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An Improved Method for Estimating Clumping
Index by Digital Hemispheric Photography

With Field Measurements
Yidong Tong , Ziti Jiao , Xiaoning Zhang, Siyang Yin, and Jing Guo

Abstract— Clumping index (CI) field measurements based on
the logarithmic gap fraction averaging (LX) method are widely
used. However, some challenges regarding this method have been
recognized; e.g., CI overestimation or underestimation occurs
in the sampling units where there is no measurement gap,
which creates major uncertainties in CI field measurements.
To address this issue, we proposed an improved eight-connected
LX method that replaces null gap units with the arithmetic
mean of the gaps in the eight connected neighboring units,
considering the neighboring connections of the natural foliage
extension. To validate this method, we designed two controlled
experimental schemes based on simulated digital hemispheric
photography (DHP) images through the LargE-Scale Remote
Sensing Data and Image Simulation Framework (LESS) model
considering the leaf area index (LAI) and leaf angle distribution
(LAD), respectively, together with collected field measurements.
The results showed that our method could almost prevent
overestimation and improve underestimated CIs by nearly 20%.
In addition, CIs of our method had the smallest error compared
to the “true” CIs (error < 0.1). In conclusion, our method can
significantly improve the data quality of the simulation results
relative to the existing methods and present potentials in the CI
measurements of upcoming field campaigns.

Index Terms— Clumping index (CI), digital hemispheric pho-
tography (DHP), logarithmic averaging method (LX).

I. INTRODUCTION

CLUMPING index (CI) characterizes the degree of foliage
clumping relative to a random distribution in space [1].

The clumping of foliage affects the distribution of solar
radiation, thereby affecting canopy photosynthesis and pro-
ductivity [2], [3]. In addition, CI plays a significant role in
ecological processes such as precipitation interception and
evapotranspiration [4]. Therefore, CI products have been vital
in providing inputs for many land surface models [5].

To properly use CI products, it is critical to conduct
enhanced field measurements to provide important data sup-
port for validation. Therefore, an accurate and effective mea-
surement method is essential. Indirect methods have been

Manuscript received 11 June 2022; revised 16 September 2022; accepted
18 October 2022. Date of publication 21 October 2022; date of current
version 7 November 2022. This work was supported by the National Natural
Science Foundation of China under Grant 42090013 and Grant 41971288.
(Corresponding author: Ziti Jiao.)

The authors are with the State Key Laboratory of Remote
Sensing Science, Beijing Normal University, Beijing 100875, China
(e-mail: tongyd@mail.bnu.edu.cn; jiaozt@bnu.edu.cn; xnzhang@bnu.edu.cn;
yinsy@mail.bnu.edu.cn; guojing0404@mail.bnu.edu.cn).

1https://doi.pangaea.de/10.1594/PANGAEA.939444.
Digital Object Identifier 10.1109/LGRS.2022.3216274

widely used in CI field measurements because of the advan-
tages of high efficiency, low cost, and almost no damage to the
canopy [6]. Optical instruments, such as LAI-2200 and digital
hemispheric photography (DHP), are commonly used in these
methods by measuring the distribution of observed gap frac-
tions. Such methods are generally based on the Beer–Lambert
law, which describes the transmission and interception of light
radiation by a canopy, as in the following equation [7]:

P(θ) = e−G(θ)· �(θ)·LAI
cos(θ) (1)

where P(θ) is the gap fraction at a zenith angle of θ and
G(θ) is the leaf projection function, which corresponds to
the fraction of unit foliage area projected in the direction
of θ . LAI is the true leaf area index, and � is the CI.
The CI has been generally derived via the logarithmic gap
fraction averaging method (LX method) based on (1), as in
the following equation [8]:

�LX(θ, ϕ) = ln P(θ)

ln P(θ, ϕ)
(2)

where P(θ) is the gap fraction within the finite-length transect
at a zenith angle of θ ; when there are multiple view zenith
angles, the mean value of the gap fraction under each zenith
angle should be obtained.

Currently, the LX method based on DHP is widely used
in CI field measurements [6], [9], [10]. However, some
challenges have been recognized regarding the LX method
[11], [12]. Specifically, one assumption of the LX method
is that there exist gaps within a finite-length transect. That
is, according to (2), P(θ) is not allowed to be 0 simply
because the logarithm of zero is mathematically meaningless.
However, the absence of gaps in a finite-length transect within
a canopy is inevitable in field measurements, especially in
areas with high LAIs where foliage may be densely distributed.
Nevertheless, little attention has been devoted to the nongap
situation in the original LX method, which has led to possible
outliers when utilizing the LX method [11].

Several modifications have been proposed for the case in
which no gap exists. At present, there are two commonly
used methods: 1) artificially assign one pixel to the nongap
unit (one-pixel-gap) before using LX method in (2) [13] or
2) directly ignore the nongap unit (neglection) [14]. Unfortu-
nately, the following issues still exist with both approaches
[15], [16]. First, the one-pixel-gap method allocates only
one-pixel gap without considering the spatial distribution of
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the foliage, which may subjectively intensify the clumping
effect of foliage. Moreover, the degree of such intensification
of the clumping effect is closely related to the size of the non-
gap unit and the total number of pixels within the unit. Thus,
the one-pixel-gap method is subject to large uncertainties.
Second, the neglection method directly ignores the nongap
unit in an area that usually has extreme clumping, which may
subjectively weaken the clumping effect. Therefore, the results
of the above two methods may be significantly different as the
nongap units increase, and both may cause large uncertainties
for the measured CIs.

To address this issue, we propose an improved eight-
connected LX method considering the natural foliage exten-
sion and the neighboring characteristics. To validate our
method using so-called “true” CIs, we design two con-
trolled experimental schemes based on simulated DHP images
through the LargE-Scale Remote Sensing Data and Image
Simulation Framework (LESS). We also use the field-
measured DHP images for further validation.

II. MATERIALS AND DATA

Computer-simulated data based on three-dimensional (3-D)
radiative transfer models can accurately describe arbitrarily
complex scenarios and have a greater advantage in providing
referable CIs as “true” values. In addition, simulated data can
autonomously and precisely control the experimental variables
and exclude some uncertainties, which is desirable for exper-
imental data. Therefore, we utilized the simulated data as a
major source to validate this method.

The simulated DHP images are acquired through LESS as
a ray tracing-based 3-D radiative transfer model [Fig. 1(a)].
LESS takes full advantage of forward ray tracing techniques
for simulating the radiative budget and backward ray tracing
for simulating large-scale images, which makes it possible to
simulate various remote sensing data in a single model [17].

As further validation, we also use the field-measured data,
which referred to Fang’s studies. This measurement was con-
ducted in a farmland near Hailun city in Heilongjiang Province
in northeast China. Concurrent destructive LAI measurements
along with optical instruments such as DHP were conducted.
All of the data associated with Fang’s research were published
on the PANGAEA website, where more descriptions and
details of measurements can be found. Maize and soybean are
the two dominant crops in the study area [7], and two maize
plots were chosen for our CI validation [Fig. 1(b)].

III. METHODOLOGY AND EXPERIMENTS

A. Methodology

As mentioned earlier, the nongap unit is the main source of
the problem. Based on previous studies, replacing the null gap
unit with a reasonable gap value may be a feasible approach
[13], [15]. Our method explores a reasonable substitution

Fig. 1. (a) Simulated data and (b) field measured data are shown as typical
examples.

Fig. 2. Process of the eight-connected LX method. (a) Simulated DHP image,
and we take the yellow area as an example. (b) Specific procedure. The DHP
images are divided with a fixed-angle resolution, i.e., both the azimuth and
azimuth intervals are set to 5◦.

approach by considering the natural extension and neighboring
properties of foliage. We assume that the growth direction of
a 2-D blade always follows its axial direction and expands
symmetrically to both sides [18]. In other words, foliage
connections are supposed to appear among the neighboring
units, and the characteristics of adjacent units may be related,
which is the basis for seeking reasonable substitutions among
the neighbors. Therefore, we jointly trace the connections
along the zenith direction and azimuthal direction based on
the properties of the DHP images.

First, we take the nongap unit as the center, as marked by
the red circle [Fig. 2(b)]. We start by extending one unit on
both sides along the azimuth and zenith directions to form a
four-connected area (the triangles in the left blue area). Then,
we search for the other four diagonal neighboring units that
around the central nongap segments, i.e., the units in the four
corners (the yellow circles in the blue right area). Eventually,
the eight-connected area is formed by the eight units numbered
from 1 to 8, which are enclosed by the yellow lines. Then,
we replace the null gap in the center by the arithmetic mean
of the gap values in the eight neighbors and itself, as in (3),
shown at the bottom of the page, where PCenter

num on the right
side represents the number of gap pixels in the center unit,
which is 0 here, and PN

num (N is 1, 2, . . . , 8) is the number of

PCenter
num_ave = P1

num + P2
num + P3

num + P4
num + P5

num + P6
num + P7

num + P8
num + PCenter

num

9
(3)
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gap pixels in the unit numbered N . PCenter
num_ave on the left side

represents the substitution number of the gap pixels.
Therefore, the result (PCenter

num_ave) is assumed to be the reason-
able gap value for the nongap unit. It is worth noting that
the calculation is carried out by the one-pixel-gap method
described above if there is still no gap within the eight
connected units.

B. Experimental Design

Since the eight-connected method is proposed to solve the
issue regarding the nongap situation, the probability of gaps
through the canopy should be considered a key variable for
validating the method. Studies have shown that within a plant
canopy, the probability that a photon passes unintercepted
through a distance s can be modeled as [19]

P(s) = e−ksL/D = e−τ s (4)

where τ = kL/D and the variable K is the attenuation of a
unit LAI (L) contained within a unit of canopy depth (D),
which is highly related to the leaf angle distribution (LAD).

The LAI and LAD are the dominant controls of the
probability of gaps according to the typical gap probability
model above. They are also the only two structural parameters
required for the accurate prediction of reflected, transmitted,
and absorbed radiation fluxes [20]. Therefore, the LAI and
LAD are selected as two independent variables to design two
schemes for the simulated data to validate our new method.

We preliminarily focus on crop field measurements since
the combination of the DHP and LX methods has recently
been widely used for agricultural crops [9], [10]. Therefore,
we build a tree-object based on maize and apply it in the
following two schemes. The parameters of the tree-object are
referenced from the average morphological structures of maize
at different growth stages, i.e., a plant height of 120 cm,
a foliage length of 45 cm, and a foliage width of 8 cm [21].
As the major inputs to LESS model, we set the sensor type to
circular fisheye and the size of the scene to 10 × 10 m. The
camera is set to observe downward at 1.8 m from the ground
at each sampling point, and nine photographs were captured
in each scene. All photographs are stored in JPEG format at
a resolution of 2000 × 2000 pixels.

1) Take LAI as the Variable: In the first scheme, a series of
DHP images with various LAIs are simulated (i.e., LAI = 0.4,
0.75, 1.1, and 1.45). The LAD is set to the planophile type
with 26.76◦ as the average leaf angle (ALA). At each LAI,
we distributed the tree-object randomly in the scene, where
nine sampling points were evenly distributed (Fig. 3).

2) Take LAD as the Variable: In the second scheme, a series
of DHP images with three typical functions of the LAD (i.e.,
planophile, plagiophile, and erectophile) are simulated with
26.76◦, 45◦, and 63.24◦ ALAs, respectively [22] (Fig. 4).
We also distribute the tree-object randomly in the scene.
It is worth noting that the position of the tree-object remains
constant under different LADs (Fig. 4), which excludes the
location effect.

Fig. 3. Scheme (1). (Left) Sampling strategy for the simulated plot. (Right)
Simulated DHP images for different LAIs.

Fig. 4. Scheme (2). (Left) Sampling strategy. (Right) Tree-object with
different LADs and the simulated DHP images.

C. Validation

To validate this new method, a cross-comparison of this
method was first conducted with other two methods (i.e., the
one-pixel-gap method and the neglection method), and then
with the “true” CIs.

By definition, the “true” CIs are usually calculated by the
ratio between the effective LAI (LAIeff) and the LAI obtained
separately in the field measurements as in the following
equation [6], [7]:

CI = LAIeff(Optical)

LAI(Destructive)
. (5)

Regarding the simulated experiments, we obtain the LAI
of the whole scene through a tool of LESS, and for LAIeff ,
we use the formula of Miller [23]

LAIeff = 2
∫ π

2

0
κ(θ) sin θdθ (6)

where k is the mean number of contacts per unit of canopy
height and is defined as [24]

κ(θ) = cos θ ln[1/P(θ)] (7)

where P is the gap probability at a zenith angle of θ .
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Fig. 5. Scatterplot comparison of the estimated CI and “true” CI of both
(a) simulated results and (b) field measured results. (For interpretation of the
references to color in this figure, the reader is referred to the web version of
this letter.)

Then, we can estimate LAIeff by integrating the entire
hemispherical gap observations by substituting (7) into (6) [6]

LAIeff = −2
∫ π

2

0
ln P(θ) cos θ sin θdθ. (8)

To acquire the field dataset, both the destructive and indirect
measurements were conducted at seven-day intervals over the
entire growing season of maize (DOY 169–262). Consid-
ering the potential uncertainties of field measurements due
to the stems, senescent leaves, and LAD [7], the anomalies
of the measured data since DOY 205 were removed. Finally,
the destructive LAI and the LAIeff from the optical instruments
on DOY 180, 193, and 200 were collected to calculate the
“true” CIs using (5).

IV. RESULTS

A. Simulated Experiments

CIs estimated from the three methods show significant
differences (Fig. 5) and the results of this proposed method
show a significant improvement. The CIs derived by this
proposed method are closer to the “true” CIs [R2 = 0.70 and
RMSE = 0.102, Fig. 5(a)] than other two methods. Although
CIs estimated from the one-pixel-gap method have a relatively
high correlation coefficient, its large deviation values from
“true” CIs (RMSE = 0.198) explain a prominent underesti-
mation. The neglection method presents the worst result with
a low correlation coefficient and a large deviation value with
the “true” CIs (R2 = 0.16 and RMSE = 0.235) among these
three methods.

For each value of LAI, CIs of the three methods are all
ordered as neglection > eight-connected > one-pixel-gap.
Compared to the “true” CIs, according to Table I, CIs of the
one-pixel-gap method deviate the most with a mean error of
0.22, while CIs of our method are the closest with a mean
error of 0.11. In general, our method effectively prevents the
overestimation of CIs while reducing the underestimation of
CIs from 32% to 16% in scheme (1).

For different LAD conditions, CIs of the three methods are
also ordered as neglection > eight-connected > one-pixel-
gap. Our method also performs the best only with an error
of 0.08. In general, the eight-connected method reduces the
underestimation of CIs from 24% to 5% in (2). Furthermore,
the performance of our method differs for various LADs. CIs

TABLE I

RESULTS OF THE TWO SCHEMES

of the planophile plants deviate the most from the “true” CIs
with a mean error of 0.11, whereas CIs of the erectophile
plants are the closest to the “true” CIs with a mean error
of 0.06. This difference indicates that the LAD affects the
eight-connected method. Overall, our method outperforms the
competing approaches under various LAD functions.

The results of the three methods (ordered as neglec-
tion > eight-connected > one pixel) are not unexpected.
As we mentioned before, the area with strong clumping is
abandoned by the neglection method, leading to an underes-
timation of the clumping effect, i.e., higher CIs. Similarly,
the area with strong clumping is added to a single gap, thus
overestimating the clumping effect, i.e., lower CIs. In contrast,
the eight-connected method adopts the arithmetic mean value,
reducing the pseudohigh and pseudolow clumping effects.
Thus, CIs of the eight-connected method lie between CIs of
the other two methods, which is theoretically reasonable.

B. Field Measurement

The results obtained with field measured data are in good
agreement with the simulated experiments, and the variation
trend of the three methods conforms to the theoretical analysis.
CIs estimated from all three methods were comparable to the
“true” CIs on DOY 180, with a mean error of approximately
0.05. As maize grew, the foliage density gradually increased,
and the probability of nongap increased, which causes a
significant difference among the three methods. The mean
error of this proposed method just approximates 0.1, while
those of the other two methods are greater than 0.3 from DOY
193 to 205. The validation confirms the simulation results
above, providing further evidences that the proposed method
presents a significant improvement for estimating CI by the
DHP technique with field measurements.

V. DISCUSSION AND CONCLUSION

This letter explores an improved method to address the chal-
lenge of applying the LX method to CI field measurements.
The new method is based on the experience of previous studies
and considers the continuity of foliage growth, applying a
reasonable substitution to solve the nongap case.

In conclusion, our new method significantly improves the
LX method in comparison with the previously developed
methods. For the simulated experiments, our method can
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almost prevent overestimation and improve underestimated
CIs by nearly 20%. Furthermore, CIs of our method are the
closest to the “true” CIs (error < 0.1) under various LAIs and
LADs being explored. For the field measurement, our method
exhibits similar trends with the simulation results.

Nevertheless, some challenges regarding the uncertainties
inevitably exist in CI field measurement. First, downward
DHP images are difficult to distinguish between shaded leaves
and soil, especially in a sunny day [25]. Second, different
angular intervals in Fig. 2 may yield different CI estimates
[6], and may lead to some uncertainties for this proposed
method, which deserves further efforts in future. Third, the
data used in this study are mainly based on simulated DHP
images considering the feasibility of acquiring “true” CI value,
although some field measurements are attempted in this study.
Thus, the accuracy of our new method remains to be further
explored for more field measurements in the near future.
In addition, we concentrate on the application of the LX
method with crops. However, we believe that this improved
method is simple and efficient and has potential for other plant
types.

Despite its preliminary characteristics, this study clearly
indicates that our new method effectively improves upon
the overestimation and underestimation problems of previous
methods. The results show that our method is more reliable
under various LAIs and LAD functions for a cropland canopy.
In general, the developed method improves the data quality of
CI measurements to a great extent and thus exhibits potential
for the validation of CI products.
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