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Most materials show a peaked intensity versus phase (light-source–target–detector angle) curve. For nonneg-
ligible angular apertures of the source and/or the detector, the measured intensity at and near zero phase
(backscatter) is lower than the real one. We derive an averaging aperture integral that represents this effect,
and with it we invert measured intensity values to obtain the actual intensity curve. We also give a practical
formula for estimating the magnitude of the aperture effect in zero-phase intensity measurements and show
that only two such measurements made at different apertures are sufficient for deriving the real intensity.
These corrections are needed in the comparison of measured reflectances in an increasing number of validation
efforts for remote sensing applications requiring ground truth measurements. © 2008 Optical Society of
America
OCIS codes: 140.0140, 280.1350, 290.1350.
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. INTRODUCTION
here are several applications in Earth and space sci-
nces that deal with the measurement of backscattered
ntensity signal. These fields include both active and pas-
ive remote sensing from laser scanners [1–3] and radars
e.g., [4]) to airborne passive sensors operating close to
ackscatter [5]. Backscatter is also investigated in plan-
tary and space science in connection with telescopic or
aboratory research of planetary regoliths and their ana-
ogs [6–8] or spaceborne Earth-observing satellites, such
s NASA’s ICESat, where a spaceborne lidar is imple-
ented [9], as well as in physical scattering studies

10,11].
The peculiar characteristics of light intensity at the

ackscatter geometry set some major challenges to the ac-
urate radiometric calibration of the intensity signal, es-
ecially in terrestrial applications and laboratory refer-
nce studies that aim at the validation of air or
paceborne results [4,12,13], or in a wide range of other
aboratory implications of backscatter measurement
10,14,15]. There are physical studies on backscatter ef-
ects in the remote sensing context [16], but the physical
ature of all these effects is not yet fully understood. In
ractice, the nonlinear surge in target brightness toward
he exact backscatter needs to be calibrated so that the
eflectances measured at backscatter can be compared
ith those acquired by integrating instruments or those
perating at other directions [17]. This requires knowl-
dge of the characteristic backscatter properties of the
arget and an accurate description of the instrument di-
ensions, which also have a strong effect on backscatter
easurements.
As discussed in [18], the aperture widths of the light
1084-7529/08/051142-5/$15.00 © 2
ource and detector typically cause a significant flattening
f the measured intensity versus phase curve at phase
source–sample–detector) angles below �0= ��1+�2� /2,
here �1 and �2 are, respectively, the angular aperture
idths of the source and the detector as seen from the

ample (see Fig. 1). Here we rigorously define this aper-
ure effect and investigate its role in the reconstruction of
he intensity profile and the comparison of zero-phase (of-
en referred to as “exact backscatter”) intensity measure-
ents made at different apertures.
The recent increase in terrestrial laser scanners in re-
ote sensing applications [19], together with the growing

emand for laser-scanner-based reflectance measurement
nd calibration [13,20–22], has made the repeatability of
eflectance measurement an important issue. This is par-
icularly important in applications where ground truth
ata for airborne sensors are collected by terrestrial laser
canners [13] or other backscatter instruments, such as
adars [4]. This emphasizes the question of aperture sizes
nd their effect on the angular resolution of backscatter
easurement. The typical aperture size of an airborne la-

er scanner varies from 8 to 15 cm [23], which means that
he maximum combined source and detector aperture
ngle is about 0.03° at low (e.g., 500 m) flight altitudes.
s the distances in terrestrial and laboratory applications
re much smaller and the aperture sizes in, e.g., terres-
rial laser scanners are of the order of a few centimeters,
he aperture angles are significantly larger. The laser
eam widths in these applications typically vary in the
illimeter scale, which alone increases the combined ap-

rture width at close distances (e.g., a 3 mm laser exit
eam width at a distance of 1 m from the sample causes a
.2° increase). This results in different reflectance signals
008 Optical Society of America
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rom the same target and complicates the comparison of
ata between different instruments.
Since the calibration and usage of laser scanner inten-

ity are at a very preliminary state of study in the field of
aser scanning, the impact of errors in the generation of
urface models and target classification has to be as-
essed in future studies. Preliminary results from air-
orne and terrestrial laser scanning campaigns suggest
hat, for the current detectors optimized for range rather
han intensity measurements, random instrumental er-
ors may play the strongest role [13]. However, aperture
ize effects are a source of systematic errors that can
eadily be corrected for, as we will show below.

This paper presents a description of the aperture size
ffects on the backscattered intensity and provides a prac-
ical method for estimating and correcting the intensity
ffects caused by an increased angular aperture width in
errestrial and laboratory applications of backscatter
easurement. We define the size effects in Section 2 and

xamine the inverse problem of reconstructing the correct
ntensity in Section 3. In Section 4 we present useful ap-
roximate formulas for estimating the correct backscatter
ntensity in measurement calibration and show that our
ormulation is quite consistent with experimental data.

e present our conclusions and discuss the role of aper-
ure size effects in Section 5.

. APERTURE INTEGRALS
et us denote the theoretical phase-angle ��� dependent

ntensity of the light scattered from the sample by I���
assuming fixed source–sample–detector distance and
ource intensity). Due to the nonzero apertures of the
ource and the detector, this intensity cannot be observed
irectly. The observed intensity Io��� is an averaging of
��� produced by light rays scattered at various phase
ngles between �−�0 and �+�0 (see Fig. 1; we assume the
pertures to be perpendicular to the direction to the tar-
et).

Let us define the aperture integral IA�� ;� ;I���� as the
ntegral for observed intensity with one zero-size aperture
source or detector) and one aperture of angular width �,
btained by averaging the intensity integrated over the
perture. Denoting polar coordinates (with the center of
he aperture for the origin) by �� ,��, we have

ig. 1. (Color online) Aperture and phase angle geometry of an
ntensity measurement.
IA��;�;I���� =
8�

�2�
0

��
0

�/2

I���2 + 2�� cos � + �2��d�d�.

�1�

llowing the other aperture to have a nonvanishing size �
ields the double-aperture integral IA2, which is the qua-
ruple integral

IA2��;�,�;I���� = IA��;�;IA��;�;I�����. �2�

his is symmetric with respect to the apertures:
A2�� ,���IA2�� ,��=Io. Here we neglect further weight
unctions (e.g., due to the light source) inside the aper-
ure(s) in the integral as well as third-order effects (inte-
ration of IA2 over the laser spot on the sample, the effect
f which vanishes at �=0 in any case), as their contribu-
ion to the already small total effect is minor in practice.

Both IA and IA2 are straightforward and fast to evalu-
te numerically (it is convenient to interpolate between
uitable previously computed single-aperture values of IA
hen computing the double-aperture integral IA2). By nu-
erical comparisons, we have found that the simple slit

ntegral of [18], a one-dimensional intensity integral over
slit of given width �, often turns out to be a good ap-

roximation of IA2�� ,�� when �=�+� and ��� [but not of
A���, which gives more weight to the edges of the aper-
ure and thus produces a more flattening effect than the
ne-dimensional integral]. This is useful for practical ap-
roximations, as we will show below.

. INVERSE PROBLEM
ssuming a suitable functional representation for I���,
ne can determine the observed intensities by solving the
nverse problem of determining the values of the function

odel parameters P such that the resulting Io from Eq.
2) best fits the N observed intensities Ii

�obs� at phase
ngles �i. This can be formulated as least-squares ��2�
inimization:

�2 = 	
i=1

N

�Ii
�obs� − IA2��i;�,�;I��;P���2, �3�

here the argument I�� ;P� denotes the functional form of
given the parameters P.
In principle, I could be represented as a function series

ith linear coefficients (e.g., a simple polynomial series),
esulting in a simple linear parameter fit. With a well-
ampled near-zero phase region, this may be sufficient for
nalyzing the difference I���−Io��� at ��0, even though
ith larger �, this usually results in nonmonotonic (i.e.,
hysically unrealistic) and not sufficiently smooth I���.
nother possibility is to use models designed to represent

ypical phase-angle behavior, such as the exponential-
inear one used in [18,24]:

I��� = c exp�− �/	� + k� + d, �4�

here P= �c ,	 ,k ,d� are free parameters. In Fig. 2 we
how an example of solving for these parameters with
onlinear optimization as in [24]. The data are from a re-

ndeer lichen [Cladina stellaris (Opiz) Brodo] sample,
easured with 0.3° aperture for the detector and 0.2° for



t
F
=
p
z

f
p
f
a
d
a
s
i
m
r
u
c
t
p
t
l

4
C
U
(
e
t
p

w
(
�
t
E

w

T
e
s
�
i

w
s
f
w

s
z
a

a

H
�
t
s
w
m
f
i
s
f

c
b
a
d
s

F
i
c

A 1i

3
1
2
2
0

e

1144 J. Opt. Soc. Am. A/Vol. 25, No. 5 /May 2008 M. Kaasalainen and S. Kaasalainen
he laser (see [25] for more details). As can be seen from
ig. 2, the obtained intensity function parameters c
0.31, 	=0.3°, k=−0.02,d=0.23 reproduce the observed
oints well and show that the actual intensity peak at
ero phase is almost 20% higher than the observed value.

The assumed form (4) is more restrictive than a general
unction series, but this also serves a regularizing pur-
ose: On experimenting with a polynomial series, we
ound that the estimate of the peak intensity I�0� fluctu-
tes considerably, depending on the chosen maximum or-
er and the noise level of the data. The form (4) may give
slightly conservative estimate of I�0�, as it is not well

uited for representing extreme zero-phase surges, but it
s also more stable in inversion. A spiky �→0 part of I���,

uch narrower than the aperture resolution, contributes
elatively little to the smoothed IA2, so the top I�0� level,
nless regularized, is indeed prone to instability. In typi-
al laboratory measurements, the relative surge magni-
ude should be at least some 15% of the measured zero-
hase intensity Io�0� for the corrected I�0� to stand above
he noise level of Io near zero phase [cf. Fig. 2 and 4 (be-
ow)].

. RESOLUTION EFFECT IN MEASUREMENT
ALIBRATION
sing the slit approximation of [18], i.e., integrating Eq.

4) over a width of �, and setting �=0, we obtain a rough
stimate for the zero-phase intensity decrease as a func-
ion of the aperture resolution and the steepness and am-
litude of the zero-phase surge:

Io�0�

I�0�
=

1

c + d
2	

�
c
1 − exp�−

�

2	
�
 + k�/4 + d
 , �5�

here I is assumed to be of the exponential-linear form
4). The slit width is given by �=�1+�2, and we assume
1��2. For realistic values of k, the contribution of the k
erm is negligible for the value of Eq. (5), so we can write
q. (5) as

ig. 2. Intensity measurements of reindeer lichen [25] (aster-
sks) with modeled Io (solid curve) and estimated I (dashed
urve).
Io�0�

I�0�
� 1 − f� �

2	
� c

c + d
, �6�

here

f�x� =
x

2!
−

x2

3!
+ ¯ . �7�

his gives an approximate value of the expected intensity
rror due to averaging. When the summed apertures are
maller than the scale width 	 of the zero-phase surge
� /2	
1�, the relative decrease D in measured intensity
s thus approximately

D = 1 −
Io�0�

I�0�
�

s�

4	
, �8�

here s=c / �c+d� describes the relative amplitude of the
urge. This is a useful formula for a rough estimate of D
or peaked intensity curves, as the amplitude and the
idth of the peak can be understood in a general sense.
Due to the linearity of Eq. (8), one can estimate the

urge amplitude/peak scale width ratio s /	 and the real
ero intensity from just two different Io measurements Ii
nd Ij made at apertures �i and �j:

s

	
= 4

Ii/Ij − 1

�Ii/Ij��j − �i
, �9�

nd

I�0� =
Ii�j − Ij�i

�j − �i
. �10�

ere one should note that the error of I�0� scales as
I�0�= ��i+�j��I / ��i−�j�, where �I describes the error of

he intensity measurements. One � should thus be as
mall as possible and the other one as large as feasible
ithin the ��2	 regime. In any case, such pairwise esti-
ates require accurate measurements due to the ampli-

ying scaling of errors, and there is always the danger of
nadvertent use of outliers, leading to meaningless re-
ults. The measurements should be repeated at least a
ew times to establish an average estimate.

In Table 1, we show measured Io�0� values for a PVC-
oated polyester tarp of 70% diffuse intensity, which has
een manufactured and used as a calibration target in
irborne imagery and laser scanning. The instrument is
escribed in Fig. 3 (with more details in [13]). The mea-
urements were obtained with varying detector apertures

Table 1. Peak Intensity Decrease D due to
Growing Aperture

perture (°) Io�0�a Estimated I�0� D from IA2 D from (8) I�0�

0.52 0.845 0.92 0.08 0.09 —
0.62 0.829 0.92 0.10 0.10 0.9
0.81 0.809 0.92 0.12 0.15 0.9
1.01 0.770 0.91 0.15 0.17 0.9
1.34 0.732 0.90 0.19 0.22 0.9
1.78 0.720 0.92 0.22 0.30 0.9

aIo�0� denotes the measured intensity at backscatter. I�0� is the aperture-corrected
stimate for the true I�0�. I�0� is the pairwise approximation from Eq. �10�.
1i
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nd a fixed laser aperture 0.24° (combined angular aper-
ure a is shown). The Io�0� intensities were calibrated
ith a 99% Spectralon reference plate measured similarly

o the target. We also show the estimated I�0� from the IA2

odel for each aperture and D from both IA2 and approxi-
ation (8). The exponential-linear model for I��� was de-

ermined as above using the measured phase-intensity
easurement for this material, shown in Fig. 4. Note that

he intensity scales are different in Table 1 and Fig. 4 due
o different measurements, so the absolute intensity for
�0� must be determined separately for each aperture. All
hese values are close to 0.92, and their variation is con-
istent with the noise level of the measurements, so we
onclude that the IA2 model reproduces the aperture effect
ell. Including minor details in the model would make it

ess practicable, and in the inverse problem their effect
ould be eclipsed by the model uncertainty of I���. Ap-
roximation (8) yields D�0.17��deg�. This value holds
ather well even after the ��2	 regime (i.e., here ��1°).

We also show the estimated I�0�1i from Eq. (10) for each
, i pair. This value is surprisingly stable (the error level
f the aperture-change measurement is lower than that of
eometry-changing setups) and close to the one computed
rom IA2. Note that it is not based on any model param-
ters or any other a priori assumptions of the surface

ig. 3. Laboratory measurement for Io�0� at various detector ap-
rtures. The distances from the sample surface to the laser and
o the detector were 82 cm and 108 cm, respectively. The detector
camera objective) f-number was changed to obtain different ap-
rture angles, shown in Table 1.

ig. 4. Intensity measurements (asterisks) of the sample with
odeled I (solid curve) and estimated I (dashed curve).
o
haracteristics. The only assumption needed for deriving
�0� in Eq. (10) is that D be linear in �. The related pair-
ise s /	 values from Eq. (9) vary more but yield a good
verage estimate of the ratio of the surge characteristics
ithout a full intensity curve measurement.

. DISCUSSION
e have shown that the instrument aperture size plays a

ignificant role in the backscatter intensity measurement.
his must be taken into account in remote sensing ground

ruth experiments carried out with nonnegligible instru-
ental aperture widths. We provide a simple formula for

stimating the decrease in the measured intensity de-
ending on the aperture size and the backscattering prop-
rties of the target surface [see Eq. (8)]. We also provide a
ormula [see Eq. (10)] for approximating the actual inten-
ity value at exact backscatter, based on only two sepa-
ate measurements with different aperture sizes and re-
uiring no other information about the surface.
The range differences between airborne and terrestrial

aser scanning provide a practical example of the use of
q. (8) in the validation of remote sensing and ground

ruth experiments. Asphalts, gravels, and sands repre-
ent typical remote sensing land targets, with backscatter
eak enhancement toward 0° typically varying between
0% and 50% [17]. Assuming a 30% peak amplitude and
.5° width, the corresponding decrease in backscatter in-
ensity according to Eq. (8) is 1.5% for each 0.1° in com-
ined aperture angle. For a typical terrestrial laser scan-
er measuring at 2 m distance, the combined aperture
ngle with a 3 mm laser beam width and a 5 cm detector
perture is 1.5°, which results in over 20% drop in the tar-
et intensity. The corresponding drop in intensity for an
irborne laser scanner measuring the same target surface
t, say, 0.03° aperture is only 0.5%, which means that
here is about 20% difference in calibrated intensities
aused by the differences in the angular aperture size
lone. The correction with Eq. (10) is possible, given that

reflectance calibration method (e.g., with calibration
argets and the atmospheric corrections for the long-
ange measurement) is available. As the standard errors
n reflectance measured with current airborne laser scan-
ers are typically of order 5% [26], the impact of aperture
ize effects is small in airborne applications, but it must
e taken into account when comparing the airborne laser
eflectances with, e.g., terrestrial laser measurements ob-
ained with significantly larger apertures.

In planetary science, phase angles very close to zero are
ften obtained in both ground-based photometry and
pace probe missions. Due to the distances, the angular
perture of the detector is negligible, but the apparent di-
meter of the Sun is usually at least a few tenths of a de-
ree. The flattening of the observed intensity curve is now
iven by the aperture integral IA���. Depending on the
urface material’s opposition surge, the apparent zero-
hase intensity can thus be a few percent lower than the
ctual one.
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