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Mapping Forest Background Reflectance in a Boreal

Region Using Multiangle Compact Airborne
Spectrographic Imager Data
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Abstract—Forest background, consisting of understory, moss,
litter, and soil, contributes significantly to optical remote sensing
signals from forests in the boreal region. In this paper, we present
results of background reflectance retrieval from multiangle high-
resolution Compact Airborne Spectrographic Imager sensor data
over a boreal forest area near Sudbury, ON, Canada. Modifica-
tions of the background by white and black plastic sheets at two
sites provide two extreme limits for the development and testing
of an algorithm for retrieving the background information from
multiangle data. Measured background reflectances in red and
near-infrared bands at six sites in the vicinity of these modified
sites are used to validate the algorithm. We also explore the effect
of uncertainties in the input forest structural parameters on this
retrieval. The results document: 1) capability of the algorithm to
retrieve meaningful background reflectance values for various for-
est stand conditions, particularly in the low to intermediate canopy
density range; 2) the effect of background bidirectional reflectance
distribution function on retrieved values; 3) performance of the
algorithm using data with different cross angle values; and 4) veri-
fication of the internal consistency of the geometric-optical 4-Scale
model used. The results provide an important platform for the op-
erational estimation of the vegetation background reflectance from
the bidirectional reflections observed by the Multiangle Imaging
Spectroradiometer instrument.

Index Terms—Background reflectance, Compact Airborne
Spectrographic Imager (CASI), Finnish Geodetic Institute Field
Goniospectrometer, multiangle remote sensing, understory.

I. INTRODUCTION

EAF AREA index (LAI), defined as one half of the total
green leaf area per unit horizontal ground surface area [1]
after [2], is a key surface characteristic for modeling carbon,
water, and energy exchanges between the Earth surface and
the atmosphere. Since ecosystem models are often applied over
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large areas, much attention has been paid to the estimation of
LAIT using remote sensing data [3], [4]. The typical approach is
to place the emphasis on determining the relationship between
LAI and the canopy optical properties, and the properties of
understory/ground layer are given as an input based on sim-
plifying assumptions [5]. However, the validation of various
LAI products derived from remote sensing data has revealed
the importance of background reflectance on the accuracy of
canopy LAI estimation [6]-[11]. Lang et al. [12] observed
higher correlation between stand reflectances and LAI for
forests with higher canopy cover with the understory increas-
ingly obscured and its contribution to stand reflectance reduced.
Rautainen and Stenberg [13] reported that the contribution of
understory reflectance can range up to 95% for LAI below 0.5.
Previous LAI validation efforts have resulted in the recognition
that understory cannot be neglected in reflectance modeling
[14], particularly in the case of low to intermediate canopy
cover. Unifying the definitions by [5], [15], and [16], by the
term forest background, we refer to all the materials below the
forest canopy such as understory vegetation, leaf litter, grass,
lichen, moss, rock, soil, snow, or their mixtures, which are
detectable through the overstorey canopy from above.

Few approaches have been suggested to account for, or min-
imize, the variable understory effect on the stand reflectance.
In the majority of forest reflectance models, the background
reflectance is given by a fixed value at each wavelength [17] or
modeled bidirectional reflectance distribution function (BRDF)
[18] using field observations [19]. Kuusk et al. [20] proposed
the understory spectra to be estimated from forestry databases
or spectral data banks. Peltoniemi et al. [21] reported their
initial efforts to create such a spectral data bank for the most
common understory species in Finland. However, if we con-
sider large areas on a continental or global scale, such an
approach would be tremendously demanding with regard even
to account for the common understory types. Several authors
also noted the large variations even among the same species
[21]-[23]. Seasonal variations of the background composition
and their optical properties would present a further challenge.

Alternatively, Deng et al. [24] tried to minimize the effect
of the background/understory on LAI retrieval for forest stands
by developing the relationships using a reduced simple ratio
(RSR). However, during the validation of this LAI product, it
was noted that the understory effect still might have not been
entirely removed [10], [25], and direct inclusion of seasonally
variable background vegetation spectra into the algorithms is
desirable.

Multiangle remote sensing has been shown to enable us to
describe properties of terrestrial surfaces by means that are not

0196-2892/$26.00 © 2009 IEEE

Authorized licensed use limited to: University of Tartu IEL Trial. Downloaded on December 23, 2009 at 04:56 from |IEEE Xplore. Restrictions apply.



500 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 48, NO. 1, JANUARY 2010
Case A - black background
\6/\ Theory Observed (CASI)
A
re, 0.10
° g " A NIR
o c
H B
5 |:> $005
=
= ] * ¢ red
& [
0.00
0 +40° 0 +40°
View Angle View Angle
\ //
;/ I~ . Theory Observed (CASI)
: T 04
i o i A
i e ) @ o
: : g g% A NIR
| .’ | S8 Bg2l0
DA A 8 802 < red
Y 5 K
. . & © 0.1
= - 1 00
. 0 +40° 0 +40°
Case B - white background View Angle View Angle
Fig. 1. Theorized and observed variation of the total reflectance of a forest canopy with view zenith angle in red and NIR band for two contrasting
background types.

possible using mono-angle data (for the overview of recent
progress in the multiangle remote sensing see the review of
[26]). Initial studies of the ability of multiangle remote sensing
for retrieving background optical properties provided some
encouraging results [27], [28]. In particular, Canisius and Chen
[27] used the 4-Scale model [29], [30] to examine the feasibility
of determining the understory reflectance over a boreal region
given two viewing geometries with an inversion approach us-
ing Multiangle Imaging Spectroradiometer (MISR) [31] data.
Due to the lack of field measurements, the verification of the
derived background reflectivity estimates was rather limited. It
is therefore highly desirable to acquire high-resolution airborne
and in situ measurements to further validate the methodology.
This validation is a necessary step for us to exploit MISR data
for mapping the background reflectance globally, in order to
improve our global LAI mapping.

In this paper, we present results of background reflectance
retrieval from multiangle high-resolution Compact Airborne
Spectrographic Imager (CASI) data for three dominant boreal
forest species: black spruce (Picea mariana), jack pine (Pinus
banksiana), and trembling aspen (Populus tremuloides). The
theory underpinning the proposed algorithm for deriving back-
ground reflectance is further investigated by means of mod-
ifying and controlling the understory properties. Finally, we
carry out simulations to test the inner consistency of the
4-Scale geometrical-optical (GO) model used in this paper and
to explore the effect of uncertainties in the input canopy struc-
tural parameters on the retrieval of the background reflectance.

II. METHODOLOGY

A. Background Reflectivity Retrieval Theory

In GO modeling, the total canopy reflectance is expressed
as a linear combination of the contributions from sunlit and
shaded crown (R and Rzr) and background (Rg and Rz¢g)
components [32], [33]

R=Rp -kr+ Rc -kag+Rzr kzr+Rzag -kza (1)

where kr, kg, kzT, and kzg are the corresponding propor-
tions of the four components in the instantaneous field of
view (IFOV). The contributions of the components to the total
reflectance change with view angle as the proportions vary
with view angle. Assuming that the sun is at a fixed angle and
observations are made along a plane where target reflectances
change little with angle, the variation of total reflectance with
view angle for a given stand should follow opposite trajectories
for two contrasting backgrounds, where one background type
is with higher and the other one with lower reflectivity than
that of the overlying forest canopy. This concept is shown in
Fig. 1. In both scenes (Fig. 1, Cases A and B), the background
contribution is the largest at nadir, while the contribution of the
overlying forest canopy increases with increasing view zenith
angle. The total reflectance increases (Case A) or decreases
(Case B) with view angle depending on the background re-
flectivity. If the background reflectivity is lower than that of
the overlying forest canopy (i.e., dark background), the total
reflectance increases with view zenith angle; the opposite is true
for bright (i.e., white, such as snow) background. We provide
the validation of this first step in the theory of the background
retrieval in the Results section.

Our algorithm is based on the premise that the reflectance
of the overstory and the understory at a given illumination
angle changes little between chosen view angles or this change
can be well estimated within the algorithm. Forward-scattering
reflectances of various targets were shown to be fairly constant
[34]-[37], particularly when not too close to the principal plane
[21]. The observed reflectance at nadir (R,,) and at an angle in
forward direction (R,) can be then described by the following
set of equations:

Ry, =Rr -krn+Rg-kgn+Rzr - kzrn + Rz -kzan (2)

Ry =Rr -kpo+Rg -kgat+Rzr - kz70 + RZ6 - kz00. (3)

Next, shaded components of trees and ground can be ex-
pressed as functions of their sunlit parts and the multiple
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scattering factor [38]-[40], giving Rzr=M-Rr and Rzc=
M-Rg, where M = Rz /R for a reference target, with Ry
representing its shaded reflectance. Solving (2) and (3), the
background reflectivity Rs can be then calculated as in (4),
shown at the bottom of the page, where the total reflectances R,
and R, are acquired from the nadir and a forward direction, M
is predetermined by model inversion, and the proportions of the
components can be predicted from the GO model. These scene
components are estimated using a lookup table constructed with
4-Scale [41], which takes into account their variations with
solar and view angles with given LAI and the best estimates
of other stand structure parameters such as tree height, crown
radius, and stand density, as described in the following section.

B. 4-Scale Model

4-Scale is a GO radiative-transfer model with an emphasis on
the structural composition of forest canopies at different scales
[29], [30], [41]. From the model output, only the proportions
of the components were used in the background reflectance
retrieval from the study area. Stand structure in the reflectance
model is characterized by trees with internal structures. The
nonrandom spatial distribution of trees is simulated using the
Neyman type A distribution [42] that creates patchiness of a
forest stand. The tree surface created by the crown volume
(cone and cylinder, or spheroid) is treated as a complex medium
rather than a smooth surface so that shadowed foliage can be
observed on the sunlit side and sunlit foliage on the shaded side.
Aside from the total reflectance, the model provides the needed
outputs of the proportions of sunlit and shaded tree and ground
components. Inputs to 4-Scale were obtained directly from the
stand parameter measurements described in Section III-A. View
and solar angles were specified according to their configuration
during individual flights as described in Section III-B.

C. Uncertainty in the Background Reflectance Estimates

Understanding the impact of uncertainty in a retrieved pa-
rameter and the following implications is an important part
of any algorithm validation effort [43]. Since the ultimate
goal of the herein tested methodology is to retrieve the forest
background reflectance over large areas where not all canopy
parameters are known, we explored the effect of uncertainty
in the input canopy parameters on the retrieval of the back-
ground reflectance. We chose a method that assessed both the
possible bias within the algorithm [(4)] and the amount of bias
introduced by factors other than the algorithm in the process of
background reflectance retrieval.

The sensitivity of input to 4-Scale and its output was exam-
ined by [44]. Compared to LAI, the effects of stand density on
the 4-Scale output were small [44]. We created two scenarios
to represent the increase of LAI of a forest stand. In one
scenario, we keep the stand density constant at 2000 trees/ha

while increasing the size of the trees in regular steps. At each
step, the vertically projected crown area was calculated. The
same crown area coverage was also achieved in the second
scenario by keeping tree dimensional parameters constant for
all steps while increasing the stand density. Close-to-reality
configurations might be then found in the space bounded by
these two scenarios for every step. The parameters for each step
and scenario are presented in Table IV.

In the first test, the 4-Scale model was run with the input pa-
rameters from Table IV for every step of both scenarios and the
angular constellation set to correspond to the situation during
the CASI flight. The background reflectance was then calcu-
lated from (4) with total canopy reflectances and proportions of
the components as predicted by the 4-Scale model. If there is
no bias in the 4-Scale model and (4), the retrieved background
reflectances would not change with increasing canopy foliage,
as all the changes in predicted stand reflectances should appear
due to changes of the foliage only.

The stand parameters, such as tree height or stand density,
might still not be perfectly known during the operational use of
the algorithm over large areas despite the promising advances
in their retrieval [45]-[48]. The error due to the uncertainty in
the input stand parameters was assessed in the second test. The
background reflectances were again calculated for every sce-
nario and every step, but the total nadir and angular reflectances
were held constant and corresponded to CASI data over one
study site with known stand parameters, instead. The pro-
portions of components were the same as in the first test. The
comparison of background reflectances allowed us to see the
effect of incorrectly specified stand parameters on the results.

III. STUDY AREA
A. Study Sites and Field Measurements

The study sites include four black spruce (labeled SB7, 11,
12, 17), one trembling aspen (AS19), and one young jack
pine site (PJ21) located near Sudbury, ON, Canada (Fig. 2).
Canopy-Site configurations range from young to mature and
from sparse to dense. The understory vegetation at black spruce
sites consisted mainly of feather moss (Hylocomium splendens)
with varying contributions from labrador tea (Ledum groen-
landicum) and leather leaf (Chamaedaphne calyculata). Bare
soil was the dominant ground cover at the aspen and young jack
pine sites. Sites SB7 and SB11 had two parts with unmodified
and modified understory. At the modified sites SB7 and SB11,
we cut and removed all understory and covered the ground with
white plastic. At SB7, we additionally laid a layer of black
plastic. This layer was removed after the first flight and white
plastic was exposed for the second flight. The unmodified parts
are identified with a subscript B.

Quadratic plots of 30-m side length with a central east—
west-oriented transect line were established at each site. Along
each transect, a forestry flag was placed every 10 m. At each

Rg

Rn(kTa+kZTa'M) - Ra(kZTnM)

T “krm-kGa+tkcn kra+M(=krn-kzcatken kzra—kca kzrn+kTa kzem)+ M2 (—kzrn -kzca+kz6m kz70)
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Fig. 2. CASI composite image [(blue) 550 nm, (green) 656 nm, (red) 800 nm
in viewing nadir angle of the study area near Sudbury, ON, with indicated sites
(for the sites’ description please refer to Table I]. Coverage of the background
reflectance map from Fig. 8 is depicted by white rectangle.

plot, measurements of forest structural variables and forest
background reflectance were carried out within a week of the
CASI flight date, June 28, 2007. Stand variables for the sites
are summarized in Table I.

The effective LAI (L.) was measured using the LAI-2000
Plant Canopy Analyzer (LI-COR, Lincoln, NE) instrument.
Measurements at each flag along the site transect were taken
under diffuse sky conditions (i.e., overcast sky or at dusk). We
assessed the multiple scattering effect by comparing L. based
on rings 1-3 (corresponding to the zenith angle range from
0° to 45°) and rings 1-5 (0° to 75°). Interestingly enough, we
observed the same average difference between these two ways
of L. calculation (16%) as the previous study [49] for stands
collected from the whole of Canada. We have increased by 16%
for all L. values from LAI-2000 calculated using rings 1-5 to
account for the multiple scattering effect.

Beyond-shoot clumping (€2g) was quantified using the ele-
ment clumping index and measured directly in the field during
sunny days along the same transects using the tracing radiation
and architecture of canopies instrument (Third Wave Engineer-
ing, Ottawa, Canada) based on a canopy gap-size distribution
theory [50], [51]. Values of woody-to-total leaf area ratio ()
and needle-to-shoot ratio (i) were used as provided by [49]
and [52] and were comparable with estimates of [44] for
different sites within the same study area.

For the estimation of forest background reflectance, we first
took photos around each forest flag with a digital camera point-
ing perpendicularly to the ground. The sunlit reflectance of the
present forest floor types was measured using a FieldSpec Pro
spectroradiometer (Analytical Spectral Devices, Inc., Boulder,
CO). To capture the interspecies variability as well as the
intraspecies variability in spectral reflectance as influenced
by different moisture and environmental conditions, we took
several sets of spectral reflectance measurements at different
locations at each site. All spectral reflectance measurements
were taken in the nadir direction under clear sky conditions at a
height of about 3 cm above sunlit targets (leaves or moss/lichen
layer, ground). The solar position during the understory
spectra measurements was consistent with the configuration
during CASI flights. The measurements were standardized
to reflectance using a Spectralon diffuse reflectance target
(Labsphere, North Sutton, NH). The average forest background
reflectance for each site was obtained based on the reflectance
of the cover types weighted by their area fractions as derived
from the photos. Finally, the spectra of plastic sheets were
measured in a laboratory with Finnish Geodetic Institute Field
Goniospectrometer [53]. The light source was positioned at
zenith angle of 38° that corresponded to the sun position during
the second flight.

B. CASI Data and Processing

Two CASI flights took place on June 28, 2007 at an altitude
of 5000 ft above the ground between 18:10 and 20:38 GMT
at the solar zenith angle of 25.2° to 44.3°. CASI was operated
in the hyperspectral mode (72 channels; spectral range 408—
947 nm; bandwidth 7.5 nm) with 2-m spatial resolution [54].
Variable viewing zeniths were obtained by mounting the cam-
era on a tilting bracket and adjusting the tilt along the flight
line. The view zenith angles were 0° (nadir), —30°, and +40°
for the first flight, and 0°, —40°, 4-40°, and +45° for the second
flight. Following the convention of [14], negative values indi-
cate the backscattering hemisphere and positive values indicate
the forward-scattering hemisphere. The view angles for the
back-scattering hemisphere were set to be close to solar zenith
position during individual flights. Cross angles (absolute angle
difference from the principal plane; ®) varied with flights in
order to see the effect of the deviation from the principal plane
on the understory reflectance retrieval. ® was 29° for the first
flight and ® = 3° for the second flight with the camera set at
VZA = 40°. For the view angle of 45° during the second flight,
® = 15°. In the following text, the results are indicated by the
value of the cross angle. Nadir view observations were always
taken with @ = 15°.

The multiangle images were radiometrically calibrated us-
ing the latest radiance scale factors for the CASI sensor
and atmospherically corrected to at-ground reflectance using
Modtran 4 in the PCI atmospheric correction package (PCI
Geomatics, Richmond Hill, Canada). Direct measurements of
atmospheric parameters were not available during the CASI
overflights, however aerosol optical depth was estimated from
nearby measurements of visibility. Methodological measure-
ments from Environment Canada gave the conditions as clear
with a visibility of 25 km. Other atmospheric parameters
were allowed to default to MODTRAN mid summer, mid
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TABLE 1
CHARACTERISTICS OF THE INVESTIGATED STANDS
site AS19 sSB 78 SB11B SB12 SB17 PJ21
tree species trembling aspen black spruce black spruce black spruce black spruce young jack pine
latitude 471762 471616 471635 47 1600 47 1638 471619
longitude 81.7378 81.7454 81.7452 81.7509 81.7599 81.7490
stand density (tfreestha) 2000 2000 4000 4000 4000 8000
zenith gap fraction 011 (25°) 051(27°) 0.08(39%) 0.06 (39°) 0.12 (40°) 0.44 (59°)
canopy LAl 365 265 55 457 404 2
element clumping index 09 073 088 0.89 081 -
tree height (m) 135 586 127 106 159 18
DBH (cm) 323 193 271 3689 s3 -
understory species bare soil feather moss feather moss feather moss feather moss bare soil
bush honeysuckle labradortea labrador tea labrador tea labrador tea rotten wood
labrador tea leather tea  leather tea leather tea dogwood rock
hazelnut lichen rotten wood bush honeysuckle
blunt leaf orchid rotten wood  leather tea

latitude values. The reflectance images were geometrically
corrected using Itres’ geometric correction software (Itres,
Calgary, Canada) and roll, pitch, and location information from
an on-board navigation system. Geometric correction based on
this system was further adjusted using ground control points
measured in the field. These ground control points include
2 m x 2 m white plastic sheets placed on the road sides near the
sites, and identifiable ground features such as road crossings,
rock outcrops, etc. Geometrically corrected off-nadir images
were then registered to the nadir images. The final spatial
resolution of the images is 3 m. The roll and pitch were quite
pronounced in the off nadir images making geometric correc-
tion very difficult. The final RMSE for the whole scenes were
5-6 pixels. However, since all the sites were located close to
distinct features (white/black plastic, roads), it has been verified
that the reflectance data for various view angles cover nearly
identical areas. In addition, the background mapping was not
carried out on individual pixels, but on averaged plots of size
30 m x 30 m (i.e., 100 pixels). If the accuracy could not
be guaranteed due to roll and pitch distortions over particular
sites in the image, we did not carry out the calculations. All
sites were located on flat terrain and there were no topographic
effects that needed to be taken into account in our image
analysis.

The hyperspectral mode data were finally aggregated to cre-
ate MISR-like responses for red and NIR bands. We averaged
the CASI hyperspectral bands that cover the corresponding
MISR red and NIR spectral bandwidths as provided by [31].
The new bands were centered at 671.3 nm (versus 671.7 nm for
MISR) and 866.1 nm (versus 866.4 nm for MISR).

IV. RESULTS AND DISCUSSION
A. Changes of Total Reflectance With View Angle

The verification of the predicted total reflectance changes
with view angle in the field by modifying the background
properties with black and white plastic presented the first
important step in our research. To our knowledge, this is for
the first time the forest understory has been completely con-
trolled and studied at such a spatial extent (30 m x 30 m and
20 m x 20 m plots in stands with different densities). Complete
understory removal was previously performed by [55], but the
effect of understory was assessed only indirectly via observing
the changes in the scene normalized difference vegetation index
between pre- and posttreatment IKONOS imagery.

The total reflectances obtained from the CASI data were
examined at two viewing angles. The total reflectances in-
creased with view angle for the dark background and decreased
for the white background situation for the SB7 site with the
modified understory (Fig. 1). This behavior confirmed the first
step in the theory of the background reflectance retrieval as
described in the Methodology section. The anisotropy factor
(AF), calculated by normalizing the reflectance in a specific
view direction by nadir reflectance for a given wavelength [56],
was more pronounced for both red and NIR band values from
the second flight with white plastic background below. The
higher AF values were also observed during the second CASI
flight over SB11 site, where white background was present for
both flights. The angular measurements during the first flight
were taken on a plane further away from the principal plane
than during the second flight (i.e., ® = 29° versus ® = 3°).
Observed behavior of AF values confirms first the reflectances
of components (canopy and background) change less with
viewing angle on a plane further away from the principal plane,
and therefore the data from the first flight are more appropriate
for the background reflectance retrieval.

B. Background Reflectance

The retrievals of background reflectance using (4) were val-
idated first over the sites with modified understory. Testing the
new algorithm over the control sites revealed important impacts
of our algorithm assumption of the Lambertian background.
While the CASI-retrieved values were very close to field mea-
surements in both bands in the case of dark background over
SB7 (lower stand density), significant disagreement between
values in the red band was present over the same site with
the white background [Fig. 3(a)]. The percentage error (PE)
was 43% and 28%, respectively. Interestingly, all the retrievals
in red band over the other modified site SB 11 (higher stand
density) were also underestimated, but the error margin was
significantly smaller with PE < 15% [Fig. 3(b)].

Analysis of the complete bidirectional reflectance factors
(BRFs) of black and white plastic explains this behavior
(Fig. 4). The BRFs of all the plastics have huge specular
reflectance. The anisotropy effect is usually the most pro-
nounced along the principal plane [57], and it was shown to
decrease with increasing angular distance from the principal
plane [58]. The width of the specular reflectance effect along
the principal plane varies between the plastics. The effect
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is very narrow for the black plastic, and the black plastic
background configuration was observed by CASI camera with
® = 29°. The background reflectance thus did not change very
much with view angle, and the retrieved values were very
close to the field measurements. The white plastic background
configuration was observed with smaller cross-angle values
® = 3° and ® = 15°. The angles were not enough to avoid
the spike in the forward scattering direction due to the specular
reflectance, and background reflectances then varied with view
angle. The assumption of the Lambertian target was violated,
which resulted in biased background reflectance retrievals. If
we decreased the total angular reflectance by the percentage
difference between the angular and nadir reflectance of the
white plastic as measured during the BRF reconstruction of the
material in the laboratory, the background reflectance predicted
from the algorithm closely matched the one measured in the
field. This effect was not so pronounced for SB11 [Fig. 3(b)]
due to the higher stand density (twice as high as for SB7). The
proportions of visible background were much lower for SB11
and for all angles trees occupied more than half of the IFOV.
The background was a dominant component for all angles at
SB7. It can be concluded that if the BRDF of the understory is
known, the corrections to the algorithm input reflectances can
be done to produce true nadir background reflectance. The re-
sults might point to a possible lower accuracy of the background

reflectance retrieval over very bright surfaces with strong specu-
lar reflectance such as snow in winter [59]. However, our initial
results with satellite-based MISR data [60] seem to indicate the
algorithm can produce meaningful background retrievals over
natural areas with snow in winter as well.

The performance of the algorithm over sites with unmodified
background is described in Fig. 5 and Table II. The retrievals
were validated with field measurements, collected over transect
locations at every site. Similar to [21] and [22], sometimes
optical spectra measured at nadir at various locations even
just a few meters apart could be quite different among the
same species. The degree of understory vegetation cover can
also vary considerably within one stand [61]. The retrieved
background reflectances match reasonably well with the in situ
measurements in absolute terms, with scatter mainly due to
uncertainties in the estimated angular reflectance pattern of
the background measured in field, overstory parameterization,
and the pixel coregistration. The algorithm seems to perform
relatively well for various black spruce, jack pine, and aspen
stands. The results indicate the robustness of the algorithm
for estimating the forest background reflectance over diverse
palettes of understory situations

The availability of the CASI data at different azimuthal
angles relative to the sun also permitted a look at the effect of
the angular distance from the principal plane on the quality of
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Fig. 5. Nadir reflectance spectra (BRF) from the measurements (lines) and as calculated from CASI data (point markers) for six stands with unmodified
background. Numbers indicate the angular difference of CASI flights and the principal plane.

TABLE 1I

COMPARISON OF MEASURED AND CALCULATED STAND BRF FROM CASI DATA IN RED AND NIR BAND OVER S1X STANDS IN 2007.
NUMBERS IN BRACKETS ARE RELATIVE ABSOLUTE ERRORS FROM THE IN-FIELD MEASURED VALUES

In-situ View Angle 40°  View Angle 45°
band site  measurement @ = 29° @ =3° P =15°
SB78 0.0501 0.0610 (0.22) 0.0627 (0.25) 0.0467 (0.07)
SB11B 0.0513 0.0476 (0.07) 0.0598 (0.17)
red (671 nm) SB12 0.0501 0.0525 (0.05) 0.0455(0.09) 0.0603(0.20)
SB17 0.0506 0.0469 (0.07) 0.0532(0.05) 0.0452(0:10)
PJ21 0.1009 01155 (0.14) 00773 (0.23) 0.1224 (0.21)
AS19 0.0927 0.0767 (0.17)
SB7B 0.4475 0.4289 (0.04) 0.4340(0.03) 0.3227(0.28)
SB11B 0.4268 0.3980 (0.07) 0.4490 (0.05)
NIR (866 nm) SB12 0.4028 0.3639 (0.10) 0.2855(0.29) 0.3817(0.05)
SB17 03774 0.3010(0.20) 0.3574 (0.05) 0.3636(0.04)
PJ21 01782 0.1906(0.12) 01993 (0.07) 0.2092(0.17)
AS19 0.4444 0.4889 (0.10)

retrievals. For the analyzed collection of the stands, results were
slightly improved with increasing cross angle. Mean PE was the
worst for retrievals with ® = 3° (16% in red and 12% in NIR)
and the best at 12% (red) and 10% (NIR) for retrievals with & =
29°. Both these results and the findings from the Section IV-A
confirm that angular observations further away from the prin-
cipal plane are indeed more appropriate for the background
reflectance retrieval, in agreement with the proposal of [27]
that angular observations near the perpendicular plane would be
optimal for background retrieval. This may be due to two rea-
sons: 1) the BRDF effect of the background is minimized and
2) the shadow fraction of the overstorey varies the least along
the perpendicular plane. The angular configuration of our CASI
measurements near the principal plane was designed for the
purpose of clumping index retrieval [62], while the same data
are used for background retrieval. Although this configuration

is not optimal, it was encouraging to see that the background
information can still be reliably retrieved, and this further
demonstrates the robustness of our background algorithm.

Our results further suggest that at least for observations
with larger sun-view azimuthal angle differences (& = 29°
and ® = 15°), the CASI sensor at smaller view zenith angles
delivered slightly more accurate background reflectance
retrievals. This is probably caused by larger proportions of
background seen at smaller view zenith angles. Although the
view zenith angle varied only less than 5° during our CASI
acquisition, our results indirectly support findings by [63], who
observed smaller contributions from the understory with more
oblique viewing angles for CHRIS PROBA data.

Subsequently, a background reflectance map was produced
for a subscene of the study area with minimal coregistration
errors between two images at different view angles (Fig. 6). The
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Fig. 6. CASI background reflectance map (left-red band; right-NIR band) over a subset area of the scene from Fig. 2, near Sudbury, ON, Canada. The spatial

resolution of the image is 20 X 20 m.

TABLE III
COMPARISON OF MEASURED AND CALCULATED BACKGROUND BRF
FrROM CASI DATA (JUNE 2007) IN RED AND NIR BAND OVER ADDITIONAL
SITES, MEASURED IN JUNE 2008. NUMBERS IN BRACKETS ARE
ABSOLUTE RELATIVE ERRORS FROM THE IN-FIELD MEASURED VALUES

site red band (671 nm) MIR band (366 nim)

in zitu CASI in situ CAS|
JO 01543 01441 (0.07) 01372 041703(0.09)
J1 00517 0.0576(0.12) 0.4233 0.4568(0.08)
J2 00985 0.0762(0.23) 02418 0.2991 (0.24)
J3 01092 0.0709(0.35) 0.3405 0.3257 (0.04)
J4 005534 0079610100 0.3330 0.3299(0.02)
J5 0.03439 0.0581 (0.67) 0.3746 0.3595(0.04)

inputs were CASI data from the first flight with & = 29° and
the scene proportions calculated for SB11B, since this site was
deemed to be the most representative of the stand conditions
in the subscene. The area was revisited in late June 2008,
and the map was validated with background reflectance
measurements at randomly placed sites. The compatibility of
the measurements coming from different years (CASI data from
June 2007; field data from June 2008) was assured by visiting
the transect at SB12 and remeasuring all present understory
species. The averaged background site spectral curves for 2007
and 2008 closely agreed with PE of 4%.

Background values were produced only for coniferous stands
in the map (deciduous stands were not present in the area).
Areas covered with peatland, bare soil, or gravel hold their
original nadir reflectances. Table III includes the results of the
background map validation. Location JO corresponds to a road,
and the PE of CASI data to the field measurements was under
10% for both red and NIR band. This confirms the minimal
effect of atmosphere on the data observed by CASI during the
flights over the study area. In agreement with [64], exposed
road showed relatively isotropic reflectance characteristics and
was bright in all viewing directions. The other sites (J1-J5)
corresponded to various coniferous stands (both black spruce
and jack pine). The retrievals were again reasonably close to
the field measurements with few exceptions in the red band.
Overall, background retrievals in the NIR band tend to be more
stable than the ones in the red band. This may be due to an
effect of higher multiple scattering in NIR that balances out
local differences and results in smoother BRDF of these stands.

If the background reflectance signal did not differ from the
overstory canopy, the understory effect on the canopy LAI
retrievals would not be too high and could have been ignored.

Fig. 7 shows the importance of not neglecting the background
reflectance. The background reflectances tend to be higher in
both the red and the NIR band than the total reflectances. This
is because the large shadow fractions at the stand level reduce
the overall apparent reflectance from above the stand, while the
background reflectance refers to its inherent reflectivity. The
relative increase tends to be higher in the red band than in
the NIR band, which results in decreased SR values for the
background in comparison with the total reflectance at the
stand level. Our ground-truth data may still be insufficient for
validating the small regional map produced by CASI, but the
significant shifts in the spectral space from total reflectance
positions in Fig. 7 underline the fact that the background
reflectance and the role of understory cannot be ignored in the
canopy LAI retrieval.

C. Stand Reflectance Simulations

To gain confidence in our approach, we tested the internal
consistency of the 4-Scale model inversions. While the model-
predicted stand reflectances were increasing with canopy fo-
liage, the background reflectance, calculated with (4) based
solely on the outputs from the model, was staying almost
constant (Fig. 8). This behavior confirms that the 4-Scale
model itself through the predicted proportions of components
introduces only a minimal bias into the calculations of the
background reflectance. However, the uncertainties in the input
parameters to the model would be other sources of errors.

In this paper, we acquired detailed information about the
stand structure. Component proportions could be then predicted
fairly well with 4-Scale. What happens if all this stand structure
information is not available? The effects of input stand parame-
ters were therefore investigated. Inputs into the (4) were pro-
portions of components as provided by 4-Scale for every step
in each scenario; total nadir and angular reflectances were kept
constant and corresponded to observations over SB7B site (i.e.,
lower stand density, unmodified background) with ® = 29°.
The retrieved background reflectance changes with increasing
canopy foliage this time (Fig. 9). Illustrated with simulations
for the red band, the results indicate the algorithm performs
well for low to intermediate stand densities—that is, the situa-
tion when the background reflectance does have an important
contribution to the total reflectance of the canopy—but with
increasing canopy foliage, the error is progressively increasing.
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reflectances for the sites from Table III. For clarity, calculated background reflectances only are shown in (b).
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If the assumed canopy foliage was twice the amount observed
in the field, PE reached up to 100% in the red band. This is
not very encouraging. However, one has to bear in mind that
in these cases of dense vegetation canopies, LAI is greater than
five. A high accuracy of the background retrievals for dense
canopies is not possible due to low visibility of the understory
through the dense canopy [12], [61], [65], and the role of the
background understory is then also not so critical. The stand
reflectance at high LAI values is nearly independent of view
directions, and, as mentioned, the background has only a very
small contribution to the total forest reflectance [66]—[68]. The
background plays important role mainly at low to intermediate
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Fig. 9. Sensitivity of the background reflectance estimates to the input stand
parameters. The 4-Scale model calculated the scene background components as
tree size/stand density increased, while the stand reflectance was kept constant
as observed over SB-7 site by CASI. For the legend explanation, see Fig. 8.

stand densities, and the results in Fig. 9 indicate the algorithm
is less sensitive to the input stand parameters in this domain. As
the main purpose for our background reflectance is to improve
LAI mapping which is only sensitive to the background when
the LAI is small, this expected limitation in our methodology
therefore does not defeat our goal of using multiangle data for
LAI mapping.

V. CONCLUSION

This investigation offers new insights into the possibilities
and limitations of multiangle data use for estimating the forest
background reflectance with a GO model. Through an intensive
field campaign including multiangle airborne remote sensing
and concurrent ground measurements in forest stands with
modified and natural backgrounds, we validated, for the first
time, our background reflectance retrieval algorithm. While
other authors noted multiangular data can reduce the effect of
understory [46], [63], we show that under appropriate zenith
and azimuth angular sensor configuration, we can achieve
the opposite as well—the retrieval of the signal from forest
background. We demonstrated that it is feasible to retrieve the
background reflectance with two-angle remote sensing: one at
nadir and the other at an off-nadir angle. Although the off-nadir
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TABLE 1V
OVERVIEW OF INPUT PARAMETERS FOR THE SENSITIVITY ANALYSIS OF THE PREDICTED BACKGROUND REFLECTANCE TO INPUT STAND PARAMETERS

scenario A (constant stand density 2000 treesfha)
Scenario number  tree height (m)  crovwn depth (m) crown radius (m) vertical projected

scenatio B
corresponding stand

Crown area (mz) density (trees/ha)
1 1 0.83 0.34 71364 404
2 2 1.70 048 1427 27 808
3 4 339 067 2854 .55 1616
4 B 5.09 0.33 4281.82 2424
5 3 B.79 095 5709.09 3232
-] 10 5.43 107 7136.36 4040
7 12 1018 117 5563 .64 4548

remote sensing is theoretically optimal on the plane perpen-
dicular to the solar plane, our current study shows that the
retrieval can also be successful if the background reflectance
directionality is considered in the retrieval algorithm.

Several studies have proposed the inclusion of the mea-
surement of the understory component into the canopy LAI
algorithms [69]. While the understory LAI measurements are
part of the field protocol, for example, for the VALERI group
[70] or other networks [71], the information about the forest
understory has not been retrieved from remote sensing data.
The previous progress in retrieving soil-background responses
by [28] and [45] focused on grass- and shrub-dominated areas
and the acquired results cannot be simply extrapolated into the
forest domain. In this sense, we have made one step forward
in retrieving the forest background information from remote
sensing data.

However, the successful retrieval also depends on the esti-
mation of various scene fractions used in the algorithm. These
scene fractions not only depend strongly on the LAI, which
is a required input to the algorithm, but also depend on other
stand parameters, such as stand density and tree size. As these
parameters are often lacking for large regions, we conducted
sensitivity tests of our model, and demonstrated that for low and
moderate density stands with LAI < 5, the error in the retrieved
background reflectance would be within 16% in the red band
and 12% in the NIR band. These results suggest that it is
feasible to retrieve the background information from two angle
remote sensing with only LAI as the additional input. Our next
goal is to apply this algorithm over large areas with MISR data
[31], which provide satellite observations at multiple viewing
and illumination angles. This paper has provided, in addition to
the necessary validation of the theory with airborne and in situ
measurements, an insight into the sources of uncertainties
affecting the performance of the algorithm that will need to
be taken in account for large area mapping. Once the seasonal
variations of the background optical properties can be retrieved
from remote sensing, our regional and global LAI mapping can
be significantly improved.
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