Small-angle goniometry for backscattering
measurements in the broadband spectrum
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We present experiments on spectral bidirectional reflectance distribution function (BRDF) effects at
backscatter and discuss the feasibility of new methods for laboratory and field simulations of remote
sensing of land surfaces. The extreme sharpness of the intensity peak allows both directional and
comparative experimental spectral studies of hot spots. We demonstrate wavelength-dependent features
in the hot-spot reflectance signatures that facilitate extension of spectral and directional BRDF mea-
surements of natural targets (such as forest understories and ice surfaces) into retroreflection to exploit
their hot-spot characteristics in the interpretation of spaceborne and airborne data. © 2005 Optical

Society of America
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1. Introduction

The bidirectional reflectance distribution function
(BRDF) describes the directional features of light re-
flected from a surface (see Fig. 1). These features are
characteristic of surface structure and have led to
applications in both terrestrial and planetary remote
sensing for characterizing targets and retrieving the
textural properties of surfaces.’3 Laboratory and
field data are especially useful in developing methods
for investigating spatially complex targets, such as
forests and vegetation canopies.

The BRDF at small phase (light source—target—
detector) angles is often studied as a special case,
both because it requires special instrumentation to
prevent the detector from obscuring the light source
(see Fig. 1) and because it is utilized in several ap-
plications described below. A surge in brightness
near zero phase (often referred to as exact backscat-
tering to distinguish it from backward scattering, i.e.,
reflection to the same hemisphere as the light source)
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is a common feature of most remote-sensing targets,
such as forest and vegetation,45 where it is seen as a
bright spot (called a hot spot) in satelliteborne or
airborne images. The BRDFs for field targets (such as
lichen®7), measured with ground-based goniometers,
often show enhancement in the backward direction,
although zero phase has not been reached. This phe-
nomenon is known in planetary science as the oppo-
sition effect and has been studied for decades for solar
system regolith surfaces and ices (e.g., Saturn’s
rings).8-1° In condensed-matter physics, narrow co-
herent backscattering peaks are observed on a milli-
radian scale. The effect is called weak localization (of
photons), and it has been the subject of various stud-
ies, mostly of small particles.1-12 Applications in-
clude medicine, in which backscattering instruments
facilitate use of noncontact diagnostic methods.3 Ra-
dar backscattering signatures from land surfaces
have also been shown to be distinguishable such that
they can be utilized in radar scatterometers for, e.g.,
identification of snow-free and snow-covered areas.4
Backscattering is involved in laser scanning altim-
etry,’® but the intensity data have not been used thus
far. Some complicated physical mechanisms also
make BRDF near backscattering a special case: The
current physical phenomena related to brightening
are shadow hiding and coherent backscattering, but
their contributions to the intensity peak are some-
what difficult to separate in experimental data.+16
Changes in the polarization ratio are also common
near backscatter, and the polarization features seem
to be even more distinctive than intensity effects.
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Fig. 1. Geometry of BRDF measurement: e and  are angles of
emergence and incidence, respectively. The principal plane is de-
fined by Sun, target, and Observer, and « is the phase angle
between them. (¢ and ¢, are the corresponding azimuths for emer-
gence and incidence.) At a = 0° the detector obscures the light
source. The small-angle goniometer discussed in this paper is uti-
lized to include zero phase in the study.

Thus far, polarization has received more attention in
studies of optics and biological media,'” but it has
found a few applications in planetary and space stud-
ies as well.10.16

Few laboratory measurements have been available
for reference in the study of land surfaces, except in a
few special cases designed for studying the physical
mechanisms that cause hot spots and the opposition
effect of ices.’® No comparisons of ground measure-
ments with data from remote-sensing instruments
that observe in retroreflection (such as POLDER:
polarization and directionality of the Earth’s reflec-
tances®) have been available for systematic study.
Backscattering enhancement has been studied in the
laboratory mostly by use of lasers and diodes!® be-
cause their collimated beams permit easy alignment,
but no spectral information has been reported. The
method has been applied mostly for small-scale sam-
ples, such as powdered minerals and chemicals.10.20.21
Laser- and diode-based devices are also widely used
in optics and medicine for interferometric purpos-
eS.13’17’22

The dependence of backscattering on wavelength
has been observed for planetary targets. There are
variations of as much as 10% in magnitude, such as
the reddening of the asteroid 433 Eros with increas-
ing phase angle23 and variations in brightness of Sat-
urn’s rings between 0.555 and 0.336 pm at >1° phase
angles.® There are practically no broadband or spec-
troscopic small-angle experiments for ground refer-
ence. One of the few laboratory studies thus far
produced no difference between results at 0.543 and
0.633 pm for aluminum oxide.24

The importance of hot-spot signatures for airborne
and satelliteborne remote sensing has been pointed
out for measuring leaf reflectances and canopy struc-
tures.® The systematic exploitation of hot spots in
surface characterization is still in its infancy, and the
use of hot spots in the interpretation of remote data
(from both terrestrial and planetary objects) still
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Fig. 2. Illustration of the QTH lamp system (top) and the exper-
imental setup (bottom). The distances from the lamp and the laser
to the beam splitter were 13 and 100 cm, respectively (having the
QTH source closer than the laser to the beam splitter was crucial
for the alignment), 7-10 cm from the beam splitter to the sample
(depending on what sample is used), and 125 cm from the CCD
lens to the sample. The QTH and laser spot diameters on the
sample were 2.5 cm and 2-3 mm, respectively.

needs to be assessed with extensive laboratory mea-
surements and modeling. The fact that different
backscattering patterns are applied in many other
fields (as discussed above) makes the intensity and
polarization effects worth more-comprehensive inves-
tigation in land surface studies as well. Controlled
laboratory data are essential for the physical study of
backscattering.

We have investigated methods of spectral study in
backscattering with different setups and extended
the laser-based measurement technique to include
broadband sources to supply ground references for
hot-spot signatures measured by airborne and space-
borne instruments. This is to our knowledge the first
(although preliminary) implementation of small-
angle spectroscopy for natural targets. The methods
are outlined in Section 2. Results and conclusions,
with a discussion of suggestions for future improve-
ments, are presented in Sections 3 and 4, respec-
tively.

2. Experiment

The instrument was based on a setup used earlier for
laser measurements.2° The backscattering geometry
was worked out with a plate beam splitter (see Fig. 2):
The reflected spot was retroreflected from the sample
and transmitted through the beam splitter into the
CCD detector. We achieved nonzero phase angles by
rotating the beam splitter to change the angle of in-
cidence upon the sample. The phase angle range was



—3° to 19°; pluses and minuses refer to the viewing
geometry where the spot moved toward and away
from the light source, respectively. We rotated the
sample to get a larger part of the surface illuminated
during the (3-s) exposure and to reduce laser speckle.
Neutral-density filters were used in front of the light
source to keep the signal in the linear range of the
CCD.

Two types of light source were utilized: Lasers and
a quartz tungsten halogen (QTH) lamp. The laser
wavelengths were 633.2 nm (helium-neon) and
1064 nm (diode-pumped Nd:YAG). For a broadband
source we used a QTH lamp with an effective wave-
length range from 350 to 2400 nm mounted in an
Oriel research housing. We obtained a spot by using
a parabolic mirror, an iris, and condensing lenses
(Fig. 2). Spot sizes and uniform illumination are lim-
ited by filament size. Both visible and near-infrared
band beam splitters were used, the former with a
He—Ne laser and a QTH lamp and the latter with the
infrared laser. We found that the visible beam split-
ter reflectance—transmittance ratio varies slightly
with wavelength, but the deviations in the spectrum
can be compensated for by calibration with a spectro-
scopic standard (Spectralon plate).

We computed the nominal angular resolution of the
instrument by summing the angles subtended by
source and detector apertures, as seen from the sam-
ple. The upper limits of the resolutions for the laser
and QTH systems were 0.4°, and 0.9°, respectively.
The resolution of the QTH lamp, however, was also
affected by reduced accuracy in collimation and align-
ment, approximated (from the results) to be 1.5°. In
practice the resolution levels are from 0.4° to 0.9°, as
discussed in Section 3 below.

The spectra were measured with an ASD FieldSpec
Pro spectrometer, which had a 1° fore field-of-view
optics at the end of an optical fiber, which was placed
above the beam splitter. The principal plane BRDFs
were measured with the spectrometer mounted in a
field goniometer designed for large-angle BRDF spec-
troscopy” and a high-power QTH source.

3. Results and Discussion

We present results for aluminum oxide abrasive pow-
der (Micro Abrasives Corporation) of 1-um grain size,
known to show a sharp backscattering peak [at
632.8 nm (Refs. 10 and 20)]; lichen [Cladina arbus-
cula (Fig. 3)] to demonstrate a natural target with
complicated surface structure and a strong signal in
the infrared; and a sand sample with a 125-250-pm
grain size range, sieved from a larger sample taken
from Kalajoki dunes, a typical Finnish land target.
The samples were chosen because of their different
optical properties and suitability for test measure-
ments.

A. Brightness Effects

All intensities are presented relative to the intensity
of a Spectralon standard (i.e., divided by its average
value in the linear part of the phase curve, where its
phase curve is close to constant). The reflectances are

Fig. 3. Lichen (Cladina arbuscula) sample. The stand was ~5 cm
high.

plotted in Figs. 4 and 5. The hot-spot signals are
prominent for aluminum oxide and lichen, regardless
of the light source (although the intensities near zero
are rounded in the QTH measurements). A peak also
occurs in the laser phase curves of the sand sample.
Differences in the signals among samples can be dis-
tinguished from all the measurements.

Phase curves of aluminum oxide with all three
light sources are compared in Fig. 4 (left). The shape
of the phase curve at 1064 nm agrees with the QTH
curve down to 0.7°, where the rounding of the QTH
measurement takes effect. A slight decrease in inten-
sity at phase angles of <5° is observed at 1064 nm
and with white light but not at 633 nm, which sug-
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Fig. 4. Left, backscattering peaks for aluminum oxide at 1064
and 632.8 nm and white light (QTH) and right, QTH phase curves
of lichen (asterisks) and sand (squares).
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Fig. 5. Comparison of backscattering peaks for lichen (left) and
Kalajoki sand (right) measured with a laser at a, 1064 and b,
632.8 nm.
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Fig. 6. Comparison of phase curves of the lichen sample at 1064
and 633 nm measured with lasers (from —2° to +5°) and with the
spectrogoniometer (other angles).

gests strong wavelength effects with increasing
phase angle. The sand sample shows a similar effect
[differences at larger phase angles have also been
observed for, e.g. asteroid 433 Eros (Ref. 23)], but for
lichen the intensities seem to drop for all measured
examples.

To give an example of extended BRDF spectrogo-
niometry and illustrate the magnitude of the back-
scattering surge over a large-angle scale, we
combined the laser phase curves for lichen with the
principal plane measurements (see Fig. 1 for the ge-
ometry) at 1064 and 633 nm (Fig. 6). We made the
plots by normalizing the laser intensities with the
principal plane BRDF at 5°. More research needs to
be done for better compatibility (the intensity levels
do not coincide because of, e.g., polarization and dif-
ferent angles of incidence).

B. Spectral Effects

The amplitudes of the brightness surges [1(0°)/1(5°)]
are compared in Table 1. The lichen sample shows a
striking difference between the magnitudes of the
surge at 1064 and 632.8 nm, whereas for aluminum
oxide (Al,O;) the difference is within the measure-
ment error. This is also seen in the corresponding
plots in Figs. 4 and 5. Nelson et al.24 found no differ-
ence for aluminum oxide at 633 and at 543 nm. Com-

Table 1. Comparison of Backscattering Peak Amplitudes®
Laser Intensity
Sample 1064 (nm) 632.8 (nm) White Light (nm)
Al O, 1.33 1.31 1.15
Sand 1.15 1.13 1.07
Lichen 1.69 1.87 1.17

“Measured here as 1(0°)/1(5°), where I is the intensity.
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Fig. 7. Spectra of lichen at increasing phase angles. The varia-
tions in intensity from 0° to 12° are of the order of 3% at 1064 nm,
20% at 633 nm, and 15% at 1500 nm.

bined with the present result, this implies that for
more than a factor of 2 in wavelength there appears
to be no dependence on wavelength of the angular
width of the brightness surge, which is difficult to
explain by use of the coherent backscatter models
that predict a strong wavelength dependence.2¢ The
QTH peaks are smaller because of rounding, but the
differences between samples are in qualitative agree-
ment with those from laser data.

To get insight into the wavelength effects in the
broadband spectrum we made an exploratory plot of
spectra at approximately 0°, 3°, 7°, and 12° phase
angles (Fig. 7). Although the limited accuracy of this
experiment has smoothed out the effects, clear differ-
ences can be observed in the spectrum as the phase
angle increases. The variations are strongest near
600 and 1500 nm. Stronger variation at 600 nm than
at 1064 nm was also shown with lasers (Table 1).

C. Effect of Instrument Resolution

The angular resolution of the instrument is crucial
because of the extremely spiked nature of the bright-
ness surge near 0°. Better resolution is obtained with
lasers, but no such collimation can be achieved with
a white-light source, such as the QTH lamp used in
the present study or the broadband sources used in
most BRDF goniospectrometers. We investigated the
rounding of the phase curve, using a simple realistic
form for intensity I as a function of phase angle x:

I(x)=cexp(—|x|) +k|x| +d, @)

where c, k, and d are constants. This is an empirical
representation for I(x) for many surfaces.18:20 The ef-
fect of the resolution width, designated a here, can be
approximately simulated with integration over a slit
of width a at each phase angle x (at the center of the
slit) to get the rounded function I5(x):
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Fig. 8. Rounding of the phase curve with 1.5° angular resolution.
The phase curve is illustrated by an exponential function [sharp
curve; see Egs. (1) and (2)].
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When a = 1.5° is chosen, as in the case of our QTH
source, rounding of the phase curve occurs at phase
angles —0.75° < x < 0.75° as is demonstrated in
Fig. 8 (we chose ¢ = 1 and d = 0 for the plot). The
phase curve near 0° is not, however, completely flat-
tened (probably because the peak itself is so sharp)
and to some extent represents a sharp effect, and it is
possible either to observe the relative differences be-
tween surfaces or retrieve more-accurate peak infor-
mation by deconvolution (although the feasibility of
that approach should be further studied). It is also
worth noting that the phase curves practically coin-
cide down to x = 0.75° which is way below the phase
angle range of most goniometers.

4. Conclusions

We studied the methods of broadband and spectral
backscattering measurement and investigated their
ability to bring out the characteristic optical proper-
ties of various samples. We demonstrated an exten-
sion of bidirectional reflectance distribution function
measurements into a hot-spot region and introduced
an experiment for devising backscattering measure-
ments in white light for the directional and compar-
ative spectroscopic study of hot spots. It turned out

that small-angle spectroscopy is a source of further
information and can be used as a characterization
tool, especially for natural targets. In the absence of
high collimation small-angle spectrogoniometers, the
application of a particular instrument is critically
dependent on its angular resolution:

1. Measuring accurately the properties of a hot spot
near 0° phase requires microalignment because of the
extremely peaked nature of the brightness surge. For
a quantitative physical study of and information on
peak properties, a coherent light source is needed,
although the utmost—almost superexponential—
sharpness of the surge sets a limit for its well-defined
observation at zero in other than a relative sense.
Lasers have proved superior in directional and wave-
length case studies but are limited to narrow-
wavelength bands.

2. Differences in peak properties are observable, at
least qualitatively, with noncoherent (broadband)
sources as well. The broadband light source is capa-
ble of facilitating a relative study of spectral effects in
backscattering and of providing a reference for re-
mote observations. There is a demand for this infor-
mation because many remote-sensing instruments
observe hot spots. Inasmuch as they are the only
means of small-angle BRDF spectroscopy thus far,
broadband sources are worth further development for
better collimation and accuracy. For remote instru-
ments that use the Sun as a light source, the size of
the solar disk fixes the smallest angular resolution to
0.5°.

There are several extensions for the methods pre-
sented here. The use of larger (than laser) spot sizes
will facilitate the study of scale effects in backscatter,
which play a role in the comparison of data from
various instruments. A combination of multiangular
(BRDF) and backscatter data would also enhance the
empirical testing of light-scattering models on an ex-
tended angular scale. Deconvolution of data near 0°
holds the prospect of extrapolation of measurements
(cf. Ref. 17), at least to provide phenomenological
insight into the peak properties closer to 0° than any
instrument permits.

We are working toward further development of a
small-angle goniometer for improved resolution,
alignment, positioning, and more-accurate albedo
measurement. The problems to be addressed in the
future include finding the most suitable wavelength
and angular ranges for signature studies and use of
the versatility of the present instrument to simulate
adequately the various remote-sensing experiments
in the laboratory.
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to material improvements. This research was sup-
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