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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 MODTRAN5 (black), and LOPEX model dry maple leaf (magenta). These results were 
derived by modifying MODTRAN5 parameterization of maple leaf reflectance.
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Figure 17.  APL dry (green) and fresh (grey) radiance products from MODTRAN5. 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 μm.
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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 μ m). 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,6 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 APL’s 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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APPENDIX

RANDOM DIFFUSE LIGHT PROPAGATION AND 
KUBELKA–MUNK THEORY

Consider an infinite turbid thin film that is applied to a sub-
strate with a Lambertian surface reflectance of Lsub. 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 
flux. Differential equations describing this random diffuse light 
propagation are stated by Eqs. 9 and 10:14

	 d x xx dx dx– –down sca
back

upabs sca
back

down� � �� � �= + +^ ` ^ ^h j h h 	 (9)

and

	 d x x dx x dx– abs sca
back

sca
back

up up down� � � � � �= + +^ ` ^ ^h j h h .	 (10)

The absorption coefficient, abs, and bulk scatter coefficient, sca
back , are assumed independent of position but depend on wave 

number, n. The second term in the preceding equations accounts for random multiple scatter such that the effective forward-
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 
in the coupled radiation transfer equations. Thus, sca

back  in the above equations represents backscattered loss and is one-half 
the regular scatter coefficient, sca. The random diffuse reflectance just above the film and the random diffuse transmittance 
below the film are sought.

Differentiate Eq. 9 and use Eq. 10 to obtain
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back  = + . A similar equation is obtained by differentiating Eq. 10, thus
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The general solutions to the above homogeneous Helmholtz equations are
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Figure 18.  Two-flux diffuse light propagation within a 
film on a substrate.
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	 x Ae Bedown
x x–� = +� �^ h 	 (13)

and

	 x e eC Dup
x x–� = +� �^ h ,	 (14)

where

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

	 2sca
back sca


= .	 (16)

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:19
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Knowing that p = 0.5, it was found that q = 1.22.

The random diffuse reflectance and random diffuse transmittance at some distance within the film are defined as
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The boundary condition at the interface between the film and the substrate requires
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where Lsub 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:
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where	 b a a
1 1 1–
L L

2! !=  (Note: b+b_ = 1). 	 (22)

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



MODELING AND MEASUREMENTS OF LEAF BIDIRECTIONAL REFLECTIVITY 

JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 32, NUMBER 5 (2014) 801

	
b b e

a
e

0
2 1 1

–

–
L d

d

2

2

–
–

–

� = �

�

+
^ h 	 (23)

and

	 d
b b e

e1
–
–

L d

d

2

2

–
–

–
� = �

�

+
^ h .	 (24)

Using the total power law, the random diffuse absorptance becomes

	 d0 1 0– –L L L� � �=^ ^ ^h h h.	 (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

	 d b b1
L – = =

+
^ h .	 (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

	 expz E jk n zE a–i xi 0 0 0= l^ ^h h .	 (27)

Inside the particle of refractive index n1 the plane wave becomes

	 expz E jk n zE a–s i x0 0 1= l^ ^h h .	 (28)

Using the above fields, one may determine that the scatter amplitude leads to

	 ,S k e E x y dxdy0 2 1 – ,jk n m z x y
2

1– –0 0
= l l^ ^ ^^ ^h h hh h## ,	 (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 n
n

0

1= . In general, m is complex (m = mr – jmi). The corresponding extinction cross-section becomes

	 ,ReC e E x y dxdy2 1 – ,
ext

jk n m z x y1– –0 0= l^ ^^ ^ h hh h; E## .	 (30)

For the case of a spherical particle, the chord length is computable. The resulting extinction efficiency is
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where w(x,m) = –j2x(m – 1) for a nonabsorbing spherical particle of radius a ( real) is

	 cossinQ Q 4 12 4 ––ext sca 2


  = = +^ ^ ^ ^^h h h hh,	 (32)

where ,x m x k a
n a

2 1
2

– 0� �
�

= = =l^ h , a is the radius of the spherical particle, n1 is the refractive index of the particle, 
and n0 is the refractive index of the background medium.
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Figure 19.  Comparison between Mie theory (left) and ADA (right) for spheres.


