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Abstract—Canopy clumping index (CI) characterizes the extent

of the nonrandom spatial distribution of foliage elements within a
canopy and is critical for determining the radiative transfer,
photosynthesis, and transpiration processes in the canopy. It is
widely perceived that CI increases with zenith angle (θ), because
between-crown gaps decrease in size and number with increasing
θ. In this study, we demonstrate that this is not always true.
Analytical equations between CI and θ are first developed based
on widely-used forest canopy gap fraction theories. The results
show that the zenith angular variation of CI is closely related to
crown projected area or crown shapes (i.e., the ratio of the crown
height to its diameter, RHD): CI increases with θ for canopies
with “tower” crowns (RHD > 1), but decreases with θ for
“umbrella” crowns (RHD < 1) and does not vary much with θ for
“sphere” crowns (RHD = 1). These results are validated in a
LargE-Scale remote sensing data and image Simulation
framework (LESS) platform, and published datasets including the
measurements in field and RAMI forest stands. The findings are
essential for the derivation of angular integrated (hemispherical)
CI from in-situ measurements and multi-angular remote sensing.
Index Terms—Clumping index, zenith angle, crown shape,

ratio of crown height to diameter, angular variation
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I. INTRODUCTION
orests generally have a high degree of natural variability
and typically exhibit complex levels of organization, such
as crowns, that cause their foliage to be grouped or clumped

[1]. Clumping index (CI) is defined as the ratio of the effective
leaf area index (LAI) to the true LAI, and quantifies the degree
of deviation of the leaf spatial distribution from the random
case (i.e., the Poisson model) [2], [3]. CI is of great significance
in terrestrial carbon and water cycle studies as it determines
radiation absorption and distribution within plant canopies. CI
is closely linked to canopy gap fraction (GF) from which the
ratio of sunlit LAI to shaded LAI can be calculated [2]. For a
canopy with a random distribution of leaves, the relationship
between canopy GF and LAI can be described with the
well-known Beer‒Lambert theory [4]:

( )/cos( )=e LG
PoissonP   

(1)
where, PPoisson(θ) is the probability of the transmission of a
beam of light at the zenith angle θ through the canopy,i.e., the
canopy GF; G(θ) is the extinction coefficient, which is 0.5 for
canopies with a spherical distribution of leaf angles; and L is the
LAI, which is most commonly defined as one half the total
(all-sided) leaf area per unit ground surface area [5], [6]. As
leaves often have nonrandom distributions in reality, i.e., they
often aggregate in crowns in forests, CI was first introduced in
the modified Beer‒Lambert theory for calculating canopy GF
by Nilson [4]:

( )/cos( )=e L GP     (2)
where P(θ) is canopy GF. Ω(θ) expresses the zenith angule
dependence of the CI [1]. Combining (1) and (2), we can obtain
[7]:

log[ ( )]( )=
log[ ( )]Poisson

P
P





(3)

For canopies with randomly distributed leaves, Ω = 1; for
most forest canopies, it is found that Ω < 1 because foliage
elements usually aggregate within a crown. There exist also
rare cases for which Ω > 1, corresponding to canopies with
regularly placed leaves. The more clumped a canopy is, the
larger the value of canopy GF and the lower the CI value.

The zenith angular variation of CI in in-situ measurements
has long been recognized in previous studies [1], [8], [9], [10],
[11]. As large gaps between foliage clumps (such as crowns)
decrease with increasing zenith angle, CI has been found to
increase with zenith angle for boreal forests [1], [12], [13],
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temperate forests [1], [14], [15], [16], grassland [17], and crops
[8], [18], [19], indicating that leaves appear to be more
randomly distributed in canopies at larger zenith angles.
Recently, based on the sigmoid models [20], sine models [21],
and simple linear models [8], [9], the zenith angular variations
of CI can be derived from the nadir CI (Ω(0)) [1]. Recently, it
was demonstrated that CI can be retrieved from multiple
angular remote sensing data at regional and the global scales [7],
[22], [23], [24], [25], [26]. The proposed remotely-sensed CI
products integrate Ω(θ) over the hemispherical space, which is
thus independent of the zenith angle [7]. Nonetheless, CI is
often dependent on certain directions. Therefore, CI retrievals
from remote sensing images need to be transformed first in
certain directions prior estimating LAI and particularly sunlit
LAI. In the remainder of the paper, CI is considered instead of
Ω(θ), which is more appropriate with remote sensing
techniques in terms of retrievals but which is out of the scope of
this study.
Previous studies dealing with CI variations with zenith angle

for forest canopies were based on local measurements for
specific tree species [1, 7]. These studies established that CI
increases with increasing zenith angle in forests for most cases.
This study proposed a mathematical expression describing the
underlying causes of zenith angular CI variations based on
widely-used theories of forest canopy gap fraction. The
objective is to derive formulations between CI and zenith angle
that are independent of specific tree species and could be
applicable for different types of forests.

II.THEORY
CI is closely related to canopy GF (see formula (3)).

Therefore, its parameterization relies to a large extent on forest
canopy GF theory. The relationship between CI and zenith
angle can be considered equivalent to the relationships relating
CI and with parameters associated with the zenith angle.

A.Variation of forest canopy GF with zenith angle
Tree distribution in a forest stand is divided into two types:

(1) random tree distribution and (2) nonrandom tree
distribution.
(1) Random tree distribution
Based on the randomness of natural resources, e.g., water

and soil nutrients, a random tree distribution of stems was most
of the time considered for forest canopies (especially for natural
forests) when considering GF and reflectance models during
the last thirty years [27], [28], [29], [30], [31]. This led to use of
the binomial distribution for which GF for a forest canopy at
nadir for opaque crowns can be expressed as [31], [32],

= 1
n

atP
S

  
  (5)

where, P is the canopy GF at nadir, S is the forest stand area, ta
is an individual crown projection area in the nadir direction, and
n is the crown number. Assuming an isotropic azimuthal
distribution of leafy material, directional forest canopy GF
without considering gaps within crowns can be expressed as
follows [33], [34], [35],

( )( )= 1
( )

n
atP
S



 
 

  (6)
where, ta(θ) and S(θ) are the crown and forest stand ground
projection areas in the direction θ, respectively. The former can
be calculated as the geometry, for example, the projection of a
ellipsoid crown in the principal plane is a ellipse with a fixed
radius r (which is equal to the crown radius) and a height h
varying with the view zenith angle θ. The distance between the
highest tangent line and the lowest tanglent line of the ellipsoid
crown in the view direction is the height of ellipse h. Then, ta(θ),
which is the area of the ellipse, can be calculated as [r·h ·π/2].
For calculation ta(θ) of cone or cylinder crowns, please refer to
[35]. Note that S(θ) turns to [S· cos(θ)] for horizontal grounds.
If the crown number (n) is sufficiently large, then the binomial
distribution becomes the Poisson model, Viz

( )
( )( )
an t

SP e



 

 (6)
For translucent crowns characterized by low LAI values, it is

required to consider a different GF for each individual crown.
The canopy GF with the random tree distribution reads [31],
[35],

 
( ) 1 ( )

= 1
( )

n

a gapt P
P

S
 




      
  

(7)

where Pgap(θ) is the GF of an individual tree crown in the
direction θ. It is closely related to the crown projection area
(ta(θ)), the leaf area in an individual crown (Lc), and the leaf
inclination projection function (G(θ)). Pgap(θ) can be expressed
as follows [31], [35]:

( ) ( )( ) c aG L t
gapP e     (9)

For a forest stand with sufficient crowns, then formula (8)
resembles to the Poisson model. Combing with formula (7), the
variation of canopy GF with zenith angle for a random tree
distribution can be expressed as follows:

   ( ) ( )( ) 1 ( )( )=
G L tc a

an t e SP e
  

    
(9)

(2) Nonrandom tree distribution
Considering some deviations in in-situ measurements from

the random case, a robust canopy GF model was presented by
Nilson (1999) using a Fisher’s group index to describe the tree
distribution parameter [31],

[ (1 ( )) ( )]( ) gap B CRP c C KP e        (10)
where K(θ) describes the relative change of projection area
along with a change in the view direction θ and thus
characterizes the crown form. CCR is the crown closure, and can
be calculated as the product of the tree projection area at nadir
and the stand density (CCR= ta(0) n/S). cB is the tree distribution
parameter, which is only related to the Fisher’s grouping index
GI. (cB = (-lnGI/ (1-GI)) [31], [37]. For the random tree
distribution, cB = 1; trees meet the clumped distribution when cB
< 1; trees meet the regular distribution when cB > 1. After
considering the nonrandomness of tree distribution and
corresponding to the symbol in this study, (9) can be rewritten
as follows,
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TABLE I INPUT PARAMETERS
Parameter Value

Crown shape Ellipsoid
Vegetation coverage 53%

LAI 4
Trunk diameter (m) 0.2, 0.3, 0.5
Trunk height (m) 9, 4.5, 3.3
Crown radius (m) 0.35, 0.5, 0.7, 1, 1.41, 2, 2.83
Crown height (m) 16, 8, 4, 2, 1, 0.5, 0.25

RHD 22.63, 8, 2.83, 1, 0.35, 0.13, 0.04
Tree density (trees/ha) 19200, 9600, 4800, 2400, 1200, 600, 300

Bold font means that the crown is a sphere.

   ( ) ( )( ) 1 ( )( )=
G L tc a

a Bn t c e SP e
  

     

(11)

B.Variation of CI with zenith angle
Canopy GFs expressed in formula (3) can be transformed in

the exponential form. It follows a writing of Ω(θ) as,
 ( ) ( )( ) 1

( )=
( )

c aG L t
a Bn t c e

S G L

 




    


 
(14)

It results an expression of the total leaf area as LT= S·L= n·Lc.
Then, formula (12) can be written as follows,

( )
( )( )( ) 1

( )

T

a

L G
n tB a

T

n c t e
L G









 
   

  
(13)

Here, the leaf angle distribution (LAD) is classified into
spherical and non-spherical as follows:
1) LAD is spherical
In this case, the only parameter associated with the zenith

angle in the above equation is the crown projection area ta(θ)
After gathering some parameters in formula (13), we obtain

the coefficient �1 = ���
�(�)·��

= 2���
��

, which then becomes a
constant for a given forest stand, and being independent of the
zenith angle. Then, formula (13) can be transformed to the
following

1

1
( )

1( ) ( ) 1 ac t
ac t e  




 
     

   (14)
The derivation of (14) with respect to ta(θ) (rather than θ) can

be expressed as follows,

1

1
( )

1
1

1'( ( )) 1 1 ( ( ))
( )
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(15)

We focus on the item of 1

1
( )

1

11 1
( )

ac t

a

e
c t








  
       

, and

set 1
1[ ( )]at c t    and this item can be expressed as

   1t tf t e e t      .Then, we focus on the item

 1te t    , and set

( ) (1 )tg t e t   (16)
and derivative of g(t) relative to t is,

( ) 1tg t e   (17)
The ( )g t  is always larger than 0. g(t) in (16) has the following

two properties:
(1) g(t) is a monotonically increasing function;
(2) g(t) is always greater than 0, because the minimum value of
g(t) is g(0).

Then, we draw a conclusion that f(t) and
'( ( ))at  are always

greater than 0. It indicates that the crown projection area (ta(θ))
in the direction θ, which is the only parameter related to θ,
increases with increasing Ω(θ). Therefore, in this case, the
relationship between Ω(θ) and θ can be transformed to the
relationship between ta(θ) and θ in this case. In other words, the
zenith angular variation of the crown projection area (ta(θ)) or
crown shape plays a key role in the variation of Ω(θ) with θ.

The relationship between Ω(0) and Ω(θ) is closely related to the
crown shape (i.e., ta(θ)).
Moreover, according to (14), if Ω(0), ta(0), and ta(θ) are

known, c1 can be solved from an arrangement of (14), and Ω(θ)
can be calculated without consideration of LAI or LT.

1

1
(0)

1(0) (0) 1 ac t
ac t e 

 
     

  

﹣

(18)
2) LAD is non-spherical
If the LAD is non-spherical, we have �2 = ���

��
, �(�) = ��(�)

�(�)
.

Then, formula (13) can be written as follows,

2

1
( )

2( ) ( ) 1 c xc x e  



 
     

   (19)
Formula (19) is similar to formula (14) in its mathematical

form. Similar to formulas (15-17), the relationship between Ω(θ)
and θ can be transformed to the relationship between x(θ) and θ
in this case. From the above derivations, the equations for the
relationship between CI and zenith angle are first built (see (18)
and (19)). The only two parameters are related with zenith
angle: a crown projection area (ta(θ)) and x(θ) which are
determined by the crown shape and LAD (or G(θ)),
respectively. The next section will show the influence of these
two parameters on the zenith angular variation of CI.

III. RESULTS
Ellipsoids are commonly used to describe crown shape in

many forest canopy GF and reflectance models [31], [33], [38],
[39], [40]. We use the ratio of crown height to diameter (RHD)
to describe various crown shapes. Both the diameter and height
of the crown simultaneously change by changing RHD, and
crown shape changes from a “tower” shape (crown height is
larger than its diameter, i.e., RHD > 1) to an “umbrella” shape
(crown height is lower than its diameter, i.e., RHD < 1). Except
for the RHD, other structures are set to be the same and within a
reasonable range, such as the forest coverage (approximately
53%) and LAI (are equal to 4) are the same in canopies with the
three crown shapes (Table I). De Wit (1965) introduced a
classification of LAD into four major types, namely planophile
(horizontal leaves are most frequent), erectophile (vertical
leaves are most frequent), plagiophile (oblique leaves are most
frequent), and extremophile (oblique leaves are least frequent)
[41]. Other well-known LADs are the uniform (all inclinations
are equally frequent) and the spherical distributions (identical
to the inclination distribution of the surface elements of a
sphere). These six LADs are also adopted in the widely used
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SAIL model [42]. Although the LADs are diverse in nature, the
above six LADs are commonly-used [41], [43]. The G(θ) of
these six LADs can refer to [44]. As canopy GF directly
influences the CI (formula (3)), the zenith angular variations of
canopy GFs among different scenes are shown first (Fig. 1).
As the denominators in formula (3) are all the same among

different crown shapes in each subplot (only one black line in
each subplot (Fig. 1 (a1) - (f1)), the differences among them
stem mostly from the difference in the numerators in formula
(3). The zenith angular variations of canopy GF show obvious
differences among canopies with different RHDs (Fig. 1 (a1) -
(f1)). Although the general tendencies of all GFs decrease with
increasing zenith angle, the GF decreasing rates are high at low
zenith angles but low at high zenith angles for canopies with
“tower” crowns. In contrast, the decreasing rates of GF are low
at low zenith angles but high at large zenith angles for
“umbrella” crowns. According to formula (3), the differences
in canopy GF decreasing rates directly lead to different zenith
angular variations of CI (Fig. 1 (a2) - (f2)): for canopies with
“tower” crowns, CI rapidly increases with increasing zenith

angle; in contrast, CI decreases slowly with increasing zenith
angle for canopies with “umbrella” crowns. Because of the
different RHDs, the change rates of CI differ at various zenith
angles: the change rates of CI are large for canopies with
“tower” crowns, but low for “umbrella” crowns at low zenith
angles. The differences in canopy GF and Ω(θ) among canopies
with nonspherical LADs show trends similar to those of the
spherical LAD (Fig. 1 (a1) and (a2)). Generally, Ω(θ) increases

with θ for canopies with “tower” crowns, but decreases with θ
for “umbrella” crowns. Delineating the influence of LADs on
the relationship between Ω(θ) and θ is meaningful for the
canopies with “sphere” crowns (RHD = 1, cyan lines in Fig. 1).
For crowns deviating from the spherical shape (i.e., RHD is
obviously larger or lower than 1), the influence of LADs on the
relationship between Ω(θ) and θ is limited and can be neglected
for these typical LADs.
The above results show the influences of RHD and LAD on

the zenith angular variations of canopy GF and CI. Here, the
influence of the tree distribution is also shown. cB ranges from
0.85 to 1.77, and forest canopies with the tree distributions
ranging from clumped to regular types are given. The crown
diameter is 2 m, and its height is 6 m, 2 m, and 1 m, respectively,
corresponding to “tower”, “sphere”, and “umbrella” shapes,
respectively. LAI is 4 and LAD is spherical. Overlaps among
trees at nadir decrease with increasing values of cB (see Fig. 2).
The variations of GF and CI with zenith angle are shown in

Fig. 3. The influence of tree distribution parameter cB on both
canopy GF and CI are significant. With increasing cB, canopy
GF generally decreases and CI increases for all canopies with
three different crown shapes at all zenith angles. Yet cBdoes not
affect the zenith angular variation of both canopy GF and CI,
because it is not related with zenith angle in Nilson’s (1999)
canopy gap fraction model. For example, CI increases with
increasing zenith angle for canopies with “tower” crowns,
remains stable for “sphere” crowns, and decreases for
“umbrella” crowns.

Fig. 2 Forest canopies with different tree distribution parameters (cB is 0.86,
1.00, 1.20, 1.45, and 1.77, respectively; red circle indicates crown at nadir)

Fig. 3 Zenith angular variation of GF (a) and CI (b) with different tree
distributions (1: “tower”, 2: “sphere”, and 3: “umbrella” shaped. Value in the
legend indicates cB)

Fig. 1 Relationships between forest canopy GF and CI to zenith angle among
different RHDs and LADs. (1: canopy GF, 2: Ω(θ); a: spherical, b: planophile,
c: plagiophile, d: uniform, e: extremophile, and f: erectophile; Cyan lines mean
“sphere” crown; Black lines in the canopy GF subplots indicate the random
canopy GF (canopy with leaves meeting the Poisson random distribution; only
one black line in each subplot (a1 - f1)); Values in legend (a1) indicate RHD)
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IV. VALIDATION

A. Validation in the LESS platform

Two sets of CI measurements are considered as follows: (a)
the canopy GF method and (b) the gap size method. In the
former, formula (3) is the critical equation in the calculation of
CI. The GF of canopies with random leaf spatial distributions
(the denominator in formula (3)) is calculated by the
well-known Beer‒Lambert theory, which has been widely
validated and used in many previous studies [4], [31], [45], [46].
Although the forest canopy GF equations appearing in formulas
(7-9) have also been widely validated and used in the literature
[31], [35], [47], the primary validation exercise focuses on the
canopy GF (the numerator in (3)). Then, CI can be directly
calculated from the measurements of canopy GF according to
formula (3) with a given LAD. The gap size method is the main
theory for CI measurements from the Tracing Radiation and
Architecture of Canopies (TRAC) instrument. As the large size
gaps are the primary reason for the clumping effect, CI can be
calculated from a large-gap removal method [2], [3], [48]:

   
 

 
 

ln 0, 1 0,
=
ln 0, 1 0,

m mr
CC

mr m

F F
F F

 


 
      
      

(20)

where Fm(0, θ) is the actual gap-size cumulative distribution
function observed along a circular transect in length at zenith
angle θ, and Fmr (0, θ) is the reduced gap-size cumulative
distribution function after removing the large gaps.
As the canopy GF and gap size decrease with increasing

zenith angle in many cases, both essential parameters have
low values at large zenith angles, and the discrepancy is
attributable to the limited accuracy with which TRAC
characterizes small canopy gaps as a result of the penumbra
effect. Computer simulation provides a highly controlled
environment to implement the validation, and all the
confounding factors (e. g., shrub, bush, grass, wind, unstable
light conditions, penumbra effect, and complex terrain)
affecting the canopy GF and gap size measurements can be
explicitly avoided [49]. A 3-D radiative transfer simulation
framework LESS (LargE-Scale remote sensing data and image
Simulation framework over heterogeneous 3-D scenes:
http://lessrt.org) can accurately simulate the canopy GF and
the radiation properties of realistic landscapes and has been
validated with field measurements. It provides a Python tool to

rapidly compute the canopy GF in multiple directions in a batch
model [50].
Three canopies with “tower”, “sphere”, and “umbrella”

crowns (RHD = 8, 1, and 0.13) are built in LESS (Fig. 4); the
LAD is spherical, the LAI ranges from 0.75 to 4, and other
parameters are listed in Table I. The scenes in the LESS
platform provided good conditions. Unlike digital
hemispherical photographs, the canopy GF observations from
the top to the bottom with the parallel projection do not need to
consider the sampling effect. The boundary effect of the canopy
GF is considered, i.e., the regions near the boundary of the
stand are not considered, especially for large zenith angles (the
areas outside of yellow dashes in Fig. 4 are not considered to
avoid the boundary effect). Based on image processing (e.g.,
image binarization), the whole canopy GF and gap sizes on five
equidistant sampling lines can be obtained.
1) Canopy GF method
Essentially, the canopy GF method is based on the definition

of CI and formula (3). Here, the primary work focuses on
comparing the forest GF between formula (9) (or the numerator
in formula (3)) and LESS results at multiple zenith angles. As
shown in Fig. 5, the measured canopy GFs are generally
consistent with the formula results in this study at most zenith
angles, especially at low zenith angles. The root-mean-square
errors (RMSEs) in the canopy GF between the measured and
formula results are listed in Table II. The maximum value of
RMSE is less than 0.07, indicating that canopy GFs calculated
with formula (9) are validated. The decreasing rates of GF vary
with crown shape: the canopy GFs are stable for canopies with
“umbrella” crowns but rapidly decrease for “tower” crowns at
low zenith angles; in contrast, they rapidly decrease for
“umbrella” crowns, but are stable for “tower” crowns at high
zenith angles. As there are different decreasing rates of canopy
GF among different crown shapes (e.g., large gaps between
crowns are rarely found for “tower” crowns, but are still easily
found for “umbrella” crowns at large zenith angles, as shown in
Fig. 5. (c2)), the different zenith angular variations of CI are
found. CI can be directly calculated from canopy GF with a
given LAI (Table I) and LAD (spherical) according to (1) and
(3) (Fig. 5 (b)). As canopy GFs are validated in LESS, CIs are

also validated. Slight biases in the canopy GF at large zenith

Fig. 4 Three canopy scenes with “tower” (a), “sphere” (b), and “umbrella”
crowns (c) in LESS ((1): at nadir; (2) at VZA = 70°. The green regions indicate
crowns, and the red region indicate the ground. Yellow lines are the gap size
sampling lines which are similar to the trajectories of TRAC; the areas outside of
the yellow dashes are not considered to avoid the boundary effect)

Fig. 5 Comparison of GF (a) and CI (b) between formula and measurement using
the GF method ((1) - (3) mean LAI = 0.75, 2, and 4, respectively. “tow”, “sph”,
and “umb” mean canopies with “tower”, “sphere”, and “umbrella” crowns,
respectively)
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angles can lead to significant errors in CI because the
relationship between the canopy GF and CI is logarithmic.
Although there are some deviations in CI between the formula
and measurements at large zenith angles, the maximum of
RMSE is only 0.070 (Table II). This means that both canopy
GF and CI calculations in this study are reliable.
2) Gap size distribution method (ΩCC (θ))
Each canopy’s gap sizes in five equidistant sampling lines

(yellow lines in Fig. 4) at multiple zenith angles are recorded.
Fig. 6 clearly shows the gap size distributions along the middle
sampling line at multiple zenith angles. Gaps can be divided
into two types: gaps within a crown and gaps between crowns.
All gaps decrease with increasing LAI, especially for the
within-crown gaps. With increasing zenith angle, the
within-crown gap size decreases for all canopies. However, the
zenith angular variation of between-crown gap size shows
completely different variations among these three canopies: for
the canopy with “tower” crowns, the gap size decreases quickly
with increasing zenith angle (Fig. 6 (a1) - (a3)); while, for the
canopies with “sphere” (Fig. 6 (b1) - (b3)) and “umbrella”

crowns (Fig. 6 (c1) - (c3)), there is no obvious decrease in
between-crowns gap size with increasing zenith angle.
Especially for the canopy with “umbrella” crowns, large gap
sizes show increasing trends with increasing zenith angle.
The gap size distribution method calculates the CI based on a

large-gap removal strategy. Therefore, the distribution of
between-crown gaps, which are often large gaps, plays an
essential role in the calculation of CI [13]. The different zenith
angular variations of gap size distributions in Fig. 6 directly
lead to the different zenith angular variations of CI based on the
gap size distribution method. After recording the gap size in
each sampling line, ΩCC (θ) can be calculated using CIMES
software in which the gap size distribution method is integrated
[51]. In the legend in Fig. 7, “measure” indicates that the CI is
calculated with the gap size distribution method in the LESS
platform. At large zenith angles (e.g., θ >50°), small gaps are
rarely found in the sampling lines for “tower” crowns, and the
CI output in CIMES cannot be calculated, leading to the CI
value in Fig. 7 being null at large zenith angles.
Although the sampling line increases the randomness of the

observations, clearly different trends are shown in Fig. 7 for
these three canopy types with different crown shapes. As
shown in Fig. 7, there are obviously different variations of CI
with zenith angle for forests with all three different crown types:
the ΩCC (θ) strongly increases with increasing zenith angle for
canopies with “tower” crowns, while it shows a slow increasing
trend for “sphere” crowns and a downtrend for “umbrella”
crowns. The RMSEs of the CI between the formula results and

(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)
Fig. 6 Comparison of gap size in the middle of five sampling lines among “tower” (a), “sphere” (b), and “umbrella” crowns (c) (8 lines in each subplot record gap
size at zenith angle = 0° - 70°, increasing step is 10°. Black rectangles mean leaves and write rectangles among black rectangles mean gaps; (1) - (3) mean LAI =
0.75, 2, and 4, respectively)

TABLE II RMSES OF GF AND CI BETWEEN FORMULA RESULTS AND
MEASUREMENTS BASED ON THE GF METHOD

Crown
GF CI

LAI =
0.75

LAI =
2

LAI =
4

LAI =
0.75

LAI =
2

LAI =
4

“tower” 0.064 0.036 0.019 0.048 0.067 0.070
“sphere” 0.009 0.019 0.016 0.022 0.028 0.018
“umbrella” 0.013 0.010 0.010 0.030 0.014 0.007
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the measurements based on the gap size method are listed in Fig.
7. For LAI = 0.75 and 2, the maximum value of the RMSE is
lower than 0.1. The relatively large differences between the
measured ΩCC (θ) and formula results appear in canopies with
large LAIs at large zenith angles. For large zenith angles (e.g.,
θ >50°), the overlaps among crowns increase, and the size of
the benchmark, in which the leaves meet random distribution
and CI is equal to 1 (such as a crown without overlaps in the
view direction), also decrease. The termination conditions of
the iteration for the gap size distribution method is a key step
for calculating CI. The final value of the projected LAI (Lp) in θ
direction is found after several iterations of the same steps until
no increase in Lp is found, such as the large gaps are removed
and small gaps remain. As the overlaps among crowns increase,
large gaps among “umbrella” crowns still exist at large zenith
angles (see Fig. 4). Significant non-randomness and
heterogeneity of the canopy still exist at large zenith angles
even though the large gaps among crowns are removed.
Therefore, some relatively small gaps among crowns may also
need to be removed. While identifying small gap sizes is not

easy, and these gaps are often rarely recorded when too many
overlaps among crowns occur more at larger zenith angles. This
is considered the saturation point in the identification of small
gap sizes due to too many overlaps among crowns at large
zenith angles.

B. Validation based on the published datasets

1) Field measurements datasets in Kucharik et al. (1999)
The zenith angular variations of CI field measurements for

three tree species (old jack pine (OJP), old black spruce (OBS),
and old aspen (OA)) were published in Kucharik et al. (1999).
Here, we used the same datasets to validate the results in this
study. The measurements included the mean crown height (6.5
m, 7 m, and 4.5 m for the three tree species, respectively),
crown diameter (1.94 m, 1.38 m, and 3.4 m for the three tree
species, respectively), and density (1800, 4480, and 847
stem/ha for the three tree species, respectively). CI(0) was
measured by a multiband vegetation imager, and CI(θ) was
measured by TRAC. Moreover, based on the assumption that
CI increases with increasing zenith angle and is equal to 1 from
the horizontal view (θ = 90 ° ), CI(θ) was simulated by the
Monte Carlo method in Kucharik et al (1999). Here, we extract
both the field measured CIs (“Measure” in Fig. 8) and
simulated CIs (“K-MC” in Fig. 8) in Kucharik et al (1999).
LAD is assumed to be uniform. As crown diameter, crown
height, tree density, and CI(0) are known, CI(θ) can be
calculated based on formula (19) (“Formula” in Fig. 8).
Although CIs increase with increasing zenith angle for the

three tree species in “Formula”, “K-MC” and “Measure”, their
increasing rates are different. CI shows obviously slow growth

for the OA stand. The CI values of “Measure” for the OA stand
tend to be saturated at θ > 40 ° . Generally, the CI increasing
rates captured by the “Formula” in this study show better
consistency with the measured CI than those captured by the
“K-MC”, especially at large zenith angles. The RMSE in CI(θ)
between “Formula” and “Measure” is only 0.027, 0.064, and
0.061, respectively, for the three tree species. However, the
RMSE in CI(θ) between “K-MC” and “Measure” is 0.076,
0.071, and 0.126 for the three tree species, respectively. The
main differences in CI(θ) between “K-MC” and “Measure”
appear at the large zenith angles, especially for the OA stand.
The assumption that CI increases with increasing zenith angle
is responsible for the RMSE in CI(θ) between “K-MC” and
“Measure”, especially for the OA stand.

Fig. 8 Validation of CI(θ) in this study used the filed measurements (“Measure”
indicates CI(θ) in the in-situmeasurements; “K-MC” indicates CI(θ) simulated
by the Monte Carlo based on the assumption that CI increases with increasing θ
and is equal to 1 from the horizontal view; “Formula” indicates CI(θ) calculated
in this study; “RMSE” is the RMSE in CI(θ) between “Formula” and
“Measure”; “Measure” and “K-MC” results are derived from Kucharik et al.
(1999))
2) RAMI stand-level datasets in Hu et al. (2014)
Two HET-04 forest stands with “cylinder” shaped (crown

height is 12 m, and its diameter is 3 m, similar to “tower”
shaped) and “sphere” shaped crowns (crown diameter is 4 m)
are given in the RAdiative transfer Model Intercomparison
exercise (RAMI) platform in Hu et al. (2014) [11]. LADs for
these two forest canopies are uniform. For detailed information
on the forest structures (e.g., LAI, tree density, crown height
and diameter) of these two forest stands, please refer to Hu et al.
(2014) and the RAMI website. Tree positions are shown in Fig.
9, indicating that overlaps among trees are rare. The tree
distribution parameter cB is calculated according to Nilson
(1999). cB for the forests with “cylinder” crowns and “sphere”
crowns are 1.03 and 1.20, respectively. There are no forest
stands with “umbrella” crowns in the RAMI platform. Keeping
the tree positions and crown diameter unchanged, the crown
height is one half of the “sphere” crown diameter. Then, a forest
stand with “umbrella” crowns is built based on the RAMI
HET-04 stand with “sphere” crowns.
For forest canopies with “cylinder” crowns and “sphere”

crowns, the effective LAIs were measured in Hu et al. (2014).

Fig. 7 Comparison of CI between formula and measurement using the gap size
method (a-c mean LAI = 0.75, 2, and 4, respectively. “tow”, “sph”, and “umb”
mean canopies with “tower”, “sphere”, and “umbrella” crowns, respectively).
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Then, CI(θ) can be directly calculated by the definition of CI
because LAIs are given in the RAMI HET-04 stand. For forest
canopies with “umbrella” crowns, the zenith angular variation
of canopy GF can be measured based on the image processing
method. Then, CI(θ) can be obtained based on formula (3).
The CI calculated by formula (19) in this study and the

measurements in Hu et al. (2014) for these three different
crown shapes are shown in Fig. 10. The zenith angular
variations of CIs are obviously different among these three
forests with different crown shapes. The “formula” CI(θ)
curves in Fig. 10 are highly consistent with the RAMI
measurements in Hu et al. (2014). The RMSE in CI(θ) between
“Formula” and “RAMI” is only 0.031, 0.032, and 0.029,
respectively, indicating that the formula results in this study are
validated. Therefore, it is reasonable to believe that the
assumption in Kucharik et al. (1999) that CI increases with
increasing zenith angle may be not always true and is limited to
“tower” crown shapes.

Fig. 9 Tree positions in the RAMI HET-04 forest stand (red circles indicate
crowns at nadir)

Fig. 10 Validation of CI(θ) in this study using the RAMI HET-04
measurements (“RMSE” is the RMSE in CI(θ) between “Formula” and
“RAMI”;“RAMI” CI of forest canopies with “cylinder” and “sphere” crowns
are derived from Hu et al. (2014))

V. DISCUSSIONS

With the presence of crowns, leaves often show significant
clumping effects rather than random or regular effects in the
forest canopies. Previous studies often reported that this
aggregated effect was more obvious at low zenith angles than
that at large zenith angles because the large gaps between
crowns could be more easily found at low zenith angles. The
relationships between CI and zenith angle for canopies with
“tower” crowns in this study are consistent with previous
studies: CI increases with increasing zenith angle. For canopies
with “sphere” and “umbrella” crowns, the results in this study
show different angular patterns from those in many previous
studies. For “sphere” crowns with the spherical LAD, both the
crown projection (ta) and crown GF (Pgap) are independent of
the zenith angle. As crowns are randomly distributed in a region,
crown CI (quantifying the degree of deviation of the crown
(rather than leaf) spatial distribution from the random case ) is
always equal to 1 and independent of the zenith angle.
Therefore, it is easily understood that CI does not vary with
zenith angle for “sphere” crowns with the spherical LAD.
Compared with the “sphere” crowns, canopies with
“umbrella” crowns produce a larger canopy GF at larger
zenith angles, leading to a lower CI. Similarly, the zenith
angular variation of the CI with “tower” crowns can also be
clearly explained. All tree diameters are lower than their
heights in field measurements in Kucharik et al. (1999),
indicating that all tree crowns are “tower” shaped [1]. The
results in Kucharik et al. (1999) showed that CI increased
with increasing zenith angle, which is partly consistent with
the forests with “tower” crowns in this study. While, based
on the assumption that CI always increases with increasing
zenith angle, the first equation between CI and zenith angle
was developed by Kucharik et al. (1999). In the equation,
CI(θ) can be calculated from CI(0) using tree
species-specific semi-empirical parameters. The results of
this study show this assumption in Kucharik et al. (1999)
that CI always increases with increasing zenith angle is valid
only for canopies with “tower” crowns. We derived a new
equation in this study, which presents a different viewpoint
on the zenith angular variation of CI: CI may not always
increase with increasing zenith angle. It mainly depends on
the crown RHD. This new viewpoint is supported by the
field measurements in Hu et al. (2012).
The results in this study show that the zenith angular

variation of CI is affected by both crown shape and LAD. The
averaged leaf inclination angle in the six well-known LADs
used in this study ranges from 26.8° to 63.2°, which cover the
most cases of leaf inclination angles for forests. For forest
canopies with extreme LADs, such as the averaged leaf
inclination angle lower than 26.8° or larger than 63.2°, formula
(19) is suggested to be most suitable for describing the zenith
angular variation of CI. Although LAD affects the zenith
angular variation of CI, the influence may be limited (Fig. 1).
This is reasonable because LAD is the inclination distribution
of leaves, yet CI describes the spatial distribution of leaves.
LAD and leaf spatial distribution are two independent
parameters according to their definitions in theory. Moreover,
tree crowns show various shapes (i.e., crown RHD in this study)
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at the global scale. As the annual mean solar zenith angle
increases from the equator to high latitudes, crowns with
different height-to-width ratios have inherently varying
efficiencies of light interception, e.g., the dominance of tall and
thin conifers at high latitudes, and flat-topped trees at low
latitudes. Therefore, we suggest that main attention should be
paid to crown shape when the zenith angular variation of CI is
studied. Previous studies about the zenith angular variation of
CI have all focused on forest canopies with “tower” crowns,
leading to the widely accepted perception that CI always
increases with increasing zenith angle. The results in this study
show a new viewpoint regarding the zenith angular variation of
CI, especially for forest canopies with “sphere” and “umbrella”
crowns.
The forest canopy GF model considering the tree

distributions in Nilson (1999) is robust for many forests. Yet it
is not suitable for any forests. An assumption was made in
Nilson (1999): forest canopy is azimuthally isotropic and there
is no azimuth angle in the whole derivation in Section II.
Therefore, the model is unworkable for forest canopies with
obvious azimuthal anisotropy, such as orchards in which the
tree distributions are obviously grid-shaped and line-shaped.
Fang et al. (2014) showed a slight decrease in CI with zenith
angle for paddy rice fields [9]. The zenith angular variation of
CI for grid-shaped and line-shaped forests (e.g., orchards) or
crops is due to the large gaps between the crowns or rows at
large zenith angles. For these particular tree distributions
(grid-shaped and line-shaped), CI varies with not only the
zenith angle but also the azimuth angle because of the obvious
azimuthal anisotropy of the canopy GF for these vegetation
canopies. A similar trend has also been reported for regularly
spaced trees, and the relationship between Ω(θ) and θ can be
described as a sigmoid model [1]. Essentially, the particular
zenith angular variations of CI in grid-shaped and line-shaped
vegetation canopies are still due to the zenith angular variation
of canopy GF. It is our strategy in studying the zenith angular
variation of CI: based on the canopy GF theory according to
formula (3). We believe that the zenith angular variation of CI
is actually due to the zenith angular variation of canopy GF. In
addition, the leaves are assumed to be randomly distributed in
an individual crown, and the clumping effect within crown is
not considered in this study. Formula (18-19) is invalid for
forest canopies with obvious branch structures or obviously
aggregated structures within crowns. We believe that the zenith
angular variation of canopy GF is still a critical task to study the
zenith angular variation of CI in these forests.

VI. CONCLUSION
Clumping index (CI), which is an essential parameter to

determine radiation distribution in plant canopies, varies with
zenith angle. It is widely accepted that CI increases with
increasing zenith angle in the past twenty years. In this study,
based on the widely-used forest canopy GF theories, an
analytical derivation is performed on the variation of CI with
zenith angle for forest canopies. The results show a different
viewpoint from the widely-accepted zenith angular variation of
CI. Specifically, (1) the crown shape (i.e., the ratio of the crown
height to diameter, RDH) is proven to be a key parameter in
determining the variation pattern of CI with zenith angle: CI

increases with the zenith angle for forest canopies with “tower”
crowns (RDH > 1), does not vary much with zenith angle for
“ sphere ” crowns (RHD = 1), and decreases for “umbrella”
crowns (RDH < 1). New equations about CI and zenith angle
are developed in this study, which would be useful for not only
CI in-situ measurement but also CI retrieval using remote
sensing images.
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