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A B S T R A C T

Canopy clumping index (CI) indicates the non-random distribution of foliage components in space, and is an
important structural parameter for better understanding the radiative transfer process in a canopy. The apparent
clumping index (ACI), calculated using the logarithmic gap fraction averaging method, is reported by the LAI-
2200 Plant Canopy Analyzer. While LAI-2200 calculates the gap fraction and ACI from different conical rings,
calculation of ACI for other geometric units (e.g., an angular cell or an azimuth sector) and instruments has been
lacked. Building upon the LAI-2200 ACI, this study compares the ACIs calculated for different geometric spaces
from different optical instruments. The field data obtained from seasonal continuous measurements with LAI-
2200, digital hemispheric photography (DHP), and AccuPAR at a paddy rice field in northeast China were used
to calculate the directional ACIs at different levels—a directional cell (ΩA(θ, ϕ)), a concentric ring (ΩA(θ)), an
azimuth sector (ΩA(ϕ)), and over the horizontal landscape (ΩA(ν)). The whole ACIs were calculated from the
directional ACIs with an angular integration method, a simple averaging method, a non-linear correction
method, and a variance-to-mean ratio method. The directional ACIs for paddy rice generally follow the order of
ΩA(θ, ϕ)<ΩA(θ) and ΩA(ϕ)<ΩA(ν), displaying an increase of foliage randomness with the segment size. The
ΩA(θ, ϕ) estimated from DHP indicates canopy clumping at the finest level and is consistent with the CIs esti-
mated from the logarithmic averaging method (ΩLX) and the ratio method (the effective leaf area index (LAIe)
divided by the LAI). The ACI metrics expand the current CI metrics and can be obtained with different optical
instruments. The expanded metrics can be applied in the canopy radiative transfer modeling and in the esti-
mation of canopy biophysical parameters for other vegetation ecosystems.

1. Introduction

The spatial distribution of canopy foliage elements, generally de-
scribed by a clumping index (CI), is important for proper understanding
of canopy radiative transfer, precipitation interception, and the pho-
tosynthetic process (Wei and Fang, 2016). In theory, CI (Ω) is defined as
the ratio of the effective leaf area index (LAIe), usually obtained by
optical sensors, to the true leaf area index (LAI) (Nilson, 1971;
Fernandes et al., 2014)

= LAI LAIΩ /e (1)

The value of CI is equal to 1.0 when leaves are randomly dis-
tributed, and less than 1.0 when leaves are aggregated. CI has been
incorporated in several land surface models (LSMs) to characterize the
radiation penetration and photosynthetic processes in clumped ca-
nopies (Chen et al., 2012; Haverd et al., 2012; Ni-Meister et al., 2010;
Nouvellon et al., 2000; Pinty et al., 2006; Rambal et al., 2003; Yang

et al., 2010). The gross primary productivity (GPP) and canopy eva-
potranspiration (ET) would be substantially underestimated if LAIe is
used without taking CI into consideration (Chen et al., 2016, 2012).

Global and regional scale CI products have been generated from
POLDER, MODIS, and MISR satellite data, based on an empirical re-
lationship with the normalized difference between hotspot and dark-
spot (NDHD) (Chen et al., 2005; Leblanc et al., 2005b). The monthly
POLDER CI was generated at 6 km resolution from October 1996 to
June 1997 and the minimum CI during the eight months was extracted
as the final product (Chen et al., 2005). The global MODIS CI was es-
timated from NDHD at 500m resolution, and the seasonal variability
was explored at a regional scale (He et al., 2012; He et al., 2016).
Moreover, the MISR CI was derived with a similar method at a regional
scale in 275m (Pisek et al., 2013).

Commercial optical instruments, e.g., digital camera (Ryu et al.,
2012), digital hemispheric photography (DHP) (Fang et al., 2014;
Leblanc et al., 2005a; van Gardingen et al., 1999), LAI-2200 (Fang
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et al., 2014, 2018), and TRAC (Chen and Cihlar, 1995), have been
frequently used to take indirect CI estimates when making field LAI
measurements. The choice of a specific method varies for different
biome types and ground conditions (Demarez et al., 2008; Gonsamo
and Pellikka, 2009; Pisek et al., 2011). In theory, CI is generally derived
in the estimation of LAIe with the Beer-Lambert equation (Nilson, 1971)

= =− −P θ e e( ) G θ θ θ G θ θ θ( )·LAI ( )/cos( ) ( )·Ω( )·LAI/cos( )e (2)

where θ is the solar zenith angle, P(θ) is the canopy gap fraction in
direction θ, and G(θ) is the foliage projection function. Miller (1967)
proposed a theorem for the inverse estimation of LAIe that does not
require a prior knowledge of G(θ).

∫= −LAI P θ θ θdθ2 ln ( )cos sine
π

0

/2

(3)

When multiple observations of P(θ) are available, there are two
averaging methods ( P θln ( ) vs. P θln ( )) and Eq. (3) can be expressed as:

∫= −L P θ θ θdθ2 ln ( )cos sin
π

1 0

/2

(4)

or

∫= −L P θ θ θdθ2 ln ( )cos sin
π

2 0

/2

(5)

CI can be derived as a ratio of the above two equations:

∫
∫

= =
−

−
L L

P θ θ θdθ

P θ θ θdθ
Ω /

ln ( )cos sin

ln ( )cos sin

π

π1 2
0

/2

0
/2

(6)

Eq. (6) can be expressed in a simple numerical form:

= P
P

Ω ln
ln (7)

The logarithmic averaging equation (Eq. (7)), i.e., the LX method, is
calculated over different segments (Lang and Xiang, 1986) and thus the
size of segments significantly affect the CI values estimated using this
method (Demarez et al., 2008; Pisek et al., 2011). The segment size
should be large enough so that the statistics of the gap fraction are
meaningful, and small enough for the assumption of leaf distribution
randomness within a cell to hold. Demarez et al. (2008) experimented
with different segment sizes and found that 10°× 16° is optimal for
corn fields. Pisek et al. (2011) suggested a 15° DHP interval to be
compatible with the TRAC measurement. Theoretically, the most ap-
propriate gap fraction sampling size is related to pixel size and angular
units (Gonsamo et al., 2010). However, the determination of the op-
timal sampling resolution for various canopy types is not trivial. A
theoretical analysis of this problem suggests that a segment of at least
10 times the width of a leaf should be used (Lang, 1986; Leblanc et al.,
2005a).

For the commonly used instruments, the observational configura-
tion and the segment size cannot be directly compared, and problems
arise in the interpretation of CIs obtained from different optical in-
struments (Fang et al., 2014; Ryu et al., 2010b). DHP provides a fine
sampling of segments that can be used to derive CI at different levels.
The LAI-2200 gap fractions are derived from the transmittance ob-
servations at different rings. Without a view cap restriction, it is im-
possible to mimic the DHP cells because LAI-2200 provides an azi-
muthally integrated transmittance for each ring. In an entirely different
manner, AccuPAR and other ceptometers make photosynthetically ac-
tive radiation (PAR) observations over a whole hemisphere (Decagon
Devices, 2004).

Ryu et al. (2010a) coined an apparent clumping index (ACI) for LAI-
2200, calculated in the form of Eq. (6), where P(θ) is calculated for each
ring. The purpose of ACI is to compensate for the clumping factor in-
herent in LAI-2200 rings and to properly calculate the true LAI (LI-COR,
2010; Ryu et al., 2010a).

= ×LAI LAI ACI
Ω

e
(8)

where Ω is an independently determined clumping index, for example,
from a gap size distribution measurement (Chen and Cihlar, 1995).
Currently, LAI-2200 is the only instrument that reports ACI. Never-
theless, the ACI reported in LAI-2200 has rarely been investigated by
the community.

Over the space, LAI-2200 calculates the gap fraction P(θ) and ACI
(ΩA(θ)) for five concentric conical rings only (Fig. 1). Other optical
instruments provide more diversified spacial sampling and can be used
to calculate various ACIs to describe the enhanced foliage distribution
information. For example, DHP samples the field with a high angular
resolution that can be used to calculate the gap fraction at an angular
cell P(θ, ϕ), an azimuth sector P(ϕ), or a solid angle P(ν) (Fig. 1). These
instruments would enhance our existing knowledge about ACI and ex-
pand the conventional CI concept.

This paper aims to expand the ACI concept to other geometric units
and instruments. We examined the variation of the directional CI at the
cell level and the zenith and azimuth distribution of the ACI. The study
addresses two crucial questions: (1) what are the zenith and azimuth
distributions of the directional CI, and (2) what are the characteristics
of the whole ACI estimated from different optical instruments. We ad-
dress these questions through theoretical derivation and an experiment
conducted in the paddy rice fields in northeast China.

2. Methods and material

2.1. Comparison of CI at the cell level

Generally, it is assumed that the leaf orientation is randomly dis-
tributed along the azimuth angle (ϕ) and CI is independent of ϕ. This
assumption might not be true for row crops because of the large gaps
between rows (Drouet and Moulia, 1997; Sinoquet and Andrieu, 1993).
In this case, P(θ, ϕ) needs to be calculated for a particular viewing cell,
specified by the angular increment (Δθ, Δϕ) (Fig. 1). Similar to Eq. (7),
a directional ACI is defined for (θ, ϕ) (Lang and Xiang, 1986):

=θ ϕ
P θ ϕ
P θ ϕ

Ω ( , )
ln ( , )
ln ( , )A

(9)

where ΩA(θ, ϕ) describes the non-random distribution of foliage at a
particular angular location (θ, ϕ) and size (Δθ, Δϕ). Among the common
indirect methods, DHP has very fine view zenith and azimuth
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Fig. 1. Schematic illustration of different ACI metrics for different geometric
units over the upper hemisphere. ΩA(θ, ϕ) represents canopy clumping at di-
rection (θ, ϕ). ΩA(θ) and ΩA(ϕ) are for a certain annulus or an azimuth sector,
and ΩA(ν) over a solid angle ν.
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resolutions over a range of angles, either simultaneously or through
multiple measurements, to provide estimates of gap fractions and ΩA(θ,
ϕ) at a particular segment.

2.2. The directional ACI

In a similar fashion, gap fractions P(θ) and P(ϕ) can be calculated at
a conical ring (Δθ) or an azimuth sector (Δϕ), respectively (Fig. 1). In
this case, ACI can be calculated from gap fractions at the zenith or
azimuth angles.

=θ P θ
P θ

Ω ( ) ln ( )
ln ( )A

(10)

=ϕ
P ϕ
P ϕ

Ω ( )
ln ( )
ln ( )A

(11)

ΩA(θ) and ΩA(ϕ) describe the foliage clumping at a particular zenith
ring or an azimuth sector. For DHP images, P(θ) and P(ϕ) can be cal-
culated by integrating P(θ, ϕ) for a specific angular unit (Δθ or Δϕ). For
LAI-2000, gap fractions P(θ) are directly convolved into five discrete
conical rings centered at 7°, 23°, 38°, 53°, and 68°, respectively
(Appendix A.1). The ΩA(θ) for different rings and the whole ΩA as a
weighted average of all rings are reported in the LAI-2200 standard
data file (labeled ACFS) (LI-COR, 2010).

Finally, P(ν) can also be computed as the canopy openness over all
azimuth angles from a specified zenith angle (ν) to nadir. Similarly, the
ΩA(ν) is given to quantify the canopy non-randomness in the horizontal
direction by

=ν P ν
P ν

Ω ( ) ln ( )
ln ( )A

(12)

For brevity purpose, angle ν was used to represent the viewing field,
while the actual solid angle would be 4v for a conical field of view
(FOV) (Fig. 1). ΩA(ν) can be calculated from DHP over any ν angle
larger than the pixel size. For LAI-2200, ΩA(ν = 12.3°) is numerically
equal to ΩA(θ) for the first ring. ΩA(ν) values for other FOVs can be
calculated from concurrent above and below canopy readings. More-
over, P(ν) and ΩA(ν) can be directly calculated from AccuPAR (ν =
90°).

2.3. Calculation of the whole ACI

2.3.1. Angular integration (INT) method
Eq. (2) can be expressed as

− =P θ θ G θ θln ( )cos( ) ( )Ω( )LAI (13)

which can then be included in Eq. (3) to estimate LAIe

∫=LAI G θ θ θdθ2 ( )Ω( )LAI sine
π

0

/2

(14)

With Eq. (1), the whole clumping index Ω can be derived as an
integration of the directional Ω(θ) (Stenberg et al., 2014).

∫= θ G θ θdθΩ 2 Ω( ) ( ) sin
π

INT 0

/2

(15)

2.3.2. Simple angular averaging (AVG) method
For simplicity, the whole ACI can be calculated as an average of

angular Ω(θ) values (Duthoit et al., 2008; Fang et al., 2014):

∑=
=N

θΩ 1 Ω( )
i

N

iAVG
1 (16)

where N is the number of angular sectors.

2.3.3. Non-linear correction (NLC) method
Ryu et al. (2010a) applied a second order Taylor's expansion for the

average of the logarithmic gap fraction:

− ≈ − − ″P θ P θ P θ S P θln ( ) ln ( ) 1
2

(ln ( )) ( ( )) (17)

The second term in the right includes the second derivate of loga-
rithm (= − P θ1/[ ( )]2) and the variance of gap fraction S(P(θ)).
Therefore, Eq. (17) can be expressed as:

∫ ∫
∫

− ≈ −

+

P θ θ θdθ P θ θ θdθ

S P θ
P θ

θ θdθ

ln ( )cos sin ln ( )cos sin

1
2

( ( ))
[ ( )]

cos sin

π π

π
0

/2

0

/2

0

/2

2 (18)

In Ryu et al. (2010a), the second term on the right hand side of Eq.
(18) is named as a non-linearity correction (NLC) term. Thus, the whole
ACI can be approximated by:

∫
∫

≈ −
−

S P θ P θ θ θdθ

P θ θ θdθ
Ω 1 0.5

( ( ))/[ ( )] cos sin

ln ( )cos sin

π

πNLC
0

/2 2

0
/2

(19)

2.3.4. Simple variance to mean ratio (VMR) of the lnP(θ)
The variance-to-mean ratio (VMR) is a commonly used measure of

the degree of randomness in probability theory and statistics. It has
been used to quantify the degree of forest stem clumping for a given
quadrat (Woodgate et al., 2016). The VMR method is slightly altered so
most of the values are between 0 and 1.

= −
−

θ S P θ
P θ

Ω ( ) 1 [ln ( )]
ln ( )VMR

(20)

where S is the variance of lnP(θ) and is expressed by:

=
∑ −

−
=S P θ

P θ P θ
n

[ln ( )]
[ln ( ) ln ( )]

1
i
n

i1
2

(21)

Following Eq. (15), the whole clumping index ΩA is thus an in-
tegration of the directional ΩVMR(θ):

∫= θ G θ θdθΩ 2 Ω ( ) ( ) sin
π

V RVMR 0

/2
M (22)

2.3.5. Comparison with the conventional CI
The commonly used LX method calculates CI for different zenith

angles with the following equation (Fang et al., 2014; Weiss and Baret,
2014):

=θ
P θ ϕ
P θ ϕ

Ω ( )
ln ( , )
ln ( , )LX

(23)

ΩLX(θ) is calculated from all cellular gap fraction P(θ, ϕ) over an
entire angle θ. The ΩLX(θ) was compared with the whole ACIs calcu-
lated from the four different methods above. It is noteworthy that the
ΩLX(θ) in Eq. (23) is different from that in Eq. (10) as P(θ, ϕ) and P(θ)
are calculated over different geometric units. For a single image, ΩLX is
estimated in a similar fashion (Leblanc et al., 2005a; van Gardingen
et al., 1999):

=
P θ ϕ
P θ ϕ

Ω
ln ( , )
ln ( , )LX

(24)

where P(θ, ϕ) is calculated for each segmented cell in the image. This
equation is similar to Eqs. (7) and (9) but is calculated for all cells in
one image.

2.4. Data and analysis

Field data obtained from the Paddy Rice Experiment in the Sanjiang
Plain (PRESP) were used in this study (Fang et al., 2014). The field
campaign was carried out at the Honghe Farm (47°39′ N, 133°31′ E),
Heilongjiang province, northeast China, from June 11 to September 17,
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2012 (Fang et al., 2014). Rice is usually transplanted in late May and
harvested in late September in the area. Five plots (A, B, C, D, and E)
were selected and intensive field data were collected following the good
practices for LAI validation (Fernandes et al., 2014). The distances
between rows and plants were measured five times randomly within an
elementary sampling unit (ESU) (Table 1). Indirect optical LAI mea-
surements were taken using DHP, LAI-2200, and AccuPAR throughout
the growing season until the rice was near harvest. All measurements
were conducted near sunset or under overcast conditions to minimize
the error under direct illumination (Demarez et al., 2008; Garrigues
et al., 2008). The rice height, water depth, and sky conditions in dif-
ferent crop growth stages are provided in Table S1 of the supplemen-
tary online material (SOM).

The DHP images were taken using a Nikon D5100 camera and a
4.5 mm F2.8 EX DC circular fisheye converter. The total height of the
camera and the lens were about 16.5 cm. The fisheye camera was ca-
librated before the experiment using the method described in the
CAN_EYE manual (version 6.3.3) (Weiss and Baret, 2010). An ultra-
violet cap was used to protect the lens and two bubble levels were at-
tached to the camera to keep it horizontal. Only downward-looking
photos were taken before July 10 (DOY 192), when the rice entered the
flowering stage. When the rice grew higher than 70 cm (after July 10),
upward-looking photos were also taken together with the downward
measurements at the same location. For the downward measurements,
the camera was about 0.8–1.5 m above the canopy. For the upward
measurements, the camera was placed right above the ground soil or
water. Before July 26 (DOY 208), the camera was set to automatic
exposure to avoid the saturation issues during the downward mea-
surement (Demarez et al., 2008). After that, the aperture and shutter
speed of the camera were manually adjusted to avoid overexposure
during the shift from downward to upward measurements.

The DHP images were taken with a fixed azimuth angle to the row
direction and were stored in JPEG format at a resolution of
3264×4928 pixels. The valid range of fisheye images was limited to a
60° zenith angle to avoid edge distortions. All images were reoriented to
keep the row directions at 90° and 270°. The thresholding and classi-
fication were performed using the CAN-EYE software (version 6.3.3)
(Weiss and Baret, 2014). In an interactive window, the operator selects
color classes that correspond to either the green vegetation or the
background. A thresholding method was then applied to separate the
foliage from the soil background (downward view) or the sky (upward
view). The classified images were divided into equiangular cells both in
zenith and azimuth directions at a resolution of 10° (Fig. 2). The gap
fraction P(θ, ϕ) and ΩA(θ, ϕ) were calculated (Eq. (9)) for each cell from
all photographs taken within an ESU excluding the masked pixels. Gap
fractions P(θ), P(ϕ), and P(ν) and the corresponding ΩA(θ), ΩA(ϕ), and
ΩA(ν = 60°) at all levels were consequently calculated using the
equations described in Section 2.2 (Fig. 3).

LAI-2200 (LI-COR Inc., Lincoln, Nebraska, USA) records the light
penetration into the canopy at five concentric conical rings. Each
measurement was repeated twice, with one above canopy and four
below canopy readings. A 270° view cap was used to shield the sensor
from the operator. The angular ΩA(θ) was calculated for each ring (Eq.
(10)), and the whole ACI reported in the LAI-2200 data file was ex-
tracted. ΩA(ν) for the largest FOV (ν = 74.1°) can be calculated as:

⎜ ⎟⎜ ⎟

⎜ ⎟

= =

⎛

⎝
∑ ⎛

⎝
∑ ∑ ⎞

⎠
⎞

⎠

∑ ⎛
⎝

∑ ∑ ⎞
⎠

∘ = = =

= = =

ν

B A

B A
Ω ( 74. 1 )

ln · /

· ln /
A

N
j

N

i
ij

i
ij

N
j

N

i
ij

i
ij

1

1 1

5

1

5

1

1 1

5

1

5

(25)

where the subscripts i and j refer to the number of rings (i=1 … 5) and
observational pairs (j=1 … N), and Bij and Aij are the jth below and
above canopy readings for ring i, respectively. ΩA(ν) for other viewing
sky regions (ν=12.3°, 28.6°, 43.4°, and 58.6°) can be calculated in a
similar fashion.

Decagon’s AccuPAR model LP-80 PAR/LAI ceptometer measures
PAR values by locating the probe (FOV: 90°, length: 86.5 cm) below and
above the canopy (Decagon Devices, 2004). The gap fraction P(ν) was
calculated as the ratio of the transmitted PAR below the canopy to that
above the canopy, and ΩA(ν) was calculated following Eq. (12).
Moreover, the whole ACI values were calculated for DHP and LAI-2200
with the methods in Section 2.3. An example of the detailed ACI esti-
mation from different instruments was given in the SOM (Text S1). All
symbols used in the paper are listed in Appendix A.2.

Destructive LAI measurements were conducted by harvesting five
bundles of rice in each ESU. The crops were taken to the laboratory in a
cooler box and the areas of green leaves, stems, and ear components
were measured with a LI-3100C leaf area meter (LI-COR Inc., Lincoln,
Nebraska, USA) or a scanner when the stems were too thick. For all non-
flat elements (stems, ears, and rolled leaves), the projected area was
estimated. The destructive LAI is actually a plant area index (PAI) since
all green and yellow leaves and stems were accounted for. By definition,
the CI was calculated as a ratio of the optically estimated LAIe to the
destructive LAI (Eq. (1)).

3. Results

3.1. Comparison of ACIs at the cell level

Fig. 4 shows the seasonal variation of ΩA(θ, ϕ) at the cell level re-
trieved from both downward and upward DHPs. The downward DHP
shows that the ΩA(θ, ϕ) generally decreases from 0.93 to lower than
0.80 around day-of-year (DOY) 205 (July 23) and increases to around
0.85 on DOY 241 (August 28) (Fig. 4a). Across the view angles, the
ΩA(θ, ϕ) values are generally lower in the nadir direction (0–10°),
slightly increase between 10 and 30°, but behave erratically for 30–60°
(Table 2). The ΩA(θ, ϕ) values from the upward DHP are similar within
10–60°, varying between 0.72 and 0.78 from DOY 201 (July 19) to 230
(August 17) and are much more stable than the 0–10° values (Fig. 4c).
The very low value in 0–10° is related to the extremely low value in
plots C & D (Table 2).

Calculated for typical azimuth sectors, the downward DHP shows
that the ΩA(θ, ϕ) generally decreases from around 0.90 to around 0.80
on DOY 206 (July 24) and increases again to over 0.86 around DOY 240
(Fig. 4b). The downward ΩA(θ, ϕ) values at the row direction
(260–280°) are slightly lower (∼0.05) than the values of the other di-
rections before DOY 230 (Fig. 4b). The upward DHP shows more
scattered ΩA(θ, ϕ) variations (∼0.10) at different azimuth angles. A
slight increasing trend is visible from DOY 201 to DOY 240 (August 27)
but the trend decreases after DOY 240 (Fig. 4d). Unlike the downward
DHP, the upward ΩA(θ, ϕ) values are higher in the 260–280° direction
than the cross-row directions (350–10° and 170–190°).

3.2. Seasonal variation of the directional ACI

3.2.1. ΩA(θ) and ΩA(ϕ) estimated from DHP and LAI-2200
Fig. 5 shows the seasonal variation of ΩA(θ) and ΩA(ϕ) observed

from the downward and upward DHPs, respectively. ΩA(θ) from the
downward DHP decreases slightly during the peak growing season and
increases during the senescent stage (Fig. 5a). The downward ΩA(θ) is

Table 1
Location of the five plots and instruments used in the study.

Plot Latitude Longtitude Plant density (plants/m2) Row space (cm)

A 47.667°N 133.515°E 25 28.8
B 47.663°N 133.532°E 26 28.6
C 47.653°N 133.523°E 24 29.9
D 47.637°N 133.515°E 28 28.3
E 47.637°N 133.534°E 28 27.4
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lower for 0–10°, slightly increases between 10 and 40°, and decreases
between 40 and 60° (Table 3). ΩA(θ) from the upward DHP shows no
clear seasonal trend, but increases slightly with view angles (Table 3).
For the downward DHP, ΩA(0–10°) obtains some unusually lower

(∼0.05) values and decreases toward the end of the season.
The ΩA(ϕ) values from the downward DHP show very minor de-

creases (< 0.05) during the peak growing period (Fig. 5b). The ΩA(ϕ)
values along the row direction (260–280°) are about 0.10 lower than

DOY 173 (0.77)    DOY 206 (4.84)    DOY 228 (3.96)    DOY 241 (3.14) 

DOY 206 (2.35)    DOY 228 (3.45)    DOY 241 (4.03)   DOY 260 (2.27) 
Fig. 2. Typical downward and upward DHP images, classification results, and gap fractions obtained on day-of-year (DOY) 173 (Jun 21), 206 (Jul 24), 228 (Aug 15),
241 (Aug 28), and 260 (Sep 16) in 2012. The number in brackets are the effective LAI values reported from LAI-2200.
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the values of the other directions (Fig. 5b). The ΩA(ϕ) from the upward
DHP shows a decreasing trend after DOY 200 (Fig. 5d). After DOY 230,
the upward ΩA(ϕ) values in the cross-row and 310–320° directions are
about 0.20 lower than those of the other two directions.

The ΩA(θ) values estimated by LAI-2200 are> 0.97 over the whole
season (Fig. 6). The five rings show nearly identical ΩA(θ) values
(∼0.99) during the peak growing season between DOY 200 and 230.
During the green-up period before DOY 205 (July 23), the ΩA(θ) values
show a small decreasing trend with the viewing angles.

3.2.2. ΩA(ν) estimated from indirect optical methods
The ΩA(ν) estimated from DHP generally increases with the solid

angle ν (Fig. 7a and b). The downward DHP shows a small decrease
(∼0.02) around DOY 190 (July 8) and a small increase around DOY
235 (August 22). The overall ΩA(ν) values are larger than 0.97
throughout the season (Fig. 7c). The DHP values are slightly smaller
than those of the LAI-2200 and AccuPAR during the peak growing
season. The small differences between the instruments are mainly

attributed to the differences in the sensor field of view (60°, 74.1°, and
90° for DHP, LAI-2200, and AccuPAR, respectively).

3.3. Seasonal variation of the whole ACI

Fig. 8 compares the seasonal variation of the whole ACI calculated
from ΩA(θ, ϕ) using different methods. The downward DHP shows that
the whole ACI decreases until DOY 205 (July 23) and slightly increases
after that date. The whole ACI estimated from INT and AVG are nearly
identical. The low valley of the NLC from DOY 201 to DOY 230 is re-
lated to the scattered values of ΩA(θ, ϕ), especially at 0–10°. The up-
ward DHP shows that the whole ACI slightly increases from DOY 201 to
DOY 230 and decreases after that (Table 4). The VMR method shows a
similar seasonal trend but the values are significantly lower. The ne-
gative ΩVMR values are a result of the huge lnP(θ) variance in Eq. (20).

Fig. 8 also shows the CIs calculated using the LX method (ΩLX, Eq.
(23)) and as a ratio of the optical LAIe from DHP to the destructive LAI
(Eq. (1)). ΩA(θ, ϕ), ΩLX, and Ω(LAIe/LAI) values decrease with the

Fig. 3. A sample downward DHP image (a) and the gap fraction (b) over plot C on July 12, 2012 (DOY 194). Panels (c), (d), and (e) represent the ΩA(θ, ϕ) values for
each 10°×10° cell, ΩA(θ) for different rings, and ΩA(ϕ) for different azimuth sectors, respectively. Panel (f) indicates the ΩA(ν) values calculated over different solid
angles (v=10–60°, respectively). Panels (c)−(f) are calculated over an ESU of 20 images.
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development of leaves and stems, remain low between DOY 191 (July
9) and 230 (August 17), and increase gradually toward the maturity
stage (Table 4). The ΩA(θ, ϕ) agrees with the ΩLX in the middle of the
season from DOY 201–230 but is slightly higher (∼0.05) in the early
and late parts of the season (Table 4). ΩLX and Ω(LAIe/LAI) are similar,
but the ΩA(θ, ϕ) values are slightly higher (∼0.10) than ΩLX and
Ω(LAIe/LAI) from DOY 191 to 230 (Table 4). The small differences are
mainly attributed to the different ways in calculating the gap fraction
distributions.

Fig. 9 compares the seasonal variation of the whole ACI calculated
from the DHP and LAI-2200 ΩA(θ) values. The downward DHP shows a
clear seasonal variation, with the ACI values decreasing during the
middle of the season and increasing toward the end of the season. The
seasonal ACI profiles from the upward DHP and LAI-2200 are more
stable than those of the downward DHP. In general, the whole ACIs
estimated from the AVG and NLC methods are similar to the INT
method. The VMR method shows similar but larger seasonal variation
compared to the other methods. From the downward DHP, the ΩNLC is
slightly smaller (∼0.02) than the ΩINT and the ΩAVG during DOY
215–240. The whole ACI reported in LAI-2200 (ΩA(LAI-2200)) in-
creases swiftly during the green-up period and remains stable after DOY

201 (July 19). After DOY 201, all ACIs values are higher than 0.985
until the end of the season (Table 5).

4. Discussion

4.1. ACIs for different geometric spaces

4.1.1. Interpretation of the ACI metrics
ACI represents foliage clumping at different levels of geometrical

space and is a more practical metric than the theoretical CI. Among the
ACI metrics, ΩA(θ, ϕ), ΩA(θ), and ΩA(ϕ) vary with the zenith and azi-
muth angles, while ΩA(ν) accounts for the non-random clustering of
leaves across the landscape. ΩA(θ, ϕ) indicates the foliage non-ran-
domness for both zenith and azimuth directions. ΩA(θ) and ΩA(ϕ) are
informative for a certain annulus or azimuth direction, yet are limited
in revealing small gaps in the canopy. ΩA(ν) may display, to a large
extent, the landscape horizontal homogeneity.

ACIs at various levels generally follow the order ΩA(θ, ϕ)<ΩA(θ)
and ΩA(ϕ)<ΩA(ν). The average ΩA(θ, ϕ) values for a particular con-
centric angle θ are usually less than ΩA(θ) (Figs. 4 and 5), suggesting
that the rice canopy is more clumped at a cell level than at the ring or

Fig. 4. Seasonal variation of ΩA(θ, ϕ) estimated from the downward (upper panels) and upward (lower panels) DHP observations. Panels (a) and (c) show the ΩA(θ,
ϕ) values averaged over different zenith angles, and panels (b) and (d) over major azimuth angles. ΩA(θ, ϕ) along 90° is not shown in (b) and (d) because of the
operator shadow.

Table 2
The ΩA(θ, ϕ) mean (standard deviation) values estimated from DHP for different view zenith angles (VZA) and day of the year (DOY). The last column is an average
all angular values.

VZAs 0–10° 10–20° 20–30° 30–40° 40–50° 50–60° Average

DHP downward
DOY 170–200 0.845 (0.042) 0.851 (0.045) 0.842 (0.045) 0.810 (0.055) 0.814 (0.063) 0.755 (0.090) 0.819 (0.067)
DOY 201–230 0.767 (0.050) 0.769 (0.054) 0.767 (0.045) 0.718 (0.057) 0.718 (0.056) 0.680 (0.062) 0.736 (0.064)
DOY 231–260 0.752 (0.061) 0.818 (0.039) 0.819 (0.038) 0.799 (0.053) 0.767 (0.065) 0.717 (0.064) 0.779 (0.066)

DHP upward
DOY 201–230 0.608 (0.127) 0.657 (0.070) 0.658 (0.057) 0.648 (0.057) 0.613 (0.063) 0.612 (0.064) 0.633 (0.080)
DOY 231–260 0.532 (0.115) 0.623 (0.078) 0.639 (0.049) 0.651 (0.046) 0.650 (0.048) 0.647 (0.044) 0.623 (0.080)
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section level. The increase of the CIs values from ΩA(θ, ϕ) to ΩA(θ) and
ΩA(ϕ) and to ΩA(ν) is not unexpected because of the increase of canopy
randomness with the segment size (Leblanc and Fournier, 2014; Pisek
et al., 2011). The integration of the canopy architecture into rings or
azimuth sections masks non-random gap distributions at small scales
within the canopy and thus affects the ACI calculation. The differences
between ΩA(θ, ϕ) and ΩA(θ) reflect the reduction of canopy non-ran-
domness because of the integration of cells into zenith rings.

4.1.2. Variation of CI with zenith angles
Both ΩA(θ, ϕ) and ΩA(θ) can provide a fine explanation for the Ω

change with zenith angles. Our results show a consistent decreasing
trend of ΩA(θ, ϕ) and ΩA(θ) with θ from DHP and LAI-2200, excluding
0–10° (Figs. 4–6). A consistent decreasing trend of ΩLX with θ was also
reported from DHP and LAI-2200 (Fang et al., 2014). The decreasing of
Ω with θ is related to the gap size distribution (Chen, 1996; Kucharik
et al., 1999; Ryu et al., 2010b). The regularly spaced rice crowns result
in large gaps (high clumping) along the row direction at high viewing
angles. Similar lower CI values for large θ have been observed for
regularly spaced trees due to the large gap sizes between crowns
(Kucharik et al., 1999). However, other studies have indicated that Ω
generally increases with the view angle for boreal forests (Chen, 1996;
Kucharik et al., 1999; Leblanc et al., 2005a), temperate forests
(Kucharik et al., 1999; Macfarlane et al., 2007), grassland (Nouvellon
et al., 2000), and maize crops (Demarez et al., 2008; Fang et al., 2018).
Moreover, the angular variation of Ω is more complicated for a sa-
vannah ecosystem (Piayda et al., 2015; Ryu et al., 2010b). The variation
of CI with θ should be further investigated for different vegetation
types.

In field CI estimation, very low and high zenith angles are usually
avoided because of higher uncertainties (Gonsamo and Pellikka, 2009;
Walter et al., 2003). This study has revealed that ΩA(θ, ϕ) or ΩA(θ)
present higher variability for 0–10°, affected by the gap fraction

Fig. 5. Seasonal variation of ΩA(θ) and ΩA(ϕ) estimated from the downward (a and b) and upward (c and d) DHP observations. ΩA(ϕ) along 90° is not shown in (b)
and (d) because of the operator shadow.

Table 3
The ΩA(θ) mean (standard deviation) values estimated from DHP for different view angles and periods of the season. The last column is an average all angular values.
VZA: view zenith angles; DOY: day-of-year.

VZAs 0–10° 10–20° 20–30° 30–40° 40–50° 50–60° Average

DHP downward
DOY 170–200 0.971 (0.015) 0.982 (0.012) 0.982 (0.013) 0.977 (0.015) 0.965 (0.023) 0.968 (0.022) 0.974 (0.018)
DOY 201–230 0.963 (0.012) 0.973 (0.010) 0.969 (0.015) 0.960 (0.015) 0.936 (0.025) 0.928 (0.051) 0.955 (0.031)
DOY 231–260 0.961 (0.015) 0.977 (0.011) 0.978 (0.010) 0.970 (0.018) 0.958 (0.023) 0.944 (0.029) 0.965 (0.022)

DHP upward
DOY 201–230 0.901 (0.055) 0.957 (0.017) 0.970 (0.014) 0.979 (0.012) 0.981 (0.011) 0.976 (0.015) 0.961 (0.038)
DOY 231–260 0.878 (0.055) 0.959 (0.023) 0.971 (0.012) 0.974 (0.012) 0.975 (0.010) 0.966 (0.014) 0.954 (0.043)

Fig. 6. Seasonal variation of ΩA(θ) estimated from LAI-2200 for different an-
gular rings (Table A.1).
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variation close to the zenith (Figs. 4 and 5). Other studies also reported
high gap fraction and CI uncertainties for forest types when θ>70°
(Kucharik et al., 1999). The high variability can be partly alleviated by
sampling more observations. In practice, the 30–60° range is often used
because of the small Ω(θ) variation within this zenith range; thus the
mean Ω for this range can represent the overall Ω (Duthoit et al., 2008;
Gonsamo and Pellikka, 2009; Leblanc et al., 2005a). Some researchers
recommended using the 55–60° range to estimate the whole CI because
at this zenith range the G function is nearly independent of the leaf
angle distribution (Gonsamo and Pellikka, 2009; Leblanc and Fournier,
2014). In particular, the LAI estimated from the 57.5° (G(57.5°)≈ 0.5)
is found to be superior to those estimated from the Miller method (Eq.
(3)) (Baret et al., 2010; Leblanc and Fournier, 2014).

Ω(0) indicates the distribution of canopy clumping at the nadir di-
rection and is relevant to many nadir observation sensors such as the
Landsat sensors. Ω(0) can be derived through numerical radiative
transfer simulation (Chen et al., 2008) or estimated based on an em-
pirical relationship between Ω(θ) and θ (Fang et al., 2014). The DHP
(θ=0–10°) and LAI-2200 (θ=7°) observations presented in Figs. 4–6
are close to the nadir Ω(0). In theory, Ω(0) can be measured with the
TRAC instrument in the tropical area when the sun is at the overhead
direction. Ω(0) can also be estimated through an allometric equation
with canopy structure parameters, e.g., crown porosity and foliage
projection cover estimated from cover photography (Chianucci et al.,

2016; Macfarlane et al., 2007; Ryu et al., 2012). In some occasions the
CI estimated from low zenith angles was used to represent the overall Ω
(Ryu et al., 2012).

4.1.3. Variation of CI with azimuth angles
Generally, it is assumed that most plants have azimuth symmetry so

that the clumping effect only deals with leaf inclination distribution.
Our study in rice crops shows that ΩA(θ, ϕ) and ΩA(ϕ) are not rota-
tionally symmetric and their values depend on the azimuth direction.
Clear investigation of ΩA(θ, ϕ) and ΩA(ϕ) requires that all DHP mea-
surement should be fixed on a particular azimuth direction. ΩA(θ, ϕ)
estimated from the downward DHP shows a higher clumping effect
along the row direction (Figs. 4b and 5b), whereas the upward DHP
shows a higher clumping effect along the cross-row direction (Fig. 5d).
The different performances of the DHP may be caused by the different
view directions and gap distributions. Earlier studies about the leaf

Fig. 7. Seasonal variation of ΩA(ν) estimated from the downward (a) and up-
ward (b) DHP for different solid angles. Panel (c) compares ΩA(ν) estimated
from DHP (v=60°), LAI-2200 (v=74.1°), and AccuPAR (v=90°).

Fig. 8. Seasonal variation of the whole ACIs calculated from the directional
ΩA(θ, ϕ) (Fig. 4) for downward (a) and upward DHPs (b), respectively. ΩINT,
ΩAVG, ΩNLC, and ΩVMR are from the integration, averaging, non-linear correc-
tion, and the variance-to-mean ratio methods. The ΩVMR lines have been offset
up by 0.2 (a) and 1.0 (b), respectively. The green and red lines show the average
CIs calculated using the LX method (ΩLX, Eq. (23)) and as a ratio of the DHP
LAIe to the destructive LAI (Eq. (1)).

Table 4
The whole ACIs estimated from DHP using the integration (INT), simple aver-
aging (AVG), non-linear correction (NLC), and variance-to-mean ratio (VMR)
methods for different periods of the season. The last two columns show the CIs
estimated using the LX method (ΩLX, Eq. (23)) and the ratio method (Ω (LAIe/
LAI), Eq. (1)).

ΩINT ΩAVG ΩNLC ΩVMR ΩLX Ω(LAIe/LAI)

DHP downward
DOY 170–200 0.824 0.819 0.803 0.257 0.767 0.832
DOY 201–230 0.736 0.736 0.595 −0.049 0.722 0.759
DOY 231–260 0.791 0.777 0.755 0.115 0.737 1.008

DHP upward
DOY 201–230 0.639 0.634 0.623 −0.463 0.640 0.642
DOY 231–260 0.637 0.622 0.699 −0.613 0.658 0.910
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azimuth variation have reported that departure from the random dis-
tribution mainly occurs at the row and cross-row directions (Cohen and
Fuchs, 1987; Sinoquet and Andrieu, 1993). The variability of CI with
zenith and azimuth angles complicates the estimation of the whole CI,
and should be further investigated for different vegetation types,
especially for row crops.

4.1.4. ΩA(ν) and CI variation at the landscape level
ΩA(ν) allows all gap fractions to contribute equally to the calcula-

tion of the foliage distribution in a solid angle 4ν. Fig. 7 shows that the
ΩA(ν) values are close to unity and the rice canopies show little
clumping at larger scales, especially during the beginning of the season.

This phenomenon has also been demonstrated by previous studies
(Chianucci and Cutini, 2013; Chianucci et al., 2015). The consistency of
the ΩA(ν) values also shows the robustness of the three instruments for
CI estimation at the landscape scale. The slight differences in the second
half of the season are mainly attributed to the different viewing fields of
the instruments.

4.2. Directional and whole ACI metrics

Current CI studies usually distinguish different levels of canopy
clumping at shoot, stand, and landscape scales (Norman and Jarvis,
1974; Stenberg et al., 2014). Clumping effects at different canopy levels
are physically important but difficult to quantify with optical methods
(Stenberg et al., 2014). The ACIs are easy to quantify with optical
methods and can be easily adopted in radiative transfer and land sur-
face models. Fig. 8 shows that the ΩA(θ, ϕ) and ΩLX are numerically
similar for rice crops. Indeed, the ΩLX can be considered as another
form of ACI over the entire segments, while the ΩA(θ, ϕ) indicates the
foliage distribution over a particular direction (θ, ϕ). ΩA(θ, ϕ), ΩA(θ),
and ΩA(ϕ) can be used to study foliage angular distribution pattern at
different levels, while ΩA(ν) approximates ACI at the landscape level.
However, ΩA(θ), ΩA(ϕ), and ΩA(ν) are unable to characterize the
overall foliage clumping because the canopy segment size requirement
for CI calculation (Eq. (7)) is often smaller than a ring, an azimuth
sector and a solid angle. The combined use of all ACI metrics allows a
more comprehensive assessment of the true canopy LAI (Eq. (8)).

The whole ACI can be calculated from the directional ACIs and the
directional gap fractions (Section 2.3). Among the four methods to
calculate the whole ACI, the INT and AVG methods agree very well and
are robust over the season (Figs. 8 and 9). The NLC method can ap-
proximate the INT and AVG methods very well, but is easily affected by
outlying gap fraction values. The VMR method is indicative of the
seasonal ACI variation but gives systematically lower values. The whole
ACIs calculated from LAI-2200 are on par with the values reported in
LAI-2200 using Eq. (10) (Fig. 9).

4.3. Optical instruments for CI measurement

4.3.1. DHP
DHP provides a far finer directional spatial sampling of canopy gaps

than other optical instruments, allowing CI to be derived along multiple
zenith and azimuth angles (Garrigues et al., 2008). The entire DHP
image over 0− 90° is required to provide the most accurate estimate of
ΩA(θ, ϕ). However, the entire DHP FOV is rarely utilized in data ana-
lysis, due to multiple factors affecting the classification accuracy for
large zenith angles (Jonckheere et al., 2004; Leblanc et al., 2005a).
Therefore, it is common practice to restrict the instrument FOV to a
maximum zenith angle for CI estimation (Sea et al., 2011); for example,
the 0–60° range used in this study. On the other hand, the whole ACI
does not equal to the overall ACI for 0–90° because of the view angle
restriction (< 60°). Other studies found that a discrete narrow zenith
angle range around 55–60° also provides good CI and LAI estimates
(Baret et al., 2010; Leblanc and Fournier, 2014).

A stable azimuth angle in DHP measurement assists the directional
CI estimation and comparison. The accuracy of CI estimation from DHP
is dependent on the accuracy of a classification procedure that involves
a subjective determination of plant pixels and gaps. The upward DHP
observations, generally placed between rows, are subject to higher
uncertainties because of the high probability of obtaining zero gap
fractions for short canopies.

4.3.2. LAI-2200
The ΩA(θ) and ΩA(ν) values estimated from LAI-2200 are similarly

high (> 0.97) (Figs. 6 and 7), although they represent canopy non-
randomness at different levels. In this study, the P(θ) value represents
the mean P(θ, ϕ) value within a 270° view because of the view cap

Fig. 9. Seasonal variation of the whole ACIs calculated from ΩA(θ) for down-
ward DHP (a), upward DHP (b), and LAI-2200 (c). ΩINT, ΩAVG, ΩNLC, and ΩVMR

are the same as in Fig. 8. The gray line in (c) shows the whole ACI reported in
the LAI-2200 data file (Eq. (10)).

Table 5
The whole ACIs estimated from LAI-2200 using the INT, AVG, NLC, and VMR
methods for different periods of the season. The last column shows the ACI
reported in the LAI-2200 data file.

DOYs ΩINT ΩAVG ΩNLC ΩVMR ΩA(LAI-2200)

170–200 0.987 0.989 0.982 0.966 0.969
201–230 0.991 0.990 0.989 0.976 0.989
231–260 0.991 0.989 0.988 0.977 0.994
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applied. The ACI values generally increase when larger view caps are
fitted with the instrument (Chianucci et al., 2015; Nilson et al., 2011;
Ryu et al., 2010a). The large view caps are recommended for sparse
canopies and for the LAIe estimation, whereas the narrow view caps are
for dense canopies and for the LAI estimation (Chianucci et al., 2015;
Kobayashi et al., 2013). Chianucci et al. (2015) reported that ACI agrees
best with the reference CI when a narrow 10° view cap is used for a
deciduous broadleaf forest. Applying a 10° view cap for LAI-2200, al-
though difficult to align in practice, may be able to mimic the ΩA(θ, ϕ)
estimation from DHP.

4.3.3. AccuPAR
The AccuPAR ΩA(ν) indicates the foliage non-randomness in hor-

izontal directions, because of the angular integration in the observation
bins (ν=90°). The large view angle and ΩA(ν) for the upper hemi-
sphere make AccuPAR attractive for spatial homogeneity investigation.
The AccuPAR ΩA(ν) is calculated over n segments, which are assumed
to have random gap and foliage distributions within them. Further
improvement can be obtained by using measurements from the 80 pins
and segmenting the AccuPAR’s probe into smaller groups (Peper and
McPherson, 1998). Assuming the area sampled by a group is relatively
random, an improved ΩA(ν) can be estimated using the LX method (Eq.
(23)).

4.3.4. Other indirect methods
Other researchers have used upward-looking digital cameras to es-

timate continuous CI for forests (Ryu et al., 2012), and downward-
looking cameras for crop ΩA (Li et al., 2015). Qu et al. (2014) designed
a multi-point linear array of optical sensors (MLAOS) for continuous
clumping measurement. Using both above and below canopy optical
sensors, MLAOS measures the canopy transmittance and calculates gap
fractions using a 650 nm band-pass filter in sunlit conditions. MLAOS
has been successfully used to estimate ΩA(ν) for a deciduous needle-leaf
forest (DNF) in northeast China. Compared to our values in the rice
field (Fig. 7), the ΩA(ν) values are much lower for DNF (0.6–0.9) (Qu
et al., 2014), which may be related to the spatial heterogeneity caused
by the selective logging at the DNF site.

Although not used in this study, TRAC is another popular method
for canopy CI characterization using the gap size distribution theory
(Chen and Cihlar, 1995). TRAC records the transmitted direct light
along a transect using PAR sensors. The canopy gap size distribution for
a particular solar direction is then calculated. The differences between
the field measured and theoretically random gap size distributions are
used to quantify the clumping effect (Chen and Cihlar, 1995). With Eq.
(23), the ΩA(ν=90°) may be calculated from TRAC using gap fractions
for the upper hemisphere obtained by the PAR sensors. With a masked
measurement, the direct transmittance obtained by TRAC can be used
to estimate ΩA(θ, ϕ) (Eq. (9)). Furthermore, the theoretical basis in-
troduced in section 2 may be extended to calculate the directional and
whole ACIs based on the gap size distribution method.

4.4. Implications

The variation of canopy clumping in angles and space is critical for
models attempting to map radiation fields inside the canopy.
Assumptions about isotropic clumping indices, for which standard ra-
diative transfer models are typically used, remain large sources of un-
certainty in canopy reflectance simulation (Wang and Li, 2013). Earlier
studies and our results indicate that in most cases CI is anisotropic.
Several ecological models have already been developed to allow for

clumping variation with positions in the canopy (Sinoquet, 1993). The
directional ACI metrics can be incorporated into ecological models to
investigate the effect of angular clumping on light interception at var-
ious scales. Angular CI from field measurements could help improve
light interactions and directional reflectance simulations in hetero-
geneous canopies with turbid radiative transfer models. Conversely,
Duthoit et al. (2008) showed that the improvement of canopy direc-
tional reflectance simulation using angularly variable CI was marginal
(< 3–5%) and suggested using the mean CI to simplify the RT model.
To what extent this could lead to better reflectance simulation and
parameter retrieval by inversion of remote sensing data is still a matter
of concern and further investigation.

While the CI can be theoretically derived in similulation studies
(Duthoit et al., 2008; Leblanc and Fournier, 2014), the ACI can be
practically obtained through optical measurements. It is not straight-
forward to equal the CI (Eq. (1)) with the spatial distribution of foliage
elements. Many foliage distribution metrics have been investigated and
found useful, such as the fractional dimension method (Foroutan-pour
et al., 1999; Jonckheere et al., 2006; Nackaerts et al., 1999), the Pie-
lou’s coefficient of segregation (PCS) (Pisek et al., 2011; Walter et al.,
2003), and the standardized Morisita's index (SMI) (García et al., 2015;
Krebs, 1999). However, accurate positioning of foliage elements in the
field is a difficult and time consuming process.

5. Conclusion

This study proposes several expanded apparent clumping indices
(ACIs) that can be obtained in field optical measurements using DHP,
LAI-2200, and AccuPAR. Using the same logarithmic gap fraction
averaging method, the ACI metrics expand the theoretical CI and is
beneficial for more accurate LAI estimation (Eq. (8)). Among the ACI
metrics, ΩA(θ, ϕ) indicates the foliage non-random distribution at di-
rection (θ, ϕ), while ΩA(θ) and ΩA(ϕ) represent the foliage distribution
over a concentric ring and an azimuth sector, respectively. ΩA(ν) de-
scribes the foliage spatial distribution over a landscape. Currently, only
ΩA(θ) is being reported by LAI-2200. This paper shows that all ACI
metrics can be derived from DHP at different resolutions, whereas both
ΩA(θ) and ΩA(ν) can be estimated from LAI-2200, and ΩA(ν) from Ac-
cuPAR.

For paddy rice fields, the directional ACI values generally increase
with the increasing segment size, in the order of ΩA(θ, ϕ)<ΩA(θ) and
ΩA(ϕ)<ΩA(ν). The ACI values also decrease with the zenith angles and
are not azimuthally symmetric, especially at the row and cross-row
directions. The whole ACI calculated with the integration method
(ΩINT) can be well approximated using a simple averaging (ΩAVG) or a
non-linear correction (ΩNLC) method. The variance-to-mean ratio
(ΩVMR) method can be used as a convenient indicator of the general ACI
variation. The expanded ACI metrics can be used to improve the esti-
mation of the LAIe and other canopy biophysical parameters from re-
mote sensing data. Further studies can be performed for other vegeta-
tion ecosystems, especially the heterogeneous areas.
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Appendix A

A.1 The ring range and weighting factors for LAI-2200 (LI-COR, 2010).

Ring # Ring center Nominal range Weights

1 7° 0.0–12.3° 0.041
2 23° 16.7–28.6° 0.131
3 38° 32.4–43.4° 0.201
4 53° 47.3–58.1° 0.290
5 68° 62.3–74.1° 0.337

A.2 List of symbols used in the paper

Symbol Description

θ zenith angle
ϕ azimuth angle
ν solid angle
G(θ) the fraction of foliage projected in the direction θ
G(0) the fraction of foliage projected at the vertical direction (θ=0°)
P(θ) canopy gap fraction at direction θ
P(ϕ) canopy gap fraction at direction ϕ
P(ν) canopy gap fraction at solid angle ν
P(0) gap fraction at the vertical direction (θ=0°)
Ω Clumping index (CI), defined as LAIe/LAI
ΩA Apparent clumping index (ACI)
ΩA(θ, ϕ) ACI at direction (θ, ϕ)
ΩA(θ) ACI for a conic ring at zenith angle θ
ΩA(ϕ) ACI for an azimuth sector at direction ϕ
ΩA(ν) ACI calculated for a solid viewing angle ν
ΩLX CI derived by the LX method

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.isprsjprs.2018.06.022.
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