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Abstract

Spectral and directional re�ectance properties of coniferous forests are known to di� er from those of broadleaf forests. Many
reasons have been proposed for this, including di� erences in the optical properties of leaves and shoots, the latter being considered
the basic unit in radiative transfer modeling of a coniferous canopy. Unfortunately, very little empirical data is available on the
spectrodirectional scattering properties of shoots. Here, we present results of angular measurements (using an ASD FieldSpec 3
spectroradiometer mounted on LAGOS) of ten Scots pine shoots in the spectral range 400–2000 nm. The shoots were found to
scatter anisotropically with most of the radiation re�ected back into the hemisphere where the radiation source was positioned. To
describe the measured directional scattering pattern, we propose a phase function consisting of isotropic and Lambertian scattering
components. Next, we used the proposed scattering phase function in a Monte Carlo radiative transfer model. Angular re�ectance
of a modeled horizontally homogeneous shoot canopy has, due to shoot scattering anisotropy, an enhanced “dark spot” as compared
with a canopy composed of isotropic scatterers and a quantitatively similar leaf canopy.
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1. Introduction

Coniferous canopies have several distinct structural features,
and therefore, impose modi�cations on radiative transfer mod-
els originally formulated for broadleaved canopies. Basic con-



Figure 1: The measurement setup as viewed from a) above and b) side. Diagram
not to scale.

solid angle of 4� .
Previously, Ross et al. (1994) carried out angular multispec-

tral measurements of the bidirectional re�ectance distribution
function (BRDF) of Scots pine (Pinus sylvestris) shoots. Due
to the limitations of the measurement apparatus, measurements
were performed in a single plane only and the results could
not be integrated to obtain shoot scattering coe� cient, or the
shoot albedo! S H. Using these measurements, Nilson and Ross
(1997) presented a radiative-transfer based approach for mod-
eling the re�ectance properties of a shoot canopy. However,
a direct validation of the theory is still missing, mainly due to
lack of empirical data. Additionally, several Monte Carlo ra-
diation transfer simulation results have been published which
display detailed complex scattering patterns as functions of the
angles between the shoot axis, illumination and observation di-
rections (e.g., Smolander and Stenberg, 2003; Rochdi et al.,
2006). These Monte Carlo simulations, however, have ignored
the specular re�ectance component and made simplifying as-
sumptions on needle shape and shoot geometry.

In this paper, we report a laboratory-based experimental de-
sign for measuring the scattering phase function of coniferous
shoots and demonstrate its feasibility using Scots pine shoots.
We analyze the directional scattering measured for these shoots
and test simple scattering phase functions against our empirical
data. Next, we use a Monte Carlo model to predict the re�ective
properties of horizontally homogeneous canopies consisting of
phytoelements with three di� erent phase functions parameter-
ized using our measurement results. Finally, we discuss the
implications of our results on inverting remote re�ectance mea-
surements made above coniferous canopies.

2. Materials and methods

2.1. Instrumentation

The measurements were performed using the LAGOS ge-
ometer system (Dangel et al., 2003, 2005) in April 2011. The
goniometer system facilitated measuring of radiation scattered
by an object located in its center into almost any direction in

the upper hemisphere. While the azimuth range of the system
covered the full circle, the maximum zenith angle was limited
by construction to 74� . The accuracy of determining the view
zenith and azimuth angles was better than 1� . The radius of the
arc of the goniometer corresponding to the distance between
the sample (in our case, a pine shoot) and the spectroradiometer
was 2:00 m. The goniometer was installed in a dark room with
spectrally neutral black walls. The �oor inside the goniometer
arc was covered by black plates. A schematic presentation of
the setup is given in Fig. 1.

The spectra were recorded with an ASD FieldSpec 3 spectro-
radiometer with no foreoptics (Milton et al., 2009). The spec-
troradiometer covered the spectral range from 350 to 2500 nm
with a spectral resolution of 3 nm at 700 nm and 10 nm at 1400
and 2100 nm. Thus, the area in the center of the goniome-
ter corresponding to the �eld-of-view (FOV) of the instrument
was much larger than the projected area of a shoot. This con-
�guration was chosen due to the non-uniformity of the FOV
of the FieldSpec (MacArthur et al., 2007). The receiving sur-
face of the instrument was an open end of a bundle of optical
�bers used to transmit the radiation to the sensors. However,
the individual �bers of an ASD instrument are oriented at small
angles to the optical axis and tend to see slightly di� erent ar-
eas around the center of the FOV. Clearly, this causes problems
when measuring non-uniform objects such as shoots on a con-
trasting background. By ensuring that the signal originates only
from the very center of the FOV close to the optical axis, the
non-uniformity was signi�cantly reduced. The uniformity of
the FOV in the small solid angle containing the shoot was veri-
�ed by rotating the open end of the optical cable while keeping
it centered at the shoot. Doing so, we observed only slight vari-
ations in the spectral radiance recorded by the instrument. To
decrease the signal caused by stray light, a view limiting tube
made of black cardboard was attached to the �ber, restricting
its FOV to approximately 15� . This angle was chosen to guar-
antee the full visibility of the shoot in spite of the possibility of
small alignment errors. As a drawback compared to using fore-
optics (such as the standard 8-degree lens limiting the FOV to
about twice the projected area of a shoot), a signi�cant amount
of radiant power was lost.

The spectrometer was used in digital number mode, i.e. the
output of the instrument was not converted into radiometric
units. Instead, we used a relative measurement scheme: be-
fore and after measuring the scattering properties of a shoot,
we measured the signal re�ected by a 2-inch calibrated Spec-
tralon white re�ectance panel. Similarly to the pine shoots, the
projected area of the panel was much smaller than the FOV of
the spectroradiometer. The panel was attached to a tripod and
carefully oriented to be perpendicular to the incident radiation
beam. The rod attaching the panel to the tripod was covered
with spectrally neutral black canvas. The small contribution of
the attachment system was measured after removing the panel
and corrected for during data processing.

We used a brightness-stabilized quartz tungsten halogen
lamp and lens system (manufactured by Oriel, type 6317) as the
radiation source. An aspherical re�ector in combination with a
Köhler illuminator and a condenser secured spectral and radia-
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tion inhomogeneities of the projected beam to be less than 2%.
The lamp was located in the horizontal plane of the center of the
goniometer with the latter being in the center of the beam. The
diameter of the beam in the lamp window was about 4 cm and
the divergence of the beam (half-vertex angle) was 12� . The
distance of the lamp window from the center of the goniometer
was 80 cm. Thus, the diameter of the light cone at the location
of the shoot (� 40 cm) was considerably larger than any shoot
dimension, i.e. the shoot was completely irradiated during the
measurements.

In addition to radiometric measurements, the projection area
of the shoot had to be determined. For this purpose, we used a
12-megapixel Nikon D90 digital camera mounted on a tripod at
a distance of about 4 m from the shoot on the optical axis.

2.2. Measurements

We used a simple two-dimensional quadrature on the sphere
to measure the directional re�ectance properties of a shoot. Az-
imuth was sampled at equal steps in its compete range (360� )
while the polar angle values# i were chosen so that cos# i ,
0 < # i < 180� , are the Gauss-Legendre nodes on [� 1; 1].
We selected a quadrature with six nodes, but as the goniome-
ter allowed to sample only one hemisphere at a time, just three
zenith angles were used for each azimuth value: 21:2� , 48:6� ,
and 76:2� . In practice, the maximum zenith angle achievable
by the goniometer was about 74� . We assumed that within the
general accuracy of the experimental setup, the two-degree dif-
ference was negligible. There were two additional limitations
to the measurable angle range. Measurements in the principal
plane (azimuth angles 0 and 180� ), # = 74� was not achievable
as in the backscattering position, the shoot was blocked by the
lamp; in the forward scattering direction, the sensor was in the
direct light beam which masked the weaker scattered signal.

Stray light (i.e., signal with no shoot) was measured for
all directions in the quadrature. To reduce the noise present
in the data, standard Savitzky-Golay �ltering was applied to
stray light data separately for each direction. The spectrally
smoothed stray light signal was subtracted from each measure-
ment before further processing. The spherically integrated con-
tribution of stray light was usually below 5% of the scattered
signal for a shoot for wavelengths between 400 and 1800 nm.
In ultraviolet and the longwave end of SWIR spectral region,
stray light occasionally exceeded 10%.

The numberm of the azimuth angle nodes� i used was 12,
i.e., double the number of polar angle nodes. This corresponds
to an azimuth angle step of 30� . The weights corresponding
to each measurement angle (# i ; � j) wereWi j = � wi=m, where
wi is the Gauss-Legendre weight corresponding to the polar an-
gle # i . This quadrature provides reasonable accuracy for inte-
grating over 4� (e.g., Atkinson, 1982) . The chosen quadrature
suited well the construction of the goniometer: after �xing the
azimuth angle, the measurements for the polar angles in one
hemisphere could be made in a fast succession. For the miss-
ing directions in the quadrature, interpolation was used. For the
missing scattering measurement in the backward direction, i.e.,
in the direction closest to the hotspot, we used the largest value

recorded in four closest neighboring nodes. For the missing di-
rection close to forward scattering, the average signal of its four
closest neighbors was used.

The shoot was �xed in the center of a specially designed
shoot holding frame using ordinary black sewing thread. The
frame consisted of a metal ring with a diameter of 1:0 m with
four handles in cardinal directions to allow fast attachment and
rotation by a �xed angle. The shoot was attached with its axis in
the plane of the frame and approximately horizontal. The frame
with the attached shoot was placed in the orthogonal plane (nor-
mal to direction of the light beam) in the middle of the goniome-
ter arc so that the shoot was always irradiated from its longest
side, maximizing radiation interception. The goniometer was
then used to measure the scattered signal in one hemisphere.
Next, the frame was rotated 180� while not changing the irra-
diated side of the shoot and re-centered within the light beam.
After completing the measurements in the second hemisphere,
we had covered the solid angle of 4� .

The observation geometry described above meant that the
frame was in one of the measurement planes corresponding to
� = 90� and � = 270� , thus blocking the spectroradiometer's
view in this plane. To avoid this, we used the average of the
scattering at� = 80� and� = 100� as an estimate for scattering
at � = 90� . Similarly, the average signal of� = 260� and 280�

was used for� = 270� .
We allowed the spectroradiometer to warm up for a su� cient

amount of time (always more than 1h). Dark current was mea-
sured at approximately three minute intervals before each scan
over the zenith angle. Due to the low signal levels caused by
a small (compared with the FOV of the instrument) dark target
on a black background, the radiation collection settings were
set close to the sensitivity limits of the instrument: integration
time for the VNIR (visual and near-infrared radiation) region
was set to 1:09 s, the gains for the two SWIR (shortwave in-
frared) sensors were set to 8. Five spectra were averaged for
each measurement direction.

After measuring the scattering signal in each hemisphere, the
shoot was photographed to obtain its projection area perpendic-
ular to the direction of incident radiation. A di� usely illumi-
nated screen was placed between the shoot and the lamp. A
scale was placed next to the shoot to enable accurate measure-
ment of the physical dimensions of the shoot from the image.
Images were stored in 12-bit raw format and processed with
ImageJ (version 1.44) software to obtain intercepting areas.

2.3. Sampled shoots

Ten Scots pine shoots were collected from the vicinity of the
Irchel campus of University of Zurich in March 2011. Shoots
were selected visually to cover a reasonable range of their nat-
ural variation. Only the youngest shoots corresponding to the
previous year's growth were selected. Within the sample, the
length of the twig inside the shoot was between 6 and 17 cm,
the number of needles varied between 98 and 226. Basic char-
acteristics for all ten shoots are given in Table 1, silhouettes of
the shoots are presented in Fig. 2.
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Table 1: The basic structural characteristics of the measured shoots: length of the twig of the shoot, the number of needles comprising the shoot, mean needle length,
and the irradiated silhouette area.

shoot number 1 2 3 4 5 6 7 8 9 10 Mean
twig length (cm) 14:8 6:1 10:9 10:4 13:7 13:6 16:8 7:7 8:3 9:2 11:2
no. of needles 194 98 170 132 226 144 198 148 100 110 152

mean needle length (cm) 6:6 4:7 5:8 6:3 4:8 5:7 5:7 6:8 6:8 6:7 6:0
silhouette area (cm²) 63:5 22:5 45:4 46:3 50:3 43:3 51:2 43:8 34:3 35:5 43:6

Figure 2: Silhouettes of the measured shoots recorded with a digital camera.

2.4. Analysis

We �tted three simple scattering directionality models (also
known as shoot scattering phase functions) to the measured di-
rectional scattering signal. The goodness of model �t was char-
acterized using the root mean square di� erence de�ned as
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where S(
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 , Sid(
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ically scattering non-absorbing sphere with an interceptance
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 ) is a shoot scatter-
ing phase function model (

R
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spectral albedo,
 i is a direction in the quadrature,Wi is the cor-
responding quadrature weight, andN = 72 is the total number
of quadrature nodes.
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is the empirical phase function obtained from measurement re-
sults.Sid(
 ) was calculated using the reference panel measure-
ments and photographically determined projected shoot area.

ThreePS H(
 ) shapes were tested against the measured di-
rectional scattering signal: isotropic, Henyey-Greenstein, and
isotropic-Lambertian phase functions.

The isotropic phase function is mathematically written as

PIS O(
 ) � 1. (3)

In case of isotropic scattering, just a single parameter, the shoot
spectral albedo! S H, is used to predict the scattered signal for
any incident radiation �eld conditions.

The Henyey-Greenstein phase function is given as

PHG(
 ) =
1 � g2

q �
1 + g2 � 2gcos#

�3
(4)

(Henyey and Greenstein, 1941), where# is the scattering an-
gle (angle between
 in and
 corresponding to the directions
of photon travel before and after scattering, respectively) and
g (� 1 � g � 1) is a parameter describing the directionality
of scattering. Eq. (4) is a popular empirical single-parameter
model used to describe scattering in various media. With
the addition of shoot albedo! S H, we obtained a simple two-
parameter model for describing directional shoot scattering.

The isotropic-Lambertian scattering phase function is based
on the analysis of the measured anisotropy of shoot scattering.
It is a superposition of two simple common scattering phase
functions: isotropic scattering and Lambertian re�ection:

PIL(
 ) =

8>><
>>:

fiso, cos(
 in; 
 ) > 0
fiso + 4 fLambjcos(
 in; 
 )j , cos(
 in; 
 ) < 0

, (5)

where fiso and fLamb are the fractions of isotropic and Lamber-
tian scattering, respectively,fiso + fLamb = 1. The normal of
the imaginary surface producing the Lambertian component is
opposite to the direction of incident radiation. The factor 4 in
the Lambertian scattering term of Eq. (5) for backward scatter-
ing (cos(
 in; 
 ) < 0) is a result of normalization. Similarly to
the case of Henyey-Greenstein phase function, use of Eq. (5)
requires speci�cation of two parameters.

We used a simple Monte Carlo model to predict the re�ective
properties of canopies consisting of objects (in our case, shoots)
with di� erent scattering phase functions. The modeled scene
consisted of a horizontally in�nite and homogeneous layer. The
physical dimensions of shoots were ignored and the mean free
paths of photons were generated assuming exponential attenua-
tion of radiation (i.e., a turbid medium approach). No hot-spot
corrections were applied. Only direct collimated incidence was
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