 (0.44)% of the BRFs in the NIR, for the low and high LAI
values respectively.

At any given spatial resolution of interest and for each one of
the various footprint locations within the 900 x 900 m? Scots
Pine forest, the local 3-D BREF field is then compared against
all 94 506 candidates in the 1-D LUT and the closest matching
1-D solution is identified. More specifically, the radiative sepa-
ration between BRF measurements gathered with a spatial res-
olution S from position R above a 3-D forest target illumi-
nated along direction €2y, and their radiatively most alike coun-
terpart from amongst the ensemble of 1-D surface types in the
LUT is computed as follows. First, the maximum difference be-
tween p?bR and pih over the set of available view directions
QF(k =1,...,K) and spectral bands A\¢(£ = 1,..., L) has to
be determined for each one of the M different 1-D surface types
in the LUTs. Then, in a second step, the minimum difference
value out of this set of M potential candidates is selected and
termed the radiative separability limit, ¢(S,R;Qo, K, L, M).
Formally,

e(S,R;Qy, K, L, M)
Pab (Qﬁ Az) - pib (957 /\z>’

0.01p55° (25, \r)

= Min | Max

K,L]{ pr
ey

The value of €(S,R;Qq, K, L, M) identifies the toler-
ance-of-fit threshold (as a percentage of the 3-D BRF values)
beyond which at least one of the M different 1-D surface
types in the LUTs is capable of explaining the entire set of K
multiangular and L multispectral BRF observations gathered
with a spatial resolution .S at location R above a 3-D forest
scene that is illuminated along direction €. In other words,
€ describes the smallest possible envelope (expressed as a
percentage of the 3-D BRFs) that can be drawn around the
BRF data of both the 3-D target and one of the M different
1-D candidates in the LUT. Although the value of this radiative
separability limit € (S, R;Qo, K, L, M) is always dependent
on the particular viewing and illumination conditions, as well
as on the amount of available spectral bands and 1-D solutions
in the LUT, these dependencies are systematically omitted here
since all of K, L., M, and also £}y were kept constant within this
study. Furthermore, to obtain more tractable results, (S, R)
is averaged over many different footprint locations above the
3-D forest scene to yield the mean radiative separability limit
at that spatial resolution: €(S), located somewhere between
emin(S R’) and €m**(S,R”), the minimum and maximum
radiative separability values (occurring at some IFOV locations
R’ and R”, respectively) at that spatial resolution.

III. RADIATIVE SEPARABILITY LIMIT ACROSS
MULTIPLE SPATIAL RESOLUTIONS

Fig. 1 shows the minimum ™" (dotted lines), maximum
€M2* (dashed lines) and mean € (solid lines) radiative sepa-
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Fig. 1. Maximum ™~ (dashed), minimum ™" (dotted), and mean  (solid

line) radiative separability limits obtained by comparing sets of seven BRF
values from 3-D Scots pine representations with their radiatively most alike
1-D counterparts, using different footprint locations and spatial resolutions:
1m < S < 500 m in the red spectral band. Results are displayed for BRF
simulations in the orthogonal plane, a solar zenith angle 6, = 30°, and four
different stem densities of the 3-D forest—i.e., 300 (red), 600 (black), 1200
(green), and 1800 (blue) stem/ha—having statistics that are conserved at the
hectare level (S* = 100 m).

rability limits obtained from multiangular simulations in the
orthogonal plane above structurally heterogeneous Scots Pine
forests at spatial resolutions ranging from 1 < § < 500 m in
the red spectral band. Results are shown for four different tree
density values, namely, 300 (red), 600 (black), 1200 (green), and
1800 (blue) stem/ha. It can be seen that both the maximum and
mean radiative separability limits are much larger at fine than at
coarse spatial resolutions. On the other hand, ™" remains very
small—albeit never exactly zero—across all simulated spatial
resolutions and this irrespective of the structure of the 3-D forest
type. In particular, one should note that the values of ¢™" are
always somewhat higher than the model-induced uncertainty of
the Rayspread and semidiscrete models mentioned previously.
The decrease of ¢™?* (and thus also €) with increasing field
of view of the observing sensor is easily understood, since the
reflectance anisotropy over a vast expanse of structurally sim-
ilar surface targets is not expected to change much between
different footprint locations if the spatial resolution of the ob-
serving sensor is coarse enough (with respect to the size of the
observed structures). Furthermore, since the tree density of the
various Scots Pine forest scenes was maintained at the hectare
level (S* = 100 m), their structural characteristics are expected
to vary very little between different footprint locations when the
spatial resolution exceeds 100 m. Assessments of the variability
of the LAI values of individual IFOV patches showed that for
spatial resolutions of S > S* the various LAI3p(S,R) con-
verged rapidly to LAI 3p(SP), the leaf area index of the 3-D
forest at its largest simulated extent (Sp = 900 m). In ad-
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dition, simulations (not displayed) showed that less than 1%
(2.5%) of the reflected photons in the red (NIR) travel distances
larger than 100 m between their point of entry and exit at the
top of the canopy (2T9€). The ’flattening’ of the various &(.9)
curves in Fig. 1 is thus a direct consequence of the preservation
of the “target statistics” at spatial resolutions S* < § < Sp,
such that for large expanses of structurally identical forest types
limg_,s,, E(S, R) = g(SD).

At very small IFOVs, on the other hand, when the typical
sizes of the observed structures (or gaps between them) become
comparable to (or even larger than) the nominal footprint width
of the sensor, the BRF values gathered at any individual pixel
location depend both on what is contained within the footprint
area and what is adjacent to it. This phenomenon—which is re-
ferred to as the “adjacency effect” in the remote sensing commu-
nity—arises from alterations in the magnitude and directionality
of the horizontal photon flux that enters the volume of interest
from (gaps in) neighboring canopy regions. As the spatial res-
olution of interest becomes higher, both the LAI and structure
content of adjacent canopy volumes tend to deviate from their
domain-averaged (Sp) statistics. At the same time the relative
impact of the lateral photon influx increases with respect to the
surface leaving radiation field at the location of the IFOV. Very
complex 3-D situations can thus arise, for example, if a small
footprint area covers only one or two of a group of tall trees with
the (partially shaded) soil being observed below. Such configu-
rations give rise to very distinct reflectance anisotropy shapes
that can only be matched by 1-D surface types if the BRF fitting
tolerance is sufficiently loose (€™** = 100% at 1-m spatial res-
olution in the case of the 300 tree/hectare forest in Fig. 1). On
the other hand, if the small footprint area were to fall exactly be-
tween the tree crowns of a forest stand, such that it would only
cover bare soil, then the radiative separability between 1-D and
3-D surfaces would be substantially reduced, albeit not com-
pletely eliminated due to possible shadows and diffuse illumi-
nation components from adjacent areas (e™" ~ 1% at 1-m spa-
tial resolution in the case of the 300 stem/ha forest in Fig. 1).

The inlaid graph in Fig. 1 shows a conceptual representation
of the resolution dependent bias that exists between the BRF
fields of one 3-D forest representation (standing for the truth)
and an extensive set of 1-D candidate surfaces. All combina-
tions of accuracy requirements (og;) and sensor spatial resolu-
tions (S) that fall within the (light gray) BRF equivalence re-
gion, i.e., oy > €™(S), imply that a structurally homoge-
neous vegetation canopy can always be found that fits the set of
available multiangular (and multispectral) BRF measurements.
On the other hand, if the user-specified tolerance of fit criteria
fall within the (medium gray) transition zone, i.e., €™#(S) <
ouy < €m?*(S), then the validity of the 1-D assumption is sub-
ject to the exact placement of the sensor’s footprint area with
respect to the constituents of the 3-D forest scene. Finally, in sit-
uations where o, is less than e™"(S) but larger than the (dark
gray) modeling and measurement uncertainty region, then the
usage of 3-D RT models is required to match the set of available
BRF measurements at the user-specified accuracy requirements.
Our BRF simulations in the red (and NIR) spectral band showed,
however, that for observation conditions outside the hot spot re-
gion both the e™"(S) and the upper modeling and measurement
uncertainty limit are very similar in magnitude. Hence the con-
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ceptual graph in Fig. 1 does not feature this exclusion zone of
1-D models.

Additional studies (not shown) with respect to soil brightness
conditions, crown LAI, and illumination angle in both the red
and NIR showed little effect, whether on the range (™% —e™in)
and mean values of ¢, or on their behavior as a function of spa-
tial resolution. In general, the values of ¢™#* were larger for ob-
servations in the principal rather than in the orthogonal plane.
This is due to a partial sampling of the hot spot effect [21]-[23],
whose measurable angular width is due to the typical sizes of
the individual scatterers (leaves) in the 1-D canopies, whereas,
in 3-D forest representations, it is controlled primarily by the
tree level structures and the gaps between them, e.g., [24]-[26].
Although not shown, simulations in the NIR featured similar
patterns as those observed in the red albeit at somewhat lower
magnitudes of €(.S). Conversely, when applying (1) to multian-
gular data in both the red and NIR together, the magnitude of
€(.S) increases (in particular at the higher spatial resolutions)
although the trends for €™* and ¢™" remain the same.

IV. ANGULAR SIGNATURE OF 3-D CANOPIES
AND THEIR 1-D HOMOLOGUES

For the current fleet of medium spatial resolution sensors
(e.g., ATSR, MERIS, MISR, MODIS, VEGETATION) it is thus
primarily the domain-averaged structural and spectral charac-
teristics of a 3-D target that determine the magnitude and an-
gular shape of its surface leaving reflectance field—provided
that the target under observation is embedded within a larger
area with similar properties. Under these conditions, [27] no-
ticed that highly heterogeneous targets possess different BRF
shapes than their independent pixel approximation (IPA) ho-
mologues. The latter are linear combinations of RT simulations
using 1-D representations of bare soils and foliage canopies with
identical spectral and structural leaf properties (including the
leaf area density) as their corresponding 3-D target. These re-
sults were obtained by decomposing the IPA reflectance field
into an amplitude term and a shape function, for which the mod-
ified Minnaert function parameter k describes the degree of bell
(k > 1) orbowl (k < 1) shape of the anisotropy [28]. For mul-
tiangular observations outside the principal plane it was found
that, the bell-shaped reflectance anisotropy arising (in particular
at medium to small solar zenith angles) over 3-D targets—pre-
ferrably those with intermediate vegetation content and high
background brightness—had a tendency to be more pronounced
than that of their corresponding IPA homologues.

Rather than using IPA homologues, this contribution will
compare the Minnaert function parameter of 3-D targets against
that of their 1-D homologues instead. The I-D homologue of
a 3-D target is a structurally homogeneous vegetation canopy
that features identical leaf and soil properties (both spectral and
structural) as its 3-D original—with the exception of the spatial
distribution (and thus by consequence also the leaf area density)
of the canopy foliage, which is never clumped. In Fig. 2 the
ratio of the Minnaert function parameter of a 3-D target (k3p)
and its 1-D homologue (kip) is plotted for 350 structurally
diverse forest scenarios in both the red and NIR spectral bands.
The canopy architectures were generated using the allometric
relationships compiled by [19], and feature predominantly
random distribution of trees of various sizes and shapes. These
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Fig. 2. Ratio of the modified Minnaert function parameters obtained from
the reflectance anisotropy shape of 350 heterogeneous forest scenes (ksp)
and their corresponding 1-D homologue (k;p,) in the red and NIR spectral
band if 8, = 30°. k3p varied between 0.60 (0.55) and 1.7 (1.1) in the red
(NIR) spectral band. In the red (NIR) spectral band, bell-shaped reflectance
patterns—having ksp > 1l—are indicated by a O (4) symbol, whereas
Lambertian or bowl-shaped reflectance patterns—having kzp < 1—are
displayed with a {) (x) symbol, respectively.

forest scenes contain also, however, a non-negligible number
of scenarios featuring non-random tree distributions—in order
to simulate forest clearings and small groves—and scenes with
various amounts of “dead trees,” i.e., trees having no foliage
(see Table II for further details). The surface-leaving BRF
field of the 3-D forest representations was simulated using a
medium soil brightness, an illumination zenith angle of 30°,
and a sensor spatial resolution of 250 m. Using the approach
of [29], the Minnaert function parameter, k& was retrieved from
seven BRF observations in the orthogonal plane. The most
likely values of the retrieved ksp parameters varied between
0.60 (0.55) and 1.7 (1.1) in the red (NIR) spectral band. In
Fig. 2 most of the heterogeneous forest scenes feature elevated
k values when compared to their 1-D homologues and this
irrespective of the spectral band. In particular in the red spectral
band, where soil backscattering dominates over leaf scattering,
the gaps between the trees of the 3-D canopy contribute toward
increased BRF values at small view zenith angles whereas
the amount of radiation that exits the scene at larger zenith
angles is effectively reduced by the presence of densely packed
foliage within the tree crowns. As a consequence, 3-D vegeta-
tion canopies tend to feature enhanced degrees of bell-shaped
reflectance anisotropies when compared to their 1-D homo-
logues, in particular for intermediate values of LAI In the NIR,
where leaf scattering dominates over background scattering,
the situation is somewhat more complicated since the multiple
scattering contribution is substantially enhanced with respect
to its counterpart in the red (up to 35% of the total) and may
assume either a bowl, or, a bell shape depending on the soil
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TABLE 1II

STRUCTURAL PROPERTIES OF 350 HETEROGENEOUS FOREST CANOPIES
Parameter Range
Crown Volume [m3/ha] 0 - 59724
Gap Fraction [%] 11.6 - 98.2
Mean Canopy Height [m] 4.29 - 2449
Mean Tree Spacing [m] 0.75 - 25.29
Leaf Area Index [m2/m?2] 0.00 - 6.76
Tree Density (live) [stems/ha] 8 - 8644
Tree Density (dead) [stems/ha] 34 - 1634
Trunk Volume [m3/ha] 1.02 - 632.42

brightness, vegetation density and illumination conditions that
prevail, e.g., [15].

A direct consequence of the difference between the shapes
of the anisotropies (ksp # kip) is that the 1-D homologue of
a 3-D target will almost certainly not be identified as the best
matching 1-D candidate—as defined by (1)—in a LUT-based
inversion scheme trying to match multiangular BRF measure-
ments without any a priori knowledge regarding the structure of
the underlying target. For example, the mean separability limit
of the various 3-D Scots Pine scenes without “dead trees” in
Fig. 2 was found to be 1.70+0.80% in the red, and 0.914+0.33%
in the NIR, with no value of € exceeding 6% in the red and 4%
in the NIR. The radiative separability limit between these 3-D
forest scenes and their corresponding 1-D homologue (¢*), on
the other hand, was always found to be at least twice as large,
i.e., €/e* was 0.5 or less in both the red or NIR spectral do-
main. With such evidence at hand, it is likely that the structural
differences that exist between the various 3-D Scots pine repre-
sentations described in Table II and their 1-D homologues are
sufficient to prevent them from exhibiting identical reflectance
fields, and therefore also transmission and absorption fluxes. On
the other hand, it is always possible to identify—structurally
and spectrally dissimilar—1-D candidates that are capable of
mimicking the outgoing reflectance field of the 3-D target. The
next section is going to investigate the properties of such BRF-
equivalent 1-D solutions by comparing them with their 1-D
homologues.

V. PROPERTIES OF BRF-EQUIVALENT 1-D CANOPIES
AT COARSE RESOLUTIONS

Being able to mimick the magnitude and directionality of
the surface leaving radiation field with a 1-D RT model does,
however, not imply that the other components of the radiation
budget, i.e., absorption and transmission, are matched equally
well, nor that the retrieved values of the state variables in the RT
model which permitted the fitting actually correspond to the real
values of the 3-D target. Fig. 3 highlights this point by showing,
that for the same 350 Scots Pine forests as in Fig. 2 (6 = 30°),
the BRF-equivalent 1-D candidate [in the sense of (1)] is quite
capable of matching the magnitude of the spectral albedo (e) of
the 3-D forest target. The canopy absorption (+) of the selected
1-D solution from the LUT is, however, far less well resolved,
both in the red (top panel) and NIR (bottom panel) spectral
bands. In the red spectral band the scatter in the absorption data
increases as the 3-D canopies exhibit lower absorption values,
and this predominantly through an overestimation of the absorp-
tion by the structurally homogeneous canopies. Exceptions to
this occur for very dense vegetation canopies, where the LAI 3p
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Fig. 3. Albedo () and canopy absorption (+) of the same 350 Scots Pine
forest scenes as in Fig. 2 (8, = 30°), plotted against the corresponding value of
their radiatively most alike 1-D vegetation canopy identified—using (1)—from
observations along the orthogonal plane in (top panel) the red and (bottom panel)
NIR spectral bands. In the case of absorption data, the color scheme identifies
the LAI of the 3-D scene.

is such that the corresponding 1-D homologue exceeds the theo-
retical limit for semi-infinite vegetation canopies (i.e., LAI ~ 4)
[30], and for 3-D canopies with relatively low LAI values fea-
turing a substantial number of “dead trees.” Here the large frac-
tion of woody elements enhances the (3-D) canopy intercep-
tion and thus also its absorption, whereas—as a consequence
of energy conservation—the transmission values of these 3-D
canopies will be inferior to those of the selected 1-D canopies. In
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the NIR, on the other hand, the chosen 1-D solutions systemat-
ically underestimate the canopy absorption of their 3-D targets,
a situation that is exacerbated as the LAI (and woody fraction)
of the heterogeneous canopy increases. As such the interpreta-
tion of optical remote sensing data with structurally incorrect
canopy candidates may lead to errors in the estimation of the
canopy absorption that, in the red spectral band, feature a root
mean square (RMS) error of 0.229, 0.215, 0.187, 0.089, 0.094,
and 0.098 for successive LAI classes (of width 1) ranging up to
1,2,3,4,5,and 6 m 2/m?, respectively.

Such findings are, however, not surprising since the selection
of the BRF-equivalent 1-D surface type was entirely driven by
its capability of mimicking the outgoing reflectance field of the
3-D target, and not with respect to a correct redistribution of
the incoming solar radiation into a transmitted and absorbed en-
ergy component [15]. Obviously, the need of the 1-D canopies to
compensate for the somewhat brighter reflectance of the trunks
and branches in the 3-D forest scenes, the predefined range and
intervals of the solutions in the LUT, and the selected criteria
for identifying the “best matching” 1-D candidate all may con-
tribute to the observed discrepancies in Fig. 3. Nevertheless,
the fact remains that even an (almost) perfect match of the re-
flectance anisotropy of a 3-D target may still lead to erroneous
estimates of parameters—Ilike the fraction of absorbed radiation
by the canopy—simply because of the structural differences that
exist between the modeled and observed surface types. In effect,
the various state variables in a 1-D RT model are forced to adopt
values that may very well deviate from reality because they have
to compensate for the imposed vegetation structure whilst the
inversion routine attempts to minimize the differences with the
BRF data of the 3-D target. In Fig. 2 it was shown that the
3-D targets, described in Table II, tended to exhibit reflectance
anisotropies with enhanced bell shapes in the red and less pro-
nounced bowl shapes in the NIR than their 1-D homologues
(ksp > kip). Hence, the BRF-equivalent 1-D solution to multi-
angular observations of a 3-D target will thus have to feature en-
hanced (reduced) BRF values at low view zenith angles 6,,, and
equal or reduced (enhanced) BRF values at large #,, when com-
pared to the 1-D homologue of the 3-D target in the red (NIR)
spectral band. Since soil backscattering tends to dominate over
leaf scattering in the red, enhanced reflectance values at small
6., can be achieved by brighter soils, increases in the bare soil
fractions at these zenith angles, or combinations of both of these.
Furthermore, to achieve a more pronounced bell shape of the re-
flectance field, the upward reflected radiation from the soil has
to be prevented from exiting at larger view zenith angles. This
can be achieved by reducing the single-scattering albedos of the
leaves, and by enhancing the extinction coefficient along large
6, directions. [31] showed that canopies with predominantly
erectophile leaf orientations present a larger (lower) interception
cross-section to photons that travel at large (small) zenith an-
gles. Hence, it is most likely that 1-D canopies will adopt erec-
tophile leaf normal distributions when mimicking bell-shaped
reflectance anisotropies. This is indeed confirmed by the find-
ings presented in the top panel of Fig. 4.

In the NIR where leaf scattering dominates over the soil scat-
tering properties, enhanced BRF values at larger view zenith
angles can be obtained through foliage orientations that effec-
tively redirect upward reflected radiation into surface-leaving
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Fig. 4. Percentage of the various leaf normal distributions (erectophile,
extremophile, plagiophile, uniform, and planophile) adopted by the best
matching 1-D solutions capable of accurately mimicking the surface-leaving
reflectance field of 350 structurally diverse 3-D forest canopies in (top panel)
the red and (bottom panel) NIR spectral bands. The 3-D scenes featured a
uniform leaf normal distribution.

directions corresponding to larger view zenith values. Such a
mechanism would, however, require sufficient amounts of light
to reach the background and then to be scattered back upward
into the vegetation from the underlying surface. Again, [31] de-
scribes two types of foliage orientations that feature enhanced
(reduced) extinction cross sections at small (large) zenith an-
gles, these being the planophile and plagiophile leaf normal dis-
tributions (LND). The bottom panel in Fig. 4 shows that it was,
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Fig. 5. Ratio R of the “true” (3-D) to “BRF-equivalent” (1-D) state variable
values for LALI, soil albedo («), and single-scattering albedo (w) grouped into
categories of low (LAI;p < 2.3) and high (LAL;p > 4.6) vegetation content,
in both (top panel) the red and (bottom panel) NIR spectral bands. A light (dark)
gray color indicates that the 1-D state variable values were significantly smaller
(larger) than those of the 3-D target. A medium gray color indicates that the
values of the 1-D solution were within 10% of those of the 3-D target.

however, the plagiophile LND that was preferentially adopted
by the best matching 1-D solution. This could be related to the
fact that the interception cross-section, G(€2) of the planophile
LND is rather large at small view zenith angles, thus effec-
tively preventing the radiation from entering the canopy, as well
as enhancing the upward reflected radiation fraction at small
6,—both of which are contrary to the envisaged bowl-shaped
reflectance anisotropy.

Fig. 5 provides an indication on how the remaining state vari-
able values of the selected 1-D solution, i.e., LAI, soil albedo



WIDLOWSKI et al.: USING 1-D MODELS TO INTERPRET THE REFLECTANCE ANISOTROPY OF 3-D CANOPY TARGETS

(«) and single-scattering albedo (w), relate to their counter-
parts in the 3-D target canopy. Results are displayed in terms of
the ratio, R of the “true” (3-D) and the “BRF-equivalent” (1-D)
state variable for scenarios featuring either low (LAI3p < 2.3)
or high (LAIzp > 4.6) vegetation content. A light (dark) gray
color indicates a significant underestimation (overestimation) of
the 1-D state variable values, whereas a medium gray color in-
dicates that the values of the 1-D solution were relatively close
to those of the 3-D target. In the red spectral band (top panel)
only ~20% of the 1-D state variable values in the low LAI3p
cases are similar to those of the 3-D target (0.9 < R < 1.1).
At large LAI values—where the 1-D canopy absorption is rel-
atively close to the 3-D one (compare with Fig. 3)—the agree-
ment is, however, much lower: The LAI of the selected 1-D so-
lution (LAIp) tends to be smaller than that of the 3-D scenes
(LAI;3p) most likely to compensate for the lack of canopy gaps
within the structurally homogeneous canopy representations. At
the same time the soil albedo («;p) is brighter thus implying
that more light is reflected back up through the canopy as stated
previously. Finally the single-scattering albedo (wip) is also
lower than its 3-D counterpart to enhance the absorption of the
1-D canopy in particular along directions with larger zenith an-
gles. In the NIR (bottom panel), the single-scattering albedo ap-
pears more or less in agreement with the actual values of the
3-D target. However, as described above, it will be primarily the
leaf area index, the foliage orientation and soil albedo that con-
trol the bell-shaped BRF matching in this spectral regime where
multiple scattering interactions dominate. Thus by analogy with
the findings of [32]—who fitted noisy multiangular BRF simu-
lations with a 1-D model—the best matching 1-D solution in the
NIR underestimates LAI and overestimates soil albedo values
for 3-D targets with high vegetation content.

VI. DISCUSSION

It has been shown that 1-D RT models are capable of
matching multiangular BRF observations over highly hetero-
geneous targets to within the accuracy specifications of most
current sensors at medium to coarse spatial resolutions. Being
able to mimick a set of (multiangular and/or multispectral)
reflectance measurements within 3% to 5% may, however, still
lead to substantial errors in the estimation of canopy trans-
mission and absorption estimates at these spatial resolutions.
Furthermore, the state variable values that are retrieved by
pixel-based inversion of 1-D models (or, in general, RT models
that do not incorporate the correct canopy structure) will almost
always differ from the actual ones of the observed 3-D target.
This issue will persist even if a priori knowledge is being
used: 1) to reduce the amount of potential 3-D surface type
candidates that will have to be precomputed for later perusal
in LUT-based inversion schemes and 2) to make their state
variable values similar to actual field observations of the biome
types of interest. Actual forest targets exist in a variety of
structural and spectral “states” and as such it is unlikely that the
“true” solution will be contained within the candidate solutions
in the LUT. But even if one assumes that the LUT is sufficiently
large to include the “true” solution, its retrieval will still not be
guaranteed, since the sensor and model imposed uncertainties
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will always allow for multiple model parameter combinations
(to be found within the LUT) that all fit the available data.

Furthermore, the accuracy of pixel-based inversion schemes
is strongly dependent on the spatial resolution of the observing
multiangular sensor since the impact that the structural at-
tributes of an individual tree may have with respect to the
surface leaving radiation field is larger at high spatial res-
olutions than at medium to coarse spatial resolutions. As a
consequence, the BRF matching capability of RT model sim-
ulations becomes subject to the lateral boundary conditions,
and thus also to the given location of the field of view of the
observing sensor, as was shown by the drastic increase in the
radiative separability limits in Fig. 1 at high spatial resolutions.
Conversely, this also implies that validation attempts of state
variables—retrieved through the usage of 3-D LUTs containing
statistical representations of typical canopy architectures—may
run into inconsistencies when compared to findings gathered at
much higher spatial resolutions in the field, precisely due to the
deterministic nature of the boundary conditions in the latter
case.

One of the main paradigms in interpretation efforts of
mono-directional optical remote sensing data is to utilize
multispectral observations to further constrain any inversion
attempts. In the context of multiangular reflectance observa-
tions, however, it was shown that 1-D canopies can achieve
BRF-equivalence within a few percent (at any one wavelength)
provided they adopt different values for their state variables
than the 3-D target. The “freezing” of structural attributes—like
the LAI and the LND—across multiple wavelengths will thus
primarily lead to poorer fitting accuracies (i.e., higher € values)
and not necessarily to improved estimates of the retrieved
state variables. For example, the RMS error between the actual
and retrieved LAI (albedo) values for the 350 forest scenes
presented earlier amounted to 1.090 (0.001), 1.978 (0.006) and
1.248 (0.002) if the best matching 1-D candidate was deter-
mined from multiangular BRF observations in the red, NIR
and both spectral bands together, respectively. Furthermore,
by not choosing an erectophile LND in the red spectral band
and a plagiophile LND in the NIR to match the occurrence of
bell and bowl shaped reflectance patterns at these two wave-
lengths individually, a multispectral multiangular approach
with fixed structural properties will lead to the forced selection
of 1-D canopies with somewhat intermediate LNDs, maybe
even uniform, which—although being the truth—will only
be identified because of a compromise in matching different
kinds of reflectance pattern with a structurally simplified or
erroneous RT model. This is neither a limitation of the data nor
the model, but rather a consequence of the choice of inversion
approach and the structural differences between the modeled
and observed surface types.

It is important to realize that state variables, obtained by
inverting a RT model against BRF measurements over a 3-D
target, have to be corrected for the lack, or, incorrectness of
structural heterogeneity in between the 3-D target and the re-
trieved surface type solution. Recent developments in radiation
transfer in both vegetation canopies and cloud physics have al-
ready shown that it may be possible to interpret remote sensing
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observations using plane-parallel RT models provided that the
retrieved sets of state variables are subsequently interpreted
following some protocol, e.g., [15], [33]-[36]. Such efforts are
needed, not only in validation attempts but also to ensure the
correct usage of satellite-derived quantitative information in
subsequent applications. We have shown that the structural for-
mulation of vegetation canopies within a 1-D RT model affects
the values of state variables—Ilike LAI and soil albedo—that
can be retrieved by inverting that model against multiangular
observations over 3-D forest targets. Any subsequent ingestion
of such 1-D state variables into process models, that assume
simpler (two stream) or more complex (3-D) canopy structures
and radiation schemes, will surely result in a misrepresentation
of actual (structural and radiative) conditions at the surface
and thereby will cast substantial doubts on simulation results
obtained in that way [37]. Thus, if the value of a given state
variable depends on the dimensionality of the RT model that
was used in its retrieval, then surely this state variable should
only be processed further by (process) models and algorithms
that imply/feature the same dimensionality in their formalism,
or else, correct for the structural assumptions in the RT models
used to derive the state variables in the first place [38].

VII. CONCLUSION

Evidence was provided that structurally homogeneous (1-D)
radiation transfer models are capable of mimicking multian-
gular BRF measurements, in both the red and NIR spectral
bands within 3% to 5% at medium to coarse spatial resolution.
The fitting accuracy of the 1-D model deteriorates, however, at
very high spatial resolutions to reach about 40% on average (in
the case of coniferous forests), primarily due to adjacency ef-
fects and variable boundary conditions. BRF-equivalency—in
terms of the magnitude and angular variation of the surface
leaving reflectance field—between a 3-D target and some
structurally and spectrally dissimilar candidate solution, on
the other hand, does not necessarily guarantee the correct
retrieval of other radiative quantities pertaining to the target
(e.g., canopy absorption and transmittance), nor does it gener-
ally yield state variable values that correspond to those of the
3-D target. For example, in order to mimick the bell (bowl)
shaped BREF field of a 3-D target, 1-D canopies will tend to
feature brighter soil albedos, lower LAI values, and—most
notably—foliage orientations that intercept the surface leaving
radiation preferably at large (small) view zenith angles. Struc-
tural canopy attributes that are retrieved with 1-D models in
either the red or near-infrared spectral bands will thus in all
likelihood be different (from each other and from the 3-D
target) if the illumination conditions favor the occurence of
significantly bowl/bell-shaped BRF fields. Finally, the usage
of multispectral information, in inversion techniques that rely
only on the matching of multiangular reflectance observations,
will not necessarily lead to improved accuracies of the retrieved
state variables, but surely loosens the quality of fit between the
multispectral BRF fields of the best matching 1-D candidate
and the sensor observations. For a proper interpretation of
optical remote sensing data, efforts will thus have to be focused
on using additional or a priori knowledge regarding the de-
gree of heterogeneity of the underlying 3-D target in order to
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allow for the development of correction schemes that convert
“BRF-equivalent” state variable values into those of the 3-D
targets.
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