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Improving Earth Background Characterization
Through Modeling and Measurements of Leaf
Bidirectional Reflectivity
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Elena Y. Adams

he Earth albedo, or the ratio of the upwelling to down-welling radiative flux at

the surface, consolidates both wavelength- and angle-dependent information,

often oversimplifying surface properties. Accurate characterization of this

parameter is important for many Johns Hopkins University Applied Phys-

ics Laboratory (APL) programs. Within the albedo value is the bidirectional reflectance
distribution function (BRDF), which describes the angle dependency of reflectance and
emission relative to observation angle, solar angles, and wavelength. As a first step
toward improving land characterization of Earth and assisting with removal of land
radiative effects to reveal pristine target signatures, we developed a semiempirical BRDF
model for leaves. Leaves are easy to acquire, easy to integrate into an existing facility,
and highly seasonally and regionally dependent. Typical leaf reflectances used in model-
ing cover a wavelength of ~500—2000 nm. We extended this database from 250 to
10,000 nm to examine the radiative impact of surface albedo. In this article, we pres-
ent the model and compare it with quantitative observations for red maple, dogwood,
and white oak leaves. Implementing the default parameterization of a maple leaf in the
Moderate Resolution Radiative Transfer (MODTRAN) radiative transfer code results in a
retrieved radiance error of 1-3% relative to our improved BRDF model. This error is out-
side the required absolute accuracy for environmental and atmospheric models used at
APL and highlights the need to use our new parameterization for environmental studies.

INTRODUCTION

Reflected solar radiation from Earth is directly mea-  and atmospheric components and depends on the direc-
surable by satellite instrumentation. The reflectance  tion of solar illumination and angle of observation.
observed by a spacecraft sensor contains both surface =~ Whether the observational intent is to gather infor-
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mation about the atmosphere specifically or to identify
embedded surfaces or targets, decoupling the effects
of these contributions is critical to accurately deriving
thermal and intensity information for objects of interest.
As discussed by Hudson et al.,! this decoupling is chal-
lenging because the atmospheric and surface interaction
comprises multiple scattering effects.

It is critical to extricate atmospheric, surface, and
target properties for a broad range of applications. For
example, both Johns Hopkins University Applied Physics
Laboratory (APL) Air and Missile Defense and National
Security Space Mission Area applications require accu-
rate, radiometric characterization of specific man-made
targets. Physical changes in the target (e.g., material, tem-
perature, and emissivity changes) must be disentangled
from the physical changes of Earth’s background. Neglect-
ing changes in the atmosphere or environment may result
in attributing natural variability to changes in the target.
Ignoring surface scattering and reflection properties has
led to uncertainties as high as 15-20% in radiance and
surface brightness retrievals.?2 For APLs Civil Space Mis-
sion Area, it is essential to distinguish between short-term
(hourly, daily) cloud reflection and long-term (seasonal,
annual) ice reflection.? This knowledge of surface reflec-
tivity, input into general circulation models for climate
change investigation, has a substantial impact on model
predictions.* In particular, assumed land surface reflectiv-
ity directly affects global surface energy and water bal-
ance in these simulations. Deviations between satellite
observations and model assumptions of surface reflectiv-
ity reveal errors >25% in surface reflectance.’

The percent reflection of Earth, as viewed by a satel-
lite, is referred to as albedo, or the ratio of the upwell-
ing to down-welling radiative
flux at Earth’s surface. The

albedo is related to the inte- 0.633 pm

(<10%) result in large thermal changes (>80%).° An
absolute accuracy of 0.02-0.05 for albedos is required
for climate, biochemical, and hydrological models (e.g.,
Ref. 6). Models used at APL through NASA Earth sci-
ence programs require this accuracy to assess anthro-
pogenic and nonanthropogenic contributions to the
Earth climate system. APLs National Security Space
and Air and Missile Defense Mission Areas require
this accuracy to assess the radiative signature of the
atmosphere on target detection, identification, and sig-
nature analysis.

Earth surface BRDFs are highly dependent on land
surface characteristics, including vegetation type (or lack
thereof), soil, moisture, and physical state (solid, liquid,
gas). BRDFs, and consequentially albedos, may be physi-
cally modified through seasonal changes, anthropogenic
particulate deposition (such as soot, aerosols, etc.), agri-
cultural practices, deforestation, urbanization, and daily
meteorologically driven actions (wind, erosion, etc.). As
the radiometric interface between the land surface and
the atmosphere, the albedo both defines the lower bound-
ary for atmospheric radiative transfer and details the
total shortwave energy input into the biosphere.” Surface
albedo is an important parameter used to investigate the
net change between incoming radiation energy and out-
going radiation energy in the Earth climate system (e.g.,
Ref. 7). At the most basic level, understanding changes in
the BRDFs of a variety of natural surfaces (e.g., leaf/tree
type, ice, sand, rock) will enable more accurate deriva-
tions of surface albedos.

As a first step toward creating an improved data-
base of natural Earth surface BRDFs for use in APL
National Security Space and Civil Space Mission Area
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Figure 1. Experimental setup of the AMD BRDF system. Inputs are five laser sources shown on
the left. Inputs travel through a series of optical components (middle). Shown on the right is the
position of the sample on a rotating stage and mobile sensor unit. Reproduced from Ref. 15.
© 2010 Society of Photo Optical Instrumentation Engineers.
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applications, we have developed a semiempirical BRDF
model for leaves using the APL Air and Missile Defense
Sector’s BRDF laboratory facility with parameters from
the Leaf Optical Properties EXperiment (LOPEX)
database.® Sponsored jointly by APL National Secu-
rity Space Mission Area and Research and Exploratory
Development Department independent research and
development funding in 2009, we developed a model
for leaves specifically, but the model has potential for
broad application. Leaves are easy to acquire, easy to
integrate into the existing APL facility apparatus, and
highly seasonally and regionally dependent. They cover
~10% of Earth.

By investigating BRDF variability in leaves as a func-
tion of species, water content, chlorophyll content, and
thickness, we begin to understand how a more complex
system, such as a tree or canopy, may be parameterized.
An initial simple analysis of the BRDF of individual
leaves is required before we can extrapolate and study
the signatures of trees and forests: we anticipate the
BRDF of entire trees and forests would be highly com-
plex and variable but would maintain an underlying
signature associated with plant type. Leaf reflectance is
partly due to roughness with varying density, dimension,
and refractive indices and partly due to scattering off
cell surfaces.” The leaf is the primary energy-harvesting
element of a plant and provides the energy necessary
to drive the conversion of CO, into plant sustenance.!
Remote sensing observations of changes in leaf reflectiv-
ity and emission can provide information about plant
type (e.g, detection of invasive plant species)!! and
information about changes in ecosystems (e.g., Ref. 12).
We have compared our model and observations with
the Leaf Experimental Absorptivity Feasibility MODel
(LEAFMOD)!® and found them to agree favorably. We
have parameterized leaf BRDFs for the 0.3- to 3.5-pm
wavelength range for deciduous leaves: maple, dogwood,
and oak leaves. We anticipate
deciduous tree leaves to have
simpler BRDFs, facilitating
preliminary analysis. Fur-
ther study would incorporate
coniferous species. The leaf
parameterization has been
implemented for inclusion
in the Moderate Resolution

MODELING AND MEASUREMENTS OF LEAF BIDIRECTIONAL REFLECTIVITY
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Figure 2. The leaf specimen is vertically attached to the rotation
stage in the center of the apparatus. The laser beam is then inci-
dent on the sample, and the resultant reflection/scatter is mea-
sured at the detector.

ing from man-made surfaces such as ceramics, paints,
and metals. There are currently many laser wavelengths
available for measurements from UV to the longwave
infrared (LWIR), although only five are depicted in
Fig. 1. Free-space mirrors are used to manually select the
wavelength of interest for each series of measurements.
A lock-in detector is used to separate the reflected signal
from background light, and a chopper is used in the path
of the continuous wave lasers for this purpose. Mirrors
are used to focus the laser light onto the signal detector,
which is mounted on an extension arm attached to a
rotation stage. The sample is placed in the center of the
detector circle on the second rotation stage, which con-
trols the incident angle of the laser light. The leaf speci-
men is vertically attached to the second rotation stage
(Fig. 2). Figure 1 depicts the layout of the BRDF facility

F "

Radiative Transfer (MOD-
TRAN) model.13

EXPERIMENTAL SETUP

The Air and Missile
Defense Sector’s BRDF labo-

ratory system is shown in
Fig. 1. The system is typically
used to analyze the scatter-

Figure 3. Spring/summer flowering dogwood leaf (top left), red maple leaf (top center), and
white oak leaf (top right) and fall maple leaf (bottom left) and oak leaf (bottom right).
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Figure 4. Spectrum of the default MODTRAN4 maple leaf reflec-
tance (blue), spectrum of a green paint sample (red), dry maple
leaf reflectance spectrum (green), and fresh maple leaf reflec-
tance spectrum (black). Notably, the dry and fresh samples have
distinctly different chlorophyll “red edges” near 0.750 pm, such
that the dry leaf (green) has a smoother slope between 0.5 and
1 pum relative to the sharp, near-discontinuity of the fresh leaf
(black). Differences in water content and leaf thickness account
for amplitude changes. The MODTRAN4 spectrum has a coarser
resolution and does not enable the model user to differentiate
between dry and fresh leaves. For comparison, we have included
a green paint sample, which mimics features of the leaves, includ-
ing the chlorophyll bump near 0.5 pm.

with some of the available laser wavelengths represented.
A current list of available wavelengths includes: 0.375,
0.405, 0.532, 0.633, 0.635, 0.760, 0.830, 0.905, 1.064, 1.55,
3.39, and 10.6 ym and a scanning optical parametric
oscillator that includes wavelengths from 1.4 to 1.9 and
2.4 to0 3.8 um. APL recently acquired a vacuum chamber
with optical ports spaced at 20° increments in the scat-
tering plane. This chamber facilitates the measurement
of high-temperature BRDFs using either a resistive heat-
ing element to heat the sample from the back or a 40-W
CO, laser to heat the sample from the front.

Three different species of leaves were analyzed: (i) red
maple (Acer rubrum), (ii) flowering dogwood (Cornus
florida), and (iii) white oak (Quercus alba), shown in
Fig. 3. Leaf samples were collected from APLs main
campus. Both “fresh” and dry leaves were analyzed. In
the case of fresh leaves, a sample from each of the species
was selected immediately before measurements were to be

conducted. This was done to ensure that minimal water
was lost (due to drying of the leaves and decomposition).
Loss of water was shown to affect the observed absorp-
tion and reflectance spectrum. This may be observed in
Fig. 4 (green for dry maple leaf and black for fresh maple
leaf). For comparison, green paint is overplotted in red,
and the assumed MODTRAN maple leaf spectrum is
overplotted in blue. Notably, the dry maple leaf exhib-
its both a high reflectance relative to the fresh leaf and
a degradation in the chlorophyll feature near 500 nm.
The MODTRAN spectrum most closely replicates the
green-paint spectrum and neither of the two maple leaf
samples. Angle-resolved reflectance data were collected
for each sample at three different sample rotary angles at
wavelengths of 405, 633, 1064, and 3390 nm.

Spectrally resolved total integrated reflectance [TIR;
also called hemispherical directional reflectance (HDR)]
and transmittance [also called hemispherical directional
transmittance (HDT)] data were also collected for each
leaf species by using a grating spectrometer to cover the
UV, visible, and near-infrared (NIR) regions of the spec-
trum, and a Fourier transform infrared spectrometer was
used to cover the midwave infrared (MWIR) and LWIR
regions of the spectrum.

BRDF MODELING

The BRDF is defined as the ratio of backward-
reflected flux into the differential solid angle, €2, to the
incident flux, €,
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Figure 5. Experimental geometry and graphical depiction of
scattering models for in-plane measurements. Reproduced from
Ref. 15.© 2010 Society of Photo Optical Instrumentation Engineers.
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p(Q,{),0) is called the BRDF. For a flat reflecting surface, g N = cosf. The inner
product equals 1 for a spherical surface or a point reflector.

For a homogenous, uniform surface with randomly oriented surface roughness, the
BRDF will display no dependence in the ¢ direction (out of the plane reflection). Con-
sequentially, scatter from the sample is unchanged under rotation by the angles ¢, and
¢,, and the phase function is a function of 6, and 6, only. This is assumed to be the case
for the samples analyzed in this study, and all measurements and analyses are performed
for in-plane scatter (i.e., the case of ¢ = 0°).

Integrating the BRDF over the entire hemisphere results in the hemispherical TIR
(also called directional hemispherical reflectance), ppjg. The values of ppyp range from
0 to 1. The modeled BRDF is a product of the TIR and a normalized angle-dependent
phase function, P(6,0,). All phase functions are normalized to 1, becoming equivalent
to a probability density function, such that one may determine the probability of observ-
ing a scattered ray in a particular direction given an incidence angle. The BRDF may
be written as

BRDF(ei’e'r) = pTIR(ei)P'r(ei'er)‘ (2)

Physically based empirical models are fit to the BRDF experimental data to extend a
limited set of in-plane scattering data to all possible incident and scattered angles. The
model also compensates for the dropout in experimental signal caused by the detector
arm blocking the incident laser beam from striking the sample for a small range of scat-
tering angles (see Fig. 10). The BRDF model is separated into specular (S), near-specular
(NS), diffuse (D), and Lambertian (L) components. Each of these four components fol-
lows a separate angular dependence [P(0)] and together represent the reflected beam
from the interface reflection (specular) and the surface and bulk scattered light.!* The
BRDF is modeled as a sum of all four components, in other words,

BRDF(GL’BT’)\) = pS(ei’)\)Pinst(ei’er’)\)+ pNS(ei’)\)PNS(ei’er’)\)

o (8NP (8,8,0)+ p, (VP (0, 1) O

It is assumed that these different types of reflected, transmitted, and scattered light
are independent. Specular components (Pg) represent the contributions from the
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Figure 6. Comparison of chlorophyllaand b absorption coefficient to uncalibrated published spectra.
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reflected and transmitted rays for a perfectly flat surface and are calculated by applying
the Law of Reflection (i.e., 6, = —8,). Near-specular components (Py;) represent weak
or single scatter phenomena that are only slightly spread from the specular direction
primarily because of minor surface roughness. Diffuse components (P,) represent the
effects of surface roughness and bulk scatter that are strongly influenced by multiple
scatter and are partially coherent relative to the incident light. The Lambertian com-
ponents (P} ) represent random rough surface and bulk scatter that is entirely incoherent
with the incident light.]> Examples of all four types of reflection are depicted in Fig. 5.
Because of the diffuse nature of the samples studied, only the diffuse and Lambertian
components are required to model the reflectance from the three species of leaves that
were studied.
The diffuse phase function is given by

(occosei)m*1

- ND (sinGr + sinei)m +(a cosﬁl-)’”

Pp=(0,0,ma) cos, 4)

where « is the half angle of the reflected beam, m is an exponent chosen to best fit
the observed data, and Ny, is a normalization factor..>~17 The hemispheric Lambertian
phase function is given by

PL(QT)=%COSQT. ()

The integrated quantities for each component represent the fraction of incident light
that is reflected under each phase function. The TIR for the entire BRDF would then
be the sum of each individual component integrated reflectances, or

PTIR(BN) = PL(0, M)+ pp (0, M)+ pNs(05N) +ps(0,M)=1. (6)

The TIR for the complete BRDF follows the total power law,

L=(prir(0sN) FPrir(05N) + g (0,0) = prys (0, M) + o (0,N),  (7)
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Figure 7. Required background absorption to fit observed leaf spectra. The fall leaf background is
mostly due to decomposing chlorophyll.
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Table 1. Content of different species composing the leaf absorption coefficients as implemented in the

APL model for maple, dogwood, and white oak

Sample Water Chlo- Dry Carot- Decompos- Concentra- Scatter Leaf
rophyll leaf  enoids ingchloro- tion of scat- radius thickness
matter phyll ter centers (mm) (cm)
(no. per cm?3)

Fall red

0135 0005 009 0.1 0.67 29 x 108 195 0.015
maple
Fall white 3
ok 0135 0005 009 0.l 0.67 29 x 10 195 0.037
S 06 027 003 0.1 0 0.75 x 108 17 0.033
dogwood
Spring 06 027 005 0075 0 0.75 x 108 17 0.037
holly

Mixing ratios listed by concentration. The listed radius is for an effective sphere.

where ppyp is the total integrated transmittance, ppyg is the TIR, and a is the absorp-
tance. Following Kirchhoff’s law of thermal radiation, the emissivity (&) of a material is
equal to its absorptance, therefore

e(0,N)=1=(prr(0uN)+ prr(05N)) = L=pr5(0,N). ®)

The BRDF for the leaves, or any opaque material, provides an estimate of the uni-
directional emissivity of a material at a particular incident angle and wavelength.!> 17

The Lambertian BRDF model is a variation on a radiative transfer model with a two-
stream approximation (see the Appendix A for further description). The model uses the
Kubelka—Munk equation to account for the relationship between absorption concentra-
tion and reflectance in the leaf specimens, modeling the wavelength-dependent reflec-
tance and transmittance of the leaf. The model takes as input four leaf constituents that
act as the main absorbers in the leaf samples: chlorophylls (types a and b), water, carot-
enoids, and background material or “dry leaf matter.” Figures 6 and 7 plot the absorp-
tion coefficient of these constituents. The model is designed such that the absorption
coefficients of each of the leaf components may be varied to fit the measured data from
the UV through the LWIR. The mixture coefficients used for each different tree spe-
cies can be found in Table 1. The fall leaf background is believed to be decomposing
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Figure 8. Scatter coefficient and net absorption coefficient for a spring/summer green leaf.
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Figure 9. The APL leaf model fit (black) to the spectrometer measurements (red). The BRDF TIR
measurements for the spring red maple are overplotted with blue squares.

chlorophyll. Also listed in Table 1 are the leaf thick-
ness, the most common particle radius, and the number
of scatter centers within each leaf. This information is
used to compute the scatter coefficient based on anoma-
lous diffraction approximation (ADA). For this calcula-
tion, it is assumed that the particles are spherical. It is
interesting to note that the size of chloroplasts within a
leaf cell match the size of the

scattering from the three
leaf samples at the different
incident angles and wave-
lengths. Figure 10 shows the
reflectance of a red maple
leaf at 405 nm at three different incident angles: 5°, 20°,
and 60°. The red crosses indicate measured values, and
the dotted blue lines are the modeled function. The
reflectance of leaves is often modeled as purely Lamber-
tian, but analysis at an incident angle of 60° in Fig. 10
indicates that there is a diffuse component of the scat-
tered light that retains directional coherence.

scattering particles required by 0.1
the model. The index of refrac-
tion of the scattering particles
is assumed to be 1.6. For green

leaves, the background is pre- 0.01

0.1

fwﬁ
#_
+

BDREF (sr-1)

dominantly water. The com-
bination of Kubelka-Munk
theory and ADA make this

approach computationally

0.001L

+
i

0.01

BDRF (sr-1)

0.001%

efficient. A plot of the scatter =50

coefficient and net absorption
coefficient for a spring/summer
leaf is presented in Fig. 8. A
measured TIR spectrum is then
used to empirically determine
these parameters for each leaf.
An example of the fit obtained
by using this model is shown in
Fig. 9 for a spring maple leaf.
The TIR calculated from
the angularly resolved BRDF
model is compared with the
wavelength-dependent  reflec-
tance that was measured using
a grating spectrometer. An

BDRF (sr-1)

0
Reflection angle (°)

0.001%
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Figure 10. Measured (red crosses) and modeled (blue dotted lines) BRDF for a maple leaf at
405 nm for incident angles (clockwise from top) of 5° 20° and 60°. Dropout in experimental
BRDF is caused by the detector arm blocking the incident laser for a small range of angles.
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Figure 11. Measured (red crosses) and modeled (blue dotted lines) BRDF for a maple leaf at an
incident angle of 20° for wavelengths of 405, 633, 1064, and 3390 nm.
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Figure 12. Measured (red crosses) and modeled (blue dotted lines) BRDF for an incident angle of
20° at a wavelength of 405 nm for a maple leaf, a dogwood leaf, and an oak leaf.

BRDF of the three differ-
ent leaves at 405 nm and for
an incident angle of 20° is
shown in Fig. 12. Notably,
the red maple appears to
scatter closest to Lamber-
tian, whereas the dogwood,
at 405 nm, has the least
Lambertian profile. The
parameters used to create
the modeled BRDF curves
in Figs. 10-12 are summa-
rized in Table 2.

Figures 13 and 14 compare
the Kubelka-Munk model
fit with the experimental
data on the spring/summer
dogwood leaf and fall oak
leaf, respectively. The model
parameters are determined
by the reflectance measure-
ment and checked with the
transmittance measurement.
Good agreement is demon-
strated in both cases.

RADIATIVE TRANSFER
ANALYSIS

To assess the radiative
impact of changes in the
BRDF for leaf species, we
input into MODTRANS5!8
our fresh and dry maple
leaf  integrated  reflec-
tance (BRDF) values and
compare with the default
MODTRAN parameteriza-
tion. Additionally, we inves-
tigate the radiative signature
calculated from the LOPEX®
maple leaf parameterization
(Fig. 15). The LEAFMOD!0
calculations for reflectance
for a variety of leaf thick-
nesses are plotted in Fig. 15.
Because they are com-
parable in the shortwave
(wavelength <2 um) and
minimal LEAFMOD data

are available at longer wave-

Figure 11 shows the BRDF of the red maple leaf  lengths, we do not implement these LEAFMOD profiles

at the four different wavelengths: 405, 633, 1064, and in MODTRAN.

3390 nm. The red crosses indicate measured values, and MODTRANS5 was run for an early-spring, zenith
the dotted blue lines are the modeled function. The  angle of 0° configuration at the APL latitude and lon-
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Table 2. Parameters used in modeled fits to BRDF leaf data in Figs. 10-12

reflectance, derived from the
BRDF in grey. The APL dray
maple leaf is presented in
green. The LOPEX maple leaf

Sample \ (nm) 0, (°) pL Pp m o (°) S ) )

Maole 205 i 0045 015 ) 3 in Fig. 15 is shown in magenta,
P and the default MODTRAN5
Maple 405 20 0.045 0.015 2 30 maple profile is in black. Mini-
Maple 405 60 0.045 0.025 3 25 mal to no radiance difference
Maple 405 15 0.030 0.020 2 30 1”35 %bs?r\zlegl at )loélgef wave-
engths (>2.5 ym), despite pro-
T B R
Maple 3390 15 0.02 0.01 2 30 more comprehensive spectral

P reflectance to 10 um (Fig. 9).
Maple 405 20 0.045 0.015 2 30 Most notably, the APL leaf
Dogwood 405 20 0.023 0.03 2 40 models both exhibit greater
Oak 405 20 0.025 0.03 ) 30 radiance than LOPEX and
MODTRAN default between
400 and 700 nm. There is also
0.8 ‘ e e 08T R a slight enhancement between

Dodwéod — Measured HDR front Dogwood — Measured HDR front g

N — Measured HDR back — Measured HDR back 1.2 and 1.7 pm from the APL
0.6 i '_"|,§,|aos§£|HDR back 06 ':',;,.a;?;”[’ﬂ back dry maple leaf. If only the dry
« — e and fresh APL leaf radiances
2 04 g 04 VA are examined, we find that the
| fresh leaf appears to result in a
0.2 0.2 i greater radiance than the dry
oL~ \ oL . leaf for wavelengths <700 nm,
100 1103 13104 1x108 100 1x103 1104 1x105 but the dry leaf exhibits a
Wavelength (nm) Wavelength (nm) higher radiance from 1.2 to

Figure 13. Comparison of Kubelka—Munk model fit to experimental data for a spring/summer

dogwood leaf.

1.7 ym. Although these radi-
ance signatures are subtle, we
have yet to fully investigate
the impact on net albedo esti-

0.8 0.8

mates. We also demonstrate

Fall 02K — Weasured V-NR Fall oak — Measred VNI front : ns
- Measurad MWIR-LWR | — Meastired TN-NIR backi differences from a statistically
=== Laser ! W |
06 — APL model 06 W ~Mg(a)3éred MWIR-LWIR | | low sample, and further quan-
5 0.4 e 04 LR i titative impact is necessary
= 2 | s e with more leaves and leaf clus-
0.2 ) 0.2 \4 ters. It should be noted that in
" y | .

i g L T [ s e e

100 1x103 1x104 1x105 100 1x103 1x104 1x10° X X
Wavelength (nm) Wavelength (nm) for a single leaf. The impact

Figure 14. Comparison of Kubelka—Munk model fit to experimental data for a fall oak leaf.

gitude and noon hour. A precipitable water vapor value
of 2 cm (NASA MODerate-resolution Imaging Spec-
troradiometer, MODIS) and column ozone amount of
240 Dobson Unit (NASA Ozone Monitoring Instru-
ment) were implemented with a midlatitude summer
meteorological profile and rural aerosol contribution
(23-km visibility). MODTRAN cards 4A, 4L1, and 412
were implemented. The only change between the analy-
ses of the differing maple reflectances was the specific
spectral reflectance file used. Figure 16 displays the
results of implementing the APL fresh maple integrated

of canopies has yet to be con-
strained in this current work
but is ultimately critical for a
complete understanding of the
remotely sensed signature of Earth’s surface from space.
We anticipate that a small radiative signature from an
individual leaf would manifest as a larger signature for
a tree or forest, consequentially complicating environ-
mental signature analysis, target detection, and climate
analysis. Integrating the full spectra (0—10 pm) plotted
in Figs. 16 and 17 results in the following radiances: (i)
APL fresh maple, 0.0102 W/cmZ-sr, (i) APL dry maple,
0.0101 W/em?-sr, (i) MODTRAN default, 0.0099 W/
cm?-st, and (i) 0.0098 W/cm?-st. Relative to the APL

dry maple, these percent differences are on the order of

796

JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 32, NUMBER 5 (2014)



MODELING AND MEASUREMENTS OF LEAF BIDIRECTIONAL REFLECTIVITY

0.6 g 7
e N
05 f F\\\/ %a“v N
] N\ \»/«
E 0.4 J — \ '\\
S
R LA\
@ 0.3
"L A
0.2 — Experimental
— Leaf thickness 0.018 cm
— Leaf thickness 0.020 cm \ \
0.1 — Leaf thickness 0.023 cm
: — Leaf thickness 0.025 cm \/
— Leaf thickness 0.028 cm
0 —LOPEX_ .
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Wavelength (nm)

Figure 15. Fresh maple leaf reflectance comparison against the LEAFMOD model and the LOPEX
data. The APL experimental results are plotted in black. LOPEX data are presented in green. The
other colors indicate reflectances due to different leaf thicknesses.
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Figure 16. UV-NIR spectral radiance differences between several maple leaf models: APL results
(green), default MODTRANS (black), and LOPEX model dry maple leaf (magenta). These results were
derived by modifying MODTRANS parameterization of maple leaf reflectance.
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Figure 17. APL dry (green) and fresh (grey) radiance products from MODTRANS. The fresh leaf
appears to have a greater signature from 400 to 700 nm, whereas the dry leaf begins to exhibit and

enhancement at 1.2 pm.
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1% for the APL fresh maple, 2% for the default MOD-
TRAN case, and 3% for the LOPEX data. Future higher
spectral resolution in the APL reflectances may also
impact these contributions.

CONCLUSION

As a first step toward creating an improved data-
base of natural Earth surface BRDFs for use in critically
decoupling the Earth background from target and atmo-
spheric signatures, we have developed a semiempirical
BRDF model for leaves using the APL Air and Missile
Defense Sector’s BRDF laboratory facility. Sponsored
jointly by National Security Space Mission Area and
Research and Exploratory Development Department
independent research and development funding in 2009,
our model was developed for leaves but has potential for
broad application. Leaves are easy to acquire, easy to
integrate into the existing APL facility apparatus, and
highly seasonally and regionally dependent.

Assumed BRDF signatures of leaves impact the
atmospheric radiative signature. We have shown that
implementing a simple, default MODTRAN model for
maple leaf reflectances may underpredict the retrieved
radiance signature by 1-3%, based on a statistically lim-
ited sample size, and assuming single leaf properties in
all comparison analysis. Although this underprediction
is small, we anticipate that the retrieved radiance error
will increase with increasing leaf number and with the
existence of multiple trees. Characterizing the signature
of an individual leaf for a specific tree type is important
at a fundamental level, prior to identifying the signa-
ture of an entire forest. We find that the BRDF model fit
the measured BRDF for the leaves. Leaf BRDF is highly
dependent on moisture content, chlorophyll content,
and orientation (front side or back side). We observe
shortwave scattering that seems consistent with scatter-
ing off chloroplasts within the individual cells.

At 500 nm, our model reveals a ~0.1 difference in
integrated reflection relative to LEAFMOD predictions
for maple leaves and, at specific wavelengths, >0.2 dif-
ference in reflectance (near 2 pm). A 0.1 difference
in reflectance can be easily obtained by observing a
fall and spring leaf. Because approximately 0.02—0.05
absolute accuracy is required for climate, biogeochemi-
cal, and hydrological models,® precise parameterization
of seasonally dependent leaf reflectances is important.
Ultimately decoupling the radiative signature of leaves
from atmospheric signatures and other Earth surface
materials will improve APLs environmental character-
ization capability within the National Security Space,
Civil Space, and Air and Missile Defense Mission Areas.

In the real world, we expect leaves to cluster in cano-
pies and on the ground, presenting additional complica-
tions that were unexplored in this preliminary research.
Consequentially, we move toward incorporating such

properties in the APL BRDF facility. We anticipate the
next steps to include examination of the BRDF of leaf
clusters and coniferous leaf BRDFs. We anticipate this
information to be critical for APL to continue participa-
tion in NASA Earth climate science and environmental
remote sensing and DoD target signature analysis. The
fundamental analysis of the radiative impact of leaves
would facilitate the development of instrumentation for
airborne and space-based platforms for both Civil Space
Mission Area and National Security Space Mission
Area applications for signature exploitation: natural and
man-made object identification and characterization
and synthetic paint/material development (to mimic
plant/leaf-like characteristics).
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Sttt te

Consider an infinite turbid thin film that is applied to a sub-
strate with a Lambertian surface reflectance of p; ;. Because
of random multiple scatter, the flow of random diffuse light
flux within the film can only be in two directions perpendicu-
lar to the film surface, up and down, because rays to the side
ultimately get redirected to the up or down direction. This con-
cept is illustrated in Fig. 18. The downward flux in the film is
attenuated by both absorption and scatter. The backscattered

component removed from the downward flow is ultimately redi-

rected upward. The same will be true for the net upward flow of Figure 18. Two-flux diffuse light or I
flux. Differential equations describing this random diffuse light gure 18. Twoiu use fight propagatio é

propagation are stated by Eqs. 9 and 10:!4 il 2 A aulesiae.

_d(bdown(x) = _<Babs i Bfg:k>¢down(x)dx i ngkd)up(x)dx ©

and

dd  (x) = ~(Bops + B )y (x)dx + BEE D g (1) (10)

back
abs’ sea !

number, v. The second term in the preceding equations accounts for random multiple scatter such that the effective forward-

The absorption coefficient, B , , and bulk scatter coefficient, are assumed independent of position but depend on wave

to-back scatter ratio is 1, even though the forward-to-back scatter ratio for a single particle may not be 1. It is a source term

Sbf;k in the above equations represents backscattered loss and is one-half

The random diffuse reflectance just above the film and the random diffuse transmittance

in the coupled radiation transfer equations. Thus, 8
the regular scatter coefficient, 3
below the film are sought.

sca’
Differentiate Eq. 9 and use Eq. 10 to obtain

2
d ¢ down

de _Bzd)down: O’ (11)

ext — \Psca sca

2
where B? = B2 (Bba':k) and B, = Byps + ek A similar equation is obtained by differentiating Eq. 10, thus

d*é,
sz_sz% = 0. (12)

The general solutions to the above homogeneous Helmholtz equations are
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b goun (%) = AP+ Bebx (13)
and
b (x) = Ce ¥ + DeP, (14)
where
back back
_ nback L s Bsca _ Bsca
B =By \/F Bapsa/ 12 B ,and aj 7863“ . (15)

The random diffuse albedo is a; and represents the back hemisphere scatter loss. If the forward-to-back ratio is 1, then,

ACH BSC!I
ghack - (16)

sca

For this reason, care must be exercised when comparing the backscatter coefficient in the Kubelka—Munk model to the regu-
lar single scatter coefficient and the Kubelka—Munk albedo to the regular albedo. Furthermore, Kubelka—Munk theory is an
approximation to a full radiation transfer equation solution in the diffuse limit. It is also expected that the average photon
path is greater than the film thickness. Thus, the absorption coefficient should be scaled also. A comparative study produced
corrections to bring Kubelka—Munk theory into close agreement with numerical solutions of the radiation transfer equation
in the diffuse limit. The Kubelka—Munk or Lambertian albedo is defined in the following manner:'

pB B
sca q e
aL = T = o (17)
qBabs PBSM Babs v %Bsca
Knowing that p = 0.5, it was found that g = 1.22.
The random diffuse reflectance and random diffuse transmittance at some distance within the film are defined as
d)ul’(x) d)down(x)
pL(x)=mandTL(x)=W 0<x=<d. (18)
The boundary condition at the interface between the film and the substrate requires
d)up (0) C+D
rron= (s 0))= K58 )

where p; , is the Lambertian TIR of the substrate. Solving for the coefficients in Eq. 19, the following results are obtained
for a film on an opaque substrate:

b_ _b b— ~PLsub efzﬁd

p(d)= 02 = Pl (20)
L B b_—prup o—2Bd
b+ ~PLsub
and
b —
(1 s ;P)Lsuz )e—ﬁd
+ = FLsul
7.(0) = TR (1)
-0 ¢
b+ ~PLsub

where b+t= ai + %— 1 (Note:b,b =1). (22)
L ar’ -

In practice, the transmittance is more meaningful when there is no substrate, thus p; , = 0. Then, for the case of aslab (e.g.,
a window),

.
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2 /%—le_Bd

(0= 23)
and

I
pL(d) = e (24)

Using the total power law, the random diffuse absorptance becomes

o (0)=1-7.(0)-pp(d). (25)

For the case of an opaque bulk material (such as a rough metallic surface), let d go to infinity. Then the diffuse reflectance
reduces to

pu(d)=p-=b_. (26)

ANOMALOUS DIFFRACTION APPROXIMATION

ADA yields a computationally efficient and robust approximation to Mie theory in the region of large spherical particles (x
large) and for particle refractive index that closely matches the background (van de Hulst). This is often the case in ocean
particle scattering and for water-based aerosols. It is based on plane wave propagation and Huygen’s principle. It is also
assumed that reflection and refraction can be ignored [that is, (m — 1) is small]. Thus the theory emphasizes diffraction and
interference effects that often dominate particle scatter phenomenon. Other shapes besides spheres are also possible, and
computing the extinction cross-section given a size distribution function is much faster.

The theoretical foundation begins with an incident electric field plane wave illuminating an arbitrarily shaped particle, thus

E;(2) = Eexp(—jkpnoz)a,.- @7
Inside the particle of refractive index n; the plane wave becomes

E (z)= Eioexp(fjkbnlz)ax. (28)
Using the above fields, one may determine that the scatter amplitude leads to

) -
5(0) = 4= [ (1 - eForatm=DAI)E (5, 5)dxdy, (29)

where E(x,y) represents the projected area of the particle to the incident plane wave, z(x,y) is the path through the particle

and m = 2—:) In general, m is complex (m = m_— jm,). The corresponding extinction cross-section becomes
C,.= zRe[ ffa 7e’jkbno(m*l)z(x’y))E(x,y)dxdy]. (30)

For the case of a spherical particle, the chord length is computable. The resulting extinction efficiency is

B L ew(x,m) e—w(x,m) -1
Rex (xm) = 4PR€[2 v w(x,m) ’ w(x,m)2 ’ o
where w(x,m) = —j2x(m — 1) for a nonabsorbing spherical particle of radius a (p real) is
_ _o_ 4. 4
Q)= Quap) = 2 sinp) + F5(1 - o), @)

2mnya

where p = 2x(m-1),x = k'a = , a is the radius of the spherical particle, n; is the refractive index of the particle,
and n, is the refractive index of the background medium.
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Figure 19. Comparison between Mie theory (left) and ADA (right) for spheres.
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