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Abstract
An accurate estimation of forest canopy gap fraction (GF) is a prerequisite for remote sensing retrievals

of several associated canopy parameters e.g. leaf area index, fAPAR (fraction of photosynthetically



active radiation absorbed by the canopy), clumping index, etc. A universal canopy GF model for

forests is required for various tree distribution patterns on flat and slopping terrains, yet existing

models so far do not possess all these abilities simultaneously. For example, the Neyman type-A

model, the Poisson model, and the hypergeometric model are suitable only to forests with clumped,

random, and regular tree distributions, respectively. In this regard, the suite of Nilson’s canopy GF

models developed for forests with various tree distributions have the potential to become universal

models. For this purpose, this study attempts to overcome the following limitations of these models to

make them be true universally applicable: (1) canopy GF calculated by the Nilson’s models is mostly

accurate for various tree distributions at nadir whereas at off-nadir, it is either underestimated for

clumped tree distributions or overestimated for regular tree distributions at off-nadir. And (2) Nilson’s

models were developed for flat terrains and untested for sloping terrains. Herein, two Nilson’s models

are modified by expanding the calculation of overlap among crowns (OAC) at nadir to the whole

hemispherical space. The results show that all canopy GF simulations in the new models (New91 and

New99) show higher consistency with ray-tracing results than those in original Nilson’s models in all

directions, highlighting the need to consider directional OAC. The modified models (especially for

New99) are suitable for various tree distributions on flat and slopping terrains and therefore increased

the universality of the original Nilson’s models suitable for a wide-range of remote sensing

applications. New99 can be deemed as a universal canopy GF model for forests with various tree

distributions.
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1  Introduction

Canopy gap fraction (or frequency, GF) is defined as the probability of the transmission of a light
beam passing through the canopy (Nilson, 1971). The material of this over-story layer differs from the
material of the understory in regard to the spectral and structural properties. Therefore, canopy GF is
essential in determining light absorption and multiple scattering effects within the medium (Yin et al.,
2020). Canopy GF is also a fundamental parameter to support in sifu leaf area index (LAI)
measurements based on several optical instruments (e.g., LAI-2000 and digital hemispherical
photography) ( Jonckheere et al., 2004; Weiss et al., 2004), also physically-based canopy reflectance
models (Widlowski et al., 2015; Kuusk, 2018). Canopy GF also supports retrieval of biophysical
variables, e.g., fAPAR (fraction of photosynthetically active radiation absorbed by the canopy), LAI,
and clumping index (Myneni et al., 1997; Knyazikhin et al., 1998; Roujean, 2002; Chen et al., 2005;
Gonsamo et al., 2011; Jiao et al., 2018; Fang, 2021) from canopy reflectance models, either from
ground-based or remotely sensed observations.

The definition of the canopy GF model was first issued from the Beer-Lambert theory as follows,

P(H) =g G(O)L/cos(0) (1

where P(0) is the canopy GF in the direction 8; G(6) is defined as the projection of a unit foliage area
in the direction 8 (Ross, 1981), which is closely related to the leaf angle distribution; L is the LAI,
which is most commonly defined as one half the total (all-sided) leaf area per unit ground surface area
(Chen and Black, 1992).

An important assumption in the Beer-Lambert theory is that leaves are randomly distributed within

the canopy. Yet it is often invalid for forest stands as the majority of foliage aggregates within a single



crown and then crowns at the patch scale of the forest. The pattern of the distribution can be clumped,
random, or regular. Clumped distributions often occur in coniferous forests with within-crown and
between-crown gaps depending on crown shape. For such, the Beer-Lambert theory was later modified

and is today considered in the following form,

P(e) :e—G(H)LQ/cos(H) (2)

where Q is a correction coefficient, first introduced by Nilson (1971), commonly referred as the
clumping index or Nilson’s coefficient. It is indeed a fundamental parameter to describe the level of
leafy material aggregation, relative to the random case (i.e., the Poisson model).

The function of forest depends on tree spatial arrangement, which has an impact on their growth
and protection (Diggle, 2013; Illian et al., 2007). The distribution of trees in a forest, either natural or
forced, is closely linked to canopy GF which depends on the overlap among crowns (OAC). It has been
widely studied in ecology, i.e., quantitative ecology, community ecology, and landscape ecology, and
numerous indexes were proposed to provide quantitative description of tree distributions (Law et al.,
2009; Lang et al., 2021). This led to different scenarios (clumped, random, and regular) that have
impacts on the radiation and mass exchanges of forests (Illian et al., 2007; Geng et al., 2021).
Assuming randomness of natural resources, e.g., water and soil nutrients, a random tree distribution
was often adopted for forest canopies for calculating canopy GF and modeling canopy reflectance (Li
and Strahler, 1985; Rosema et al., 1992; Chen and Leblanc, 1997; Wenge Ni et al., 1999; Atzberger,
2000; Fan Weiliang et al., 2014; Geng et al., 2017; Wu et al., 2019a; Geng et al., 2022b). The Poisson
distribution is the model for this purpose by default and in general its reliability is verified first (Fan et
al., 2015; Wu et al., 2019b). Yet the tree distributions were found to show different patterns from the

Poisson model in many cases. Chen and and Leblanc (1997) found from their analysis that the trees



distribution often showed clumped, patchiness, cluster, or aggregated scenarios at large scales. They

used the Neyman type-A model instead of the Poisson model to describe the tree distribution at coarse

scales. The Neyman type-A model is also known as the double Poisson model because two random

processes are used in this model: trees are assumed to be randomly distributed in clusters with a

randomly distributed cluster size (or the tree number in the clusters), and the centers of the clusters are

randomly distributed in space. At small scales (e.g., less than 100 m), more regularity was noticed for

the tree distribution rather than random or clumped. Geng et al. (2016, 2017) recently presented a

hypergeometric model to confirm such regularity in tree distributions at fine scales. These authors

deemed that each crown had a “private space” that could not be occupied by other crowns. Similar

work has also been performed by (Goel and Thompson, 2000).

Aforementioned canopy GF models have been widely used for calculating forest canopy GF and

modeling canopy BRF (Bidirectional Reflectance Factor). However, each of them has their own

domains of application. For instance, the Neyman type-A model cannot be considered for forests with

regular tree distributions. Randomness is a common feature of natural forests while the regularity and

patchiness are more easily shown in forest plantations. Some particular tree distributions (e.g.,

line-shape) with the particular orientations and azimuthal effects are common to forest plantations that

facilitate efficient managements, i.e., irrigation, fertilization, drainage, and harvest, especially for

productive forests and orchards. In fact, the tree distribution may show various alternatives and the

theoretical canopy models rarely satisfy entirely to a full description of tree distributions at multiple

spatial scales and for different types of management.

Two Nilson’s generic canopy GF models based on the Fisher’s group index (GI) were proposed to

describe various tree distributions in forests (e.g. Nilson, 1999; Nilson and Peterson, 1991). GI captures



the essence of canopy GF calculation: OAC. These authors considered two key parameters, i.e. crown
closure and canopy closure, to describe OAC and calculate canopy GF. The models were validated
with in situ measurements and further introduced as a key module in many forest canopy reflectance
models (Nilson and Peterson, 1991; Kuusk, 1995; Kuusk and Nilson, 2000; Kuusk, 2001). Note that
crown closure and canopy closure are only used at nadir in Nilson’s models, leading to canopy GF
might be incorrectly calculated at off-nadir. The aim of this study is to improve Nilson’s canopy GF
models by constructing a more general and accurate forest canopy GF model applicable to various tree

distribution patterns resulting from natural and managed forest on flat and slopping terrains.

2 Theory

2.1 Forest canopy GF models and tree distribution patterns
1) Poisson model for forests with random tree distribution

Based on the randomness of natural resources, e.g., water and soil nutrients, a random tree
distribution was usually considered for forest canopies when considering canopy GF and reflectance
models (Li and Strahler, 1985; Wenge Ni et al., 1999; Wu et al., 2019a). The canopy GF (Ppoisson)

considering opaque crowns led to the next expression:

_(1_t@OY
Prin(©) [1 < H)J 3)

where n is the number of tree in the forest stand, #.(6) is the crown projected area in the view direction
6, and S is the stand area, and S(0) is the stand projected area in the 8, calculated by S(6)= S * cos(0)
(Geng et al., 2022b). After considering GF within an individual crown (e.g., translucent crowns),

canopy GF can be expressed as follows,
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where p.(0) is the GF of an individual crown (known as crown GF) in the direction 6, and can be

expressed as follows (Fan Weiliang et al., 2014; Nilson, 1999),

p(O)=e 7 6)

where L, is the leaf area within an individual crown. If the crown projected area in the view direction
t(0) is obviously smaller than stand projected area S(#), the Eq. 5 can be rewritten as the exponential

form, and canopy GF can be calculated as follows (Geng et al., 2022a),

(6’) :e—x(.(9).[1—1;(.(6)]/5(5) (6)

Poisson

Similar work was performed in using the horizontal plane as a projected plane (e.g. Nilson, 1999). In
this study, we used the view perpendicular plane (VPP, the plane is perpendicular to the view direction)
rather than horizontal plane to calculate canopy GF, i.e., the stand and all crowns projected in the VPP
rather than horizontal plane. For calculating canopy GF, the transition from the horizontal plane to the
VPP is equivalent and was widely applied in the literature (Fan Weiliang et al., 2014; Fan et al., 2015;

Geng et al., 2016a).
2) Neyman type-A (double Poisson) for forests with clumped tree distributions

The Neyman type-A model was reported to be appropriate to describe the clumped tree distribution
(Chen and Leblanc, 1997). In this model, trees are assumed to be randomly distributed in each cluster
of the model, and the size (tree number) and position of cluster are randomly distributed. Canopy GF
(Pweyman) can be written as follows (Chen and Leblanc, 1997):

k
PNeymzzn (9) = Z Ptj (Vg )p;ap (9) + BO (7)



where, k is the maximum number of tree in a quadrat which is a sampling window and its size often

less than the forest stand (e.g.,100 m X 100 m), and

EIL) Voey
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where j is the cluster number in each quadrat, and i is the tree number in each cluster; m; and m, are

mean value of j and i, respectively. The larger value of m,, the more clumped tree distribution is. If it is

close to zero, then the tree distribution turns to be close to the Poisson model. Py is the Neyman

probability of finding i trees in a quadrat. The Neyman type-A model describes a double-random

process, thus it is also called “double Poisson” model. The main difference between the Poisson model

and the Neyman type-A model relies on the probability to find 7 trees in a quadrat meeting the Neyman

type-A model rather than the Poisson model. The variance of i of the Neyman type-A model is

generally larger than that of the Poisson model.

3) Hypergeometric model for forests with random and regular tree distributions

Both randomness and regularity of tree distribution are concurrent, assuming there exists an

exclusion zone around a single tree. The hypergeometric model describes such randomness and

regularity of tree distribution: each crown has its “private space” and cannot be occupied by other

crowns and crowns can only randomly distribute in “non-private space” of other crowns rather than any

where. An important distance parameter RASD, defined as the relative allowable shortest distance

between centers of two adjacent crowns divided by the mean diameter of the crowns, is used to

describe the exclusion distance among trees and the regularity of tree distribution. The larger RASD,

the more regular tree distribution is. When RASD = 0, it means there is no exclusion distance among



trees and no “private space” for trees, indicating trees meet the Poisson model. Then, canopy GF

(Pryper) can be calculated as follows (Geng et al., 2016a),

b =31 L(0)1-p,(0)) " (10)
SO =S st ,OXI= @)D

where, Syeqr exer p 18 the projected real exclusion area (Geng et al., 2016a).

The main difference between the Poisson model and the hypergeometric model is the exclusion area
for each crown (denominator in Eq. 10), indicating there is a “private space” for each crown which
cannot be occupied by other crowns. This yields the basic principle of the hypergeometric model (Geng

etal., 2016a, 2022a).
4) Nilson’s canopy GF model for forests with various tree distributions at multiple spatial scales

Aforementioned canopy GF models of tree distribution rely on some necessary assumptions, which
places a limit in their applications. For instance, the Poisson and the Neyman type-A model are not
applicable for forests with regular distributions. Nilson and Peterson (1991) presented a relatively
“universal” canopy GF model which is based on the Poisson model but using a Fisher’s group index
(GI), defined as the relative variance of the number of trees in the single tree projected area (Nilson,
1999). It serves to describe various tree distribution patterns. The canopy GF (Pyisone;) 1 expressed as

follows (Nilson and Peterson, 1991),

_ (12 ())csCerK (0)
PN[/san91 (0) =¢ e

(11)
where Ccpis the crown closure, defined as the sum of crown projections per unit ground area, whereas
the overlapped regions of crown projections have been multiply counted, considering the amount of
overlapping tree crowns, calculated by the sum of crown projections per unit ground area at nadir. Ccyy
is the canopy closure, defined as relative ground area occupied by tree crowns, overlapped regions

counted only once, and calculated by one minus the between-crown GF at nadir. The difference

9



between the two closures is that overlapped regions of crown projections have been multiple counted
for the former one, yet overlapped regions counted only once for the latter one. K(6) describes the
relative change of projection area along with a change in the view direction # and thus characters the
crown form, and cp is a tree distribution pattern parameter that can be derived from GI. ¢, Ccr, Cean,

and K(0) can be expressed as follows,

¢, = (~InGI)/(1- GI)

(12)
C.p =Nt (0
CR ta( ) (13)
CCAN =]—g o
(14)
K(0) =1+ (h/2R) tan’ 0 s

Nilson (1999) presented another forest canopy GF (Pyisonge) model using the tree distribution

parameter c instead of cp. Viz:

_ —c(O)CxK(0)
PNﬂmn‘)Q (0) =¢ o

(16)

—1n[1—(1- —
«(0) - ~nll=0=p0)1=GD) )

As the universal tree distribution parameter GI is used in Nilson’s models, such category of models

is not restricted to a certain tree distribution and is deemed to be a relatively universal forest canopy GF

model. This is the main difference between the above-mentioned three models (the Poisson, the

Neyman type-A, and the hypergeometric models) and the two Nilson’s models (Nilson91 and

Nilson99).

5) New Nilson’s canopy GF models considering the directional OAC

It is widely known that canopy GF is strongly influenced by both crown GF (i.e., p. in Eq. 5) and

OAC. As matter of fact, it is necessary to consider both directional OAC and crown GF to accurately

10



calculate directional canopy GF. Note that the tree distribution parameters GI, ¢, and ¢ are considered
at nadir or on horizontal ground in the two Nilson’s models. For off-nadir angles, the tree distribution
parameters GI and c are also the same to the nadir direction, and OAC is mainly influenced by K(6) in
the two Nilson’s models (Eq. 11, 16). However, K(0) is only related to crown size rather than the tree
distribution parameter as shown in Eq. 15, thereby indicating that the tree distribution parameters are
not used to calculate canopy GF at off-nadir. For instance, K(0) is only related to the zenith angular
crown projected area p.(6) in Eq. 15. It means that the spatial relationship among trees and OAC at
off-nadir are simplified, leading to that canopy GF at off-nadir might be incorrect.

The directional OAC differs from Nilson’s canopy GF models which consider only tree distribution
parameters at nadir to describe OAC. It remains available for the whole hemispherical space, leading to

the modifications of Eq. 11 and 16 of Nilson’s canopy GF models as follows:

— o~ (=1.(8)cs (8)Cr (6)
PNew‘)l (0) =¢ ? *

(18)
Pygoo () =& <" (19)
where,
¢;(0) = (~InGI'(0))/(1-GI'(9)) (20)
¢ (0) = —In[1-(1 —1 fc(f)()é(; -GI'(0))] @
C (O)=1-¢ "% 22)
Cex (0) = Nt,(0) (23)

where, the subscript ‘New91’ is a modification of Nilson91, and ‘New99’ is a modification of Nilson99

considering the directional OAC (i.e., directional Ccy and Ccy rather than only Ccy and Ceyy at nadir).

crs

The superscript means directional parameter corresponding to the same parameter in the two

Nilson’s models to consider the directional OAC rather than OAC only at nadir. Although zenith angle

6 exists in the tree distribution parameter ¢ in Eq. 17, ¢ is only related to the crown projected area

11



rather than the directional OAC. The main difference between the new models and the previous

Nilson’s models is that the calculation of OAC with the tree distribution GI is expanded from nadir

direction to the whole hemispherical space, i.e., Ccp and Cgyy are calculated in different view

directions rather than constants in all directions, and the directional OAC instead of K(6) is used to

calculate directional canopy GF. After the above processes (i.e., Eq. 18-23), both directional OAC and

crown GF arc considered accurately in the two new models to calculate directional canopy GF.

3 Methods

To show the universal applicability of the new canopy GF models, different types of forests with a

variety of tree distribution patterns on horizontal and sloping terrains at different spatial scales are

considered here. The scenarios of exclusion distances among trees, stand orientation or azimuth effect,

spatial scale effects, and slope effects are considered to encompass complex realistic cases.

Generally, tree distribution patterns in reality can be divided into three main kinds: clumped,

random, and regular. According to the theories in the Neyman type-A model, the Poisson model, and

the hypergeometric model, six forest stands with clumped, random, and regular tree distributions are

generated based on these three models as shown in Figure 1, including a forest stand with clumped tree

distribution (Neyman type-A distribution with m, = 3), a stand with the Poisson distribution, three

stands with regular distributions (the hypergeometric distributions with RASD = 0.5, 1, 1.15, and 1.25

(the maximum RASD), and the stand name refers to HG1, HG2, HG3, and HG4, respectively). Forest

canopy coverage is closely related to tree distribution. For example, the low canopy coverage,

between-crown gaps or large space are conspicuously seen in the forest stand with the clumped tree

distribution, leading to a strong heterogeneity of forest canopy or a region in the stand. In contrast, the

high canopy coverage, between-crown gaps are shown in the forest stands with regular tree

12



distributions, especially in forest stands with RASD > 1 (i.e., Figure 1 (d-f)). It is due to the different
OAC among these forests. All parameters in these forest stands are the same except for the tree

distribution and canopy coverage. For detailed information of forest stand parameters, please see Table

The assumption of azimuthal isotropy may be workable for natural forests, yet it is often invalid for
forest plantations. Forest plantations with significant orientations and azimuth effects are considered in
this study. Forests plantations with four line-shape (LS) and four column-shape (CS) tree distributions
are exemplified in Figure 2. The azimuth effect of stand is considered by rotating the stand azimuth
angle 90° and tree distributions transit from LS to CS.

The spatial scale effect is considered here. The area of the above forest stands are the same (40 X 40
m?), i.e., at the same spatial scale. Combining four forest stands in Figure 1 and Figure 2 to form two
large forest stands A and B (80X 80 m?) to evaluate the new models at large scales (as shown in Figure
3).

In addition, the sloping effect is also considered in this study. The vertical coordinates value of
crowns meet Z = tan(a) * X. Where X is x coordinate value of crowns, Z is the vertical coordinates
value of crowns, and « is the slope. Here o = 30°. The horizontal positions of trees on sloping terrains

are identical to those on horizontal surface to keep the same tree distributions at nadir.

(a) B 5, % [ () ,(?)

% Y_r ;
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Figure 1. Comparisons of forests with the same tree density but different tree distribution patterns (from clumped

to random to regular. ((a): Neyman; (b): Poisson; (c): HG1 (RASD = 0.5); (d): HG2 (RASD = 1); (e): HG3 (RASD

= 1.15); (f): HG4 (RASD = 1.25)).

(d)

W}\I OO S X OO T 0 W)ﬂ} T T g i
NS SSISEPSIEEIEES NS S
S SesEEsEESEEsEEsBEnEsS

DoOOCCOOOCOCCOOCOOOo000C T T

10

TR,

XoCO XOOCOCOOd B oo < e
$0088000000008000088008 88| CLINLITININIMMIIEIEDIIIOIIIIIII]D % . Y O g\p p %
[COCCOCCO0CCC000C00C00000] (:gj\ '31 8§30 /
(OO0

S e e s s eesssessseessssss s Il MIUNEHIINNDEINGNIID I HID
WLt
O (SRR - o @
SOOI OO COCOOOOOT000C

OO OOCCCO0C 0000 b A T T oo T
LOCO000000000 Co C
SOXOOOCO000CCO00CO0000000C

SR cevesssseEsssOES

A
M OOOOO00CO00CC0000000000d %%é%g@%@ @EQ %
a0 3
SRR O )

[COCOOCOOOCOCCCOCOOCO00000)
O O T Rt 13

41

0 O

e LR
SBERER Rl AR
HﬁgH%d-HQ 888884 g %
i»«?'ﬁ o0 5'8»&? g %
sfetsteioteleastotetetotofotets g ]
Qg«? ofegsisiele: 8834k g g
s
SRl RREEERERREE S R R ([
Bttt sgég«g 175N G
Qgﬁjgg'gﬁj .';i pf‘jfg}: £ g g i nmmmm

Figure 2. Comparisons of forests with the same tree density but different managements and stand azimuth angles

(orientations). (((a)- (d): LS1- LS4; (e)- (h): CS1- CS4). (e-h) is 90° rotation of (a-d) from LS to CS, respectively).

Figure 3. Combinations of forest stands in Figure 1 (a,b,d, and e) and Figure 2 (c,d,g, and h) to construct two large

forest stands A (a) and B (b).

Table 1. Stand parameter values.
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Parameter Value

Stand area (m?) 40X40
Tree density (trees/ha) 2500
Crown shape Ellipsoid
Crown radius (m) 0.8
Crown height (m) 3
LAI 3
Leaf angle distribution Spherical
Tree distribution Neyman, Poisson, HG1-4, LS1-4, CS1-4
Coverage (%) 34, 38, 42, 50, 50, 50, 50, 37, 34, 37

4  Results

Here, a ray-tracing (RT) method is used to validate the canopy GF simulations in the two new
models (New91 and New99). The variations of canopy GF with view zenith angle (VZA) in forests
with various tree distribution patterns, azimuth effects, spatial scale effects, and sloping effects are
shown here to show the universality and accuracy of the new models.

We used the relative error (RE, calculated as follows) to appraise the accuracy of the simulations.

RE = (S, a0 = R1) /Ry (24)

where S;,uaion 18 canopy GF simulation in the two previous Nilson’s models (Nilson91 and Nilson99)

and two new models (New91 and New99)), and R is canopy GF result of RT method.

4.1 Forests with various tree distribution pattern effects

Figure 4 shows the results of cross-comparison between simulated canopy GF by the four canopy GF
models and RT method. Table 2 shows the mean RE in canopy GF results of the two Nilson’s canopy
GF models and two new models in forests with different tree distribution patterns. There is no obvious
difference between Nilson91 and Nilson99 results. As only closure at nadir is considered in the
previous two Nilson’s models, the canopy GF curves in Figure 4 show similar values and trends.

Especially, the canopy GF results in the Nilson91 and Nilson99 are identical in all forests with the

15



same canopy closure (the canopy closure is equal to 50% for stands from Figure 1 (d) to (f) because

there is no OAC at nadir in these forests).

All canopy GF simulated by the Nilson91 and Nilson99 at nadir show high consistency by the RT

results in all forest stands. The mean RE in the two Nilson’s models and two new models in all

directions (calculated by the averaged absolute values of RE in all directions) is less than 10% for the

forests with the Poisson model and HG1 tree distributions. It means that all those models have the

ability to simulate canopy GF at nadir for forests with the Poisson tree distribution or closed to the

Poisson tree distributions.

However, the REs in the two Nilson’s models increase for other forests at off-nadir as shown in

Figure 4 and Table 2. Generally, canopy GF simulated by the Nilson91 and Nilson99 models are

underestimated for the forests with the Neyman-A tree distribution (Figure 4 (a)), and overestimated

for the forests with the hypergeometric tree distributions with large RASD (Figure 4 (d-f)) at off-nadir.

The mean RE reaches up 46% for Nilson99 and 37% for Nilson91, and the maximum RE in all

directions reaches up to 144% for Nilson99 and 90% for Nilson91 in the HG4 stand at large zenith

angles. In contrast, the canopy GF simulations in the two new models are consistent relatively well

with the RT results, especially for New99. There is no notable difference in canopy GF results between

New99 and RT in most directions for most forest stands. For instance, the mean RE for New99 are low

by 3% in the Neyman, the Poisson, and the HG1 stands. This sustains the effort for considering OAC in

off-nadir directions in the new models.
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Figure 4. Comparisons of canopy GF at various zenith angles in forests with different tree distributions
(corresponding to Figure 1, (a): Neyman; (b): Poisson; (c): HG1(RASD= 0.5); (d): HG2(RASD= 1); (e):

HG3(RASD= 1.15); (f): HG4(RASD= 1.25)).

Table 2. Mean RE in canopy GF results between the four canopy GF models and RT in forests with different

distribution patterns (%).

Stand Nilson99  Nilson91  New99  New91
Neyman 15 13 1 6
Poisson 4 4 2 3
HG1 7 8 2 4
HG2 9 10 10 22
HG3 25 15 11 30
HG4 46 37 16 34

4.2 Forests with orientation or azimuth angle effects

Figure 5 shows the zenith angular variations of canopy GF in the forest plantations with particular

orientations or azimuth angles. The zenith angular variations of canopy GF are similar to those in

Figure 4. Those variations show different features with the RT results to some extent although canopy

GF shows a decrease with an increment of zenith angle in all forest stands.

As there is no azimuth dependence in the two Nilson’s models, canopy GFs in stands with different
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orientations or azimuth angles are identical (e.g., canopy GF simulations in the two Nilson’s models in

Figure 5 (b) and (f)). This leads to the notable differences in canopy GF between the two previous

models and RT. Table 3 shows the mean RE in canopy GF results between the four canopy GF models

and RT. The mean REs of two previous Nilson’s models are larger than 25% for almost all forest

stands except for the stand LS3, especially for the stand LS2 (the mean REs are greater than 390% for

the two Nilson’s models). The canopy GF simulations also show high consistency with the RT results

(the mean REs are less than 15% in all forest stands). In this regard, the azimuth problem in the

previous two models is solved in the new models.

Similarly to the results in Figure 4, directional canopy GF simulations in two Nilson’s models are

overestimated in the directions where large between-crown gaps appear (meaning clumped

distribution), but underestimated in the directions where tree distributions show regular distribution.

Here, we prefer to use a directional tree distribution rather than nadir tree distribution to describe the

directional canopy GF because the latter is insufficient to describe the directional OAC and to calculate

directional canopy GF as shown in Figure 5.
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Figure 5. Comparisons of canopy GF at various zenith angles in forests with different stand orientations or

azimuth angles (corresponding to stands in Figure 2, (a)- (d): LS1- LS4; (e)- (h): CS1- CS4).
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Table 3. Mean RE in canopy GF between the four canopy GF models and RT in forests with different stand

orientations or azimuth angles (%).

Stand Nilson99  Nilson91 New99 New91

LS1 35 28 10 21
LS2 393 421 14 37
LS3 9 9 2 4
LS4 30 30 3 7
CS1 35 38 3 8
CS2 34 34 2 5
CS3 27 26 2 7
CS4 36 35 2 6

4.3 Forests at different spatial scales

The total canopy GF in two large forest stands (Figure 3) calculated by the two Nilson’s models and

two new models are shown in Figure 6 (1). In addition, we averaged the canopy GF in each sub forest

stand to compare the total canopy GF in the two large forest stands (Figure 6 (2)).

For the large stand-A (Figure 3 (a) and Figure 6 (a)), all canopy GFs calculated by the two Nilson’s

models and the new models are generally closed to the RT results. RE is 11%, 13%, 5%, and 8% for

Nilson99, Nilson91, New99, and New91, respectively (as shown in Table 4). It means that all four

models have abilities to calculate canopy GF for this stand. It is due to that the tree distribution in large

stand-A is a compound of that in the four sub-stands. Tree distributions in the large stand-A show more

randomness than in HG1 and HG2, and also show more regularity than that in Neyman and Poisson

stand.

For the large stand-B (Figure 3 (b) and Figure 6 (b)), canopy GFs calculated by the new models are

also generally closed to the RT results (the RE is only 3% and 7% for New99 and New9l,

respectively), while there are large REs produced by the two Nilson’s models (the RE is 28% and 27%

for Nilson99 and Nilson91, respectively). Because of the notable space in Figure 3 (b), canopy GF can
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not be closed to zero.

There is no obvious difference between total canopy GF in the two large stands and averaged canopy

GF in four sub stands as shown in Figure 6, indicating that the canopy GF can be averaged in the

sub-stands at this spatial scale.
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Figure 6. Comparison of simulated canopy GF at large forest stands ((a): combination of four sub-stands in Figure

1 (b,c,e, and f) and (b): combination of four sub-stands in Figure 2 (d,e,;h, and i); (1): Total canopy GF; (2):

averaged canopy GF in four sub stands).

Table 4. Mean RE in canopy GF results between the four canopy GF models and RT in two large forest stands

(%).
Stand Nilson99 Nilson91 New99 New91
Larger stand-A 11 13 5 8
Larger stand-B 28 27 3 7

4.4 Forests at different sloping terrains

Sloping terrains change the canopy structure and distort the view inclination angle of canopy. As

OAC can be calculated correctly at nadir but simplified at non-nadir in two Nilson’s canopy GF

models, OAC might be described incorrectly for forests on sloping terrains in these models. The
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negative values in abscissa in Figure 7-8 mean that the relative view azimuth angle between aspect is

zero, i.e., seeing from the down-slope directions. On the contrary, the positive values in abscissa in

Figure 7-8 mean seeing from the up-slope directions.

All canopy GFs at nadir are simulated well by the two Nilson’s models as mentioned above.

However, all canopy GFs in these two models are symmetrical between down-slope and up-slope

directions, indicating that the previous two models were developed for forests on horizontal ground

without considering slope effects. It is easily understood because two important OAC parameters forest

crown closure Ccy and canopy closure Ccyy are only related to the stand and crown projected area at

nadir (S(0) and #.(0)) rather than off-nadir in the two Nilson’s models. Canopy GFs are simulated well

for the horizontal forest stand with the Poisson tree distribution as shown in Figure 4(c), while there are

non-negligible errors for the forests with the Poisson tree distribution on sloping terrains as shown in

Figure 7(c). In addition to Figure 7(c), the mean REs in canopy GF between the two Nilson’s models

and RT are in fact notable for all forests on sloping terrains. Canopy GFs simulated by these two

Nilson’s models are obviously underestimated in the down-slope directions (negative values of VZA in

Figure 7-8) in all forest, but overestimated in the up-slope directions (positive values of VZA in Figure

7-8) in most forest stands (except for LS4, CS1, CS3, and CS4, i.e., Figure 8 (d), (e), (g), and (h)). The

REs produced by the two Nilson’s models increase from clumped tree distributions (Figure 7 (a)- (b))

to regular distributions (Figure 7 (d)-(f)) in the up-slope directions, but decrease in the down-slope

directions.

However, the mean REs in canopy GFs between the new models and RT are generally lower than

10% in most directions, indicating the ability of the new models in simulating canopy GF for forests

with various tree distributions on sloping terrains, especially for New99. It means that the directional
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OAC and canopy GF are calculated well in both new models, especially for New99.
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(slope = 30°) corresponding to stands in Figure 2. ((a)- (d): LS1- LS4; (e)- (h): CS1- CS4).

5

Validation

5.1 Two forest stands in RAMI platform

Two forest stands inherited from the RAdiative transfer Model Intercomparison exercise (RAMI) are
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handled here to validate the results: €] HET-14

(https://rami-benchmark.jrc.ec.europa.eu/ www/phase/phase exp.php?strTag=level2&strNext=meas&

strPhase=RAMIIV &strTagValue=ACT WCO). It is a forest plantation of a 9 years old citrus orchard

located in Wellington, South Africa (33°36'S, 18°56'E). The scene is based on data provided on

courtesy of Jan Stuckens, Ben Somers and colleagues (from the Katholieke Universiteit Leuven in

Belgium) who carried out a detailed measurement campaign at this site in 2006/2007. Trees in the

HET-14 stand show notable column shape and the stand shows obvious azimuth effect. (2) HET-20

(https://rami-benchmark.jrc.ec.europa.eu/ www/phase/phase exp.php?strTag=level3&strNext=meas&

strPhase=RAMIIV&strTagValue=ABS HET ANI). It is a forest canopy where sphere crowns meet

the hypergeometric distribution (tree distribution shows both randomness and regularity), and there is

no obvious azimuth effect of stems. The parameters of these two forest stands are shown in Table 5,

and tree distributions are reported in Figure 9. The directional Ccx can be calculated by summarizing of

all individual crown projected area divided by the ground projected area in a certain direction. The

directional C¢,y can be measured by image classification (i.e., image binaryzation) as shown in Figure

Table 5. Parameters of two RAMI forest stands.

PARAMETER HET 14 HET 20

Stand area (m?) 108.25 x 103.9 100x 100

Tree number 1115 5039
Crown radius 1.55 0.5
Crown height 2.7 1
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Figure 10. Calculation of directional Ccy in the HET-14 forest stand by image binaryzation at different VZAs ((a)

VZA= 0°, (b) and (¢) VZA=20°, (c) and (f) VZA=40°, (d) and (g) VZA=60°)

Figure 11 shows the comparison of directional canopy GF among different models in different

forests. For HET-20 (Figure 11 (a)), all directional canopy GF simulations in the four models are

consistent with RT results, validating the ability for all four models. For HET-14 (Figure 11 (b)),

canopy GF simulations at nadir in all four models also show good performances with RT results.

Generally, directional canopy GF simulations in the two new models show good consistency with RT

results. Yet, there are increasing errors in canopy GF between two Nilson’s models and RT results with

increasing VZA. The errors are closely related to stand azimuth angle. The zenith angular canopy GFs

is simplified and azimuth effect was not considered in the two Nilson’s models. Because of that, both

zenith and azimuth angular canopy GFs can not be calculated accurately in these two models because

of the simplifications of directional OAC. Similarly to the gaps between Figure 5 (a-e) and Figure 5

(b-f), canopy GF is underestimated for Figure 11 (b) and overestimated for Figure 11 (c) in the
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off-nadir directions, especially at large zenith angles. The error produced by two Nilson’s models

reaches up to 50% at VZA=60° although the mean RE is lower than 20% (Table 6).
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Figure 11. Validation of canopy GF at various zenith angles and in the different forests ((a) HET-20; (b) HET-14;

(c) rotating HET-14 from CS to LS).

Table 6. Mean RE in canopy GF between the four canopy GF models and RT in two large forest stands (%).

Stand Nilson99  Nilson91 New99 New91
HET-20 3 3 2 2
HET-14(CS
14 15 3 3
)
HET-14(LS) 19 18 8 7

5.2 A forest stand in Saihanba forest farm
Saihanba forest farm is the largest forest plantation in China. A data-set of point cloud ina 500 m X

500 m forest stand (42°22'54"N, 117°22'39"E - 42°22'39"N, 117°23'01"E, see Figure 12) in the
Saihanba forest farm was obtained with an airborne laser scanning (Riegl LMS-Q680i integrated in the
CAF-LiCHy system, point cloud density is 10-30 pts/m?) and a spectral data (Specim AisaEAGLE II,
spatial resolution is 0.8m) on 29 August 2018. With the help of these two airborne sensors, individual
tree segmentation was completed and forest structures were measured, including tree number (5835),
position, and size. For detailed information of experiment design, instruments, and data-set, please
refer to (Pang et al., 2021). As the point cloud density was not large enough, LAI might not be
retrieved with high precision. Assuming the structures among trees is similar in a forest plantation, leaf

area in an individual crown is assumed to be the same and LAI is equal to 4 in the whole image.
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Trees in the left part of image (Figure 12 (a)) show relatively regular distribution, while there is an

irregular space in the right part of the image. This places a difficulty to describe tree distribution in this

image using the Neyman type-A, the Poisson, and the hypergeometric models because of the

complexity of tree distribution. Directional Ccx can be calculated by summing the crown projected area

according to individual tree segmentation results (Pang et al., 2021). Directional Cc4y can be calculated

by image binaryzation. Directional canopy GF can be accurately simulated in a LESS platform (A 3-D

radiative transfer simulation framework large-scale remote sensing data and image simulation

(http://lessrt.org)), which provide a batch tool to efficiently calculate canopy GF based on ray-tracing

and computer graphics for forests at large scales (Qi et al., 2019).
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Figure 12. Calculations of directional canopy closures at different VZAs ((a) a high resolution image at nadir; (b)

point cloud at nadir; (c) point cloud at off-nadir; (d)-(1) are image for calculating directional canopy closures at 0°-

80° with a step of 10°).

Figure 13 show the comparisons of canopy GF calculated by two Nilson’s models, two new models,

and LESS. Table 7 shows the RE between the simulations and LESS results.

The canopy GF simulations with the two new models are closed to LESS results, especially for

New99. Both mean REs are lower than 10%. However, there is a disparity in canopy GF results

between two Nilson’s models and LESS. Both mean REs in canopy GF between two Nilson’s models

and LESS are larger than 30%. Although the canopy GF at nadir is simulated well by two Nilson’s

models, there are notable errors at large VZAs. As existence of an irregular space appears in the image,

true canopy GF cannot be closed to zero even at large VZAs (see Figure 12 (j-1)). However, canopy

GFs in the two Nilson’s model are closed to zero at large VZAs. The results show the deficiency of

parameter K(6) in Eq. 15. The directional OAC which is closed to the directional tree distribution is not

accurately calculated by K(6). It is well considered in the two new models, and the results in Figure 13

and Table 7 show the reliability of the two new models, especially for New99.

Compared to the forests in section Results and RAMI, the forest in Saihanba is of more complicated

tree distribution and lager area at more complicated sloping terrains. The validation show the accuracy

of the new canopy GF models in reality, especially for New99.
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Figure 13. Validation of canopy GF at various zenith angles in a stand in a Saihanba forest stand.

Table 7. Mean RE in canopy GF between the four canopy GF models and LESS in a Saihanba forest stand (%).

Nilson99  Nilson91 New99 New91

40 34 4 9

6  Discussions
6.1 Improvements for previous canopy GF models

Canopy GF is a fundamental and critical parameter in nearly all radiative transfer models because it
strongly impacts light interception and the radiation transfer processes within a canopy, and also plays
a key role on parameters estimates, such as LAI, fAPAR, bi-directional canopy GF, four components
area ratios (known as sunlit foliage, shaded foliage, sunlit ground, and shaded ground), and canopy
reflectance or BRF. Therefore, a universal and accurate forest canopy GF is a prerequisite for forward
and inverse modeling for diverse forests using remote sensing data. Existing tree distribution models
are lacking universality. For instance, the Neyman type-A model was deemed to be suitable for
describing clumped tree distributions at large scales (often larger than 250 m). In contrast, the
hypergeometric model was reported as being suitable for regular and random tree distributions at small
scales (often less than 100 m). The Poisson model is generally suitable for regular tree distributions at
the medium scales (e.g., 100 m - 500 m). However, the boundary scales indicated here for these models

only provide a rough idea. For instance, a clumped tree distribution could also occur at small scale and
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a regular distribution could also arise at broad scale. The Nilson’s canopy GF models with a powerful

tree distribution parameter GI were reported as being suitable for forests with various tree distributions

because GI is deemed as a relatively universal parameter for various tree distributions (Nilson, 1999).

OAC at nadir can be accurately expressed by the combination of canopy closure and crown closure at

nadir. For instance, the obvious space without any tree cover in Figure 12 can be captured by these two

closures. However, OAC was simplified at off-nadir leading to canopy GF at off-nadir might be

calculated incorrectly. In addition, Nilson’s GF models were presented for forests on horizontal

ground. Thus, their applications are inevitably limited.

Results in this study show that the previous two Nilson’s canopy GF models show excellent canopy

GF simulations for forests with various tree distributions at nadir, while errors appear at off-nadir

angles for forest stands with tree distributions deviating from the Poisson model, especially for forest

plantations with obvious orientation or azimuth effects and forests on slope terrains. Only canopy and

crown closures at nadir were used in the previous two Nilson’s canopy GF models are insufficient to

accurately calculate canopy GF at off-nadir. It makes canopy GFs identical for all forests with the same

canopy closure at nadir. For example, the canopy closure in stand HG2, HG3, and HG4 in Figure 1,

and LS1 and CS1 in Figure 2 is the same. The variations of canopy GF with zenith angle should be

influenced by the zenith angular variation of crown projection area (see Eq. 11, 15) as well as OAC.

We highly praise the ability of accurate expression of OAC at nadir for forests with various tree

distributions in two Nilson’s models and expanded this ability from nadir direction to other directions

to accurately calculate canopy GF at off-nadir in the new models.

Tree distribution, often referring to the spatial arrangement or pattern of trees at nadir within a

particular area (e.g., a forest stand) or ecosystem, is an essential parameter to calculate canopy GF
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because it strongly influences the OAC and between-crown gaps. For example, tree distribution

parameter is a constant in all directions and OAC is often simplified at off-nadir in many existing

canopy BRF models. In this study, it might be more reasonable to stress that the tree distribution is

related to certain directions because the signal (e.g., reflectance) obtained by remote sensors is

inevitably influenced by directions, including view directions and sun directions. For instance, tree

distribution in HET-14 in RAMI platform shows regularity at nadir (see Figure 10 (b)), while it shows

clumping effect in Figure 10 (d). Although tree distribution has been widely studied in the field of

ecology and forest inventory, it might be not enough for remote sensing because both nadir and

off-nadir angles are concerned in the field of remote sensing, especially for multiple angular remote

sensing. Tree distribution has been reported to strongly affect the forest coverage and canopy GF at

nadir, yet the results in this study show it also strongly affects canopy GF at off-nadir. Essentially, they

are just different projections on different planes or directions, i.e., from nadir to off-nadir. As both

remote sensing and photogrammetry are based on projection, e.g., image, we prefer to use a directional

tree distribution on VPP or image rather than tree distribution at nadir to calculate directional canopy

GF accurately in these fields although the tree distribution often refers in particular to at nadir in

ecology. Because the tree distribution at nadir is insufficient to describe the directional OAC and to

calculate directional canopy GF as shown in section Results.

6.2 Limitations and applicability

The outcomes in this study show that the presented models (especially for New99) produce

obviously better canopy GF simulations than the previous two Nilson’s models for all forest stands,

especially for forest stands with tree distributions deviating from the Poisson model. The tree

distribution parameters c(¢) and c(6) are derived from Fisher’s group index GI in Eq. 20 and 21,
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respectively. The difference between New91 and New99 exists in the position of the item (1- p.(6)) in

Eq. 18 and 21. Although both two new models show better consistency with the RT results than the

two Nilson’s models, New99 results generally show higher consistency with ray-tracing results than

New91 in many cases. Therefore, New99 is more universal and accurate than New91. Except for some

extreme cases, the differences between New99 and New9l are generally not obvious as shown in

section Results.

The complicated scenarios of forests with various tree distributions, orientation or azimuth effects at

different spatial scales on horizontal and sloping terrains are built to show the generality of the new

models. The essence of two Nilson’s models and two new models is the accurate calculation of OAC,

which is strongly affect canopy GF. Crown GF (i.e., p. in Eq. 5, 11, 16, 18, and 19) is another factor

influencing the calculation of canopy GF. There is a common assumption in these models that leaves

within an individual crown are randomly distributed. This assumption has been widely made in many

forest canopy BRF models, e.g., FRT (Kuusk et al., 2014), GOMS (Wu et al., 2019b), a 4-scale

geometric optical model for broad-leaved forests (Chen and Leblanc, 1997), GOST (Fan et al., 2015;

Fan Weiliang et al., 2014), and GOFP (Geng et al., 2022a, 2017). For forests with non-notable

sub-crown structures, it is not easy to measure the sub-crown structures and describe the complicated

structure within crown with mathematical expressions, especially for broad-leaved forests. The

sub-crown structures were expressed in the literature and were suggested to be considered for forests

with notable sub-crown structures (Geng et al.,, 2016b; Leblanc et al., 1999), e.g., crown GF

calculations considering notable shoot structure for conifer forests in a four scale geometric optical

model (Chen and Leblanc, 1997), branch structures in a five-scale geometric optical model (Leblanc et

al., 1999; Leblanc and Chen, 2000), and whorl structures in GORT (Wenge Ni et al., 1999). In this
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case, crown GF is suggested to be calculated first by more accurate expressions in above literature
instead of Eq. 5 in this study. After accurate calculation of crown GF for these forests, canopy GF can
be calculated with the new models in this study.

Generally, a forest canopy model should only be applicable to a forest stand that is large enough to
possess certain statistical properties, and not mean to be used for individual trees or a small patch of
trees. For instance, a forest stand is divided into several quadrats, and counting the tree number in each
quadrat is a common measurement of tree distribution iz sifu. Then, the probability density function or
the expectation and variance are plotted and calculated, respectively (Chen and Leblanc, 1997,
Penttinen and Stoyan, 2000; Perry et al., 2006; Diggle, 2013; Geng et al., 2021). Thus, the stand area or
the spatial scale cannot be too small (e.g., often larger than 50 m), and the quadrat area is often larger
than 10 m to ensure the statistic meaning. This problem also exists in the Nilson’s models and the new
models in this study. While available spatial scale in the Nilson’s models and the two new models
could be smaller than the Neyman type-A model. Theoretically, two Nilson’s models and the two new
models are suitable for a forest canopy with only one crown because the quadrat used for counting tree
number in parameter GI is the projected area of a single crown according to the definition of GI
(Nilson and Peterson, 1991; Nilson, 1999). GF of canopy with only one crown can be calculated as

follows,

P(0) =(1—-C(0)) -1+ Cr(0)- p.(0) (25)

Canopy GF in Eq. 25 is equal to that in Eq. 18 (New99). Yet, the crown projected area might be out
of stand bound leading to a serious boundary problem if stand area is too small. A forest canopy needs
to be a stand with enough large area, otherwise it can not be deemed as a canopy, e.g., a pixel in image

with high spatial resolution (less than 1 m) may be deemed as a crown or sub-crown rather than a
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canopy. A forest canopy GF model itself is a model simulated GF for a canopy rather than a crown or

sub-crown.

6.3 Parameter Measurements

As reported in (Nilson, 1999; Nilson and Peterson, 1991), a simple handheld device (e.g., a digital

hemispherical photography) consisting of a fine tube fixed on a cardan joint and a mirror below the

tube helps the observer to look vertically upwards through the tube and thus carry out a point-wise

sampling. Crown closure C¢r can be measured by the average number of overlaps, and canopy closure

Ccyy is calculated as one minus the zero overlap probability. The tree distribution parameter GI is

calculated by those two critical input parameters Ccz and Cc4y. Similar approach can be adopted from

nadir to off-nadir. Digital hemispherical photos from down to up are well available, and the Cajanus

tube can be replaced for off-nadir measurements now. The input parameters in the new models are

similar to the previous Nilson’s models, and the measurements of the tree distribution or OAC in a

forest stand at nadir can be expanded to at off-nadir. If the structures of tree in a forest stand are similar

(e.g., a forest plantations stand), Ccz(0) can be directly estimated by Eq. 13, and Ccr(6) can be

calculated according to Eq. 23.

Image classification from up to down provide another method to calculate directional Ccyr and Ceyy

in the field as shown in section Validation. Recently, the airborne LiDAR (ALS) or terrestrial laser

scanning (TLS) are proven capable of measuring the accurate directional crown and canopy closures. It

has been reported that the individual crown segmentation could be completed well by those new

techniques (Li et al., 2023; Chehreh et al., 2023; Pang et al., 2021; Zhang et al., 2020; Ayrey et al.,

2017; Zhen et al., 2016; Chen et al., 2006). Directional C¢y can be easily calculated by summing all

directional individual crown projected area divided by the ground projected area. The directional
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between-crown gaps can be easily calculated in the virtual forests scene with amount of point cloud,

and directional Cc4y can be calculated by 1 minus the directional between-crown gaps as shown in

section Validation.

6.4 Meaning of a universal canopy GF model and future studies

As canopy GF is a fundamental and a critical parameter that influences many other parameters, e.g.,

bi-directional canopy GF, clumping index, reflectance or bidirectional reflectance factor (known as

BRF), emissivity, and LAI, etc, the new models in this study are full of meaning.

(1) A potential tool for a universal canopy BRF model for forests with various tree distributions on

horizontal and sloping terrains at multiple spatial scales

Canopy GF is often the first step to be calculated in canopy BRF models. The existing geometric

optical and radiative transfer models are reported to be suitable for certain cases because the tree

distribution is described for these cases. For example, a four-scale and a five-scale geometric optical

models were developed for forests with clumped tree distributions at large scales (often lager than 250

m) because the Neyman type-A model was used to describe tree distributions and calculate canopy GF

(Chen and Leblanc, 1997; Leblanc and Chen, 2000); GOFP was reported to be suitable for regular tree

distributions at small scales (often less than 100 m) because of the hypergeometric canopy GF model

was used (Geng et al., 2021). Based on the previous Nilson’s canopy GF models, FRT and ACRM

show more adaptive (Kuusk, 1995, 2001; Kuusk et al., 2014), while they are also hard to accurately

simulate reflectance for forest plantations at off-nadir (e.g., stands in Figure 2) because the previous

Nilson’s canopy GF models were used in these models (e.g., canopy GF in Figure 5). In addition, all

above-mentioned BRF models do not consider the forest stand orientation or azimuth effect. The

universal canopy GF models presented in this study makes a universal BRF model possible.
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(2) A new opinion to the variation of canopy GF and clumping index with zenith angle

As canopy GF is closely related to crown GF and OAC as mentioned above. It means that the

variation of canopy GF with zenith angle is closely related to directional crown GF and OAC as shown

in section Results. Foliage clumping index is defined as a ratio of the effective LAI (LAI,) to LAI

(Chen et al., 2005; Fang, 2021; Nilson, 1971). LAI, is the LAI value that would produce the same

indirect gap measurement (e.g., canopy GF) as that observed, assuming a simple random foliage

distribution and it is often measured by many optical instruments (e.g., LAI-2000 and digital

hemispherical photography) based on the theory of Beer-Lambert’s theory (Fang, 2021). Therefore,

foliage clumping index is closely related to canopy GF.

It is widely accepted that clumping index is often related to zenith angle, i.e., clumping index might

be varied with zenith angle. The variations of clumping index with zenith angle in sifu measurements

show different results in the literature (Fang et al., 2018b, 2018a; Geng et al., 2022b; Kucharik et al.,

1999). Recently, it was reported that the crown size or the angular variation of crown projection area is

of critical influence on zenith angular variations of clumping index for forests. The results were based

on the theoretical derivations derived from the previous Nilson’s canopy GF model (Nilson99) which

clearly considered the OAC at nadir but simplified at off-nadir. For the two Nilson’s models, the

variation of canopy GF with zenith angle is mainly affected by the variation of crown projection with

zenith angle (Nilson, 1999). The results in this study show the zenith angular variation of clumping

index must be closely related to both crown projection area and OAC. Therefore, a new study about the

zenith angular variations of clumping index for forests is advised.

(3) A potential tool for better understanding of the spatial scale effect of parameter retrievals with

satellite image
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Spatial scale effect is a topic in the filed of remote sensing. The heterogeneity of forest canopy is an

essential reason for spatial scale effect of parameter retrievals with remote sensing image with different

spatial resolutions. It is reported that trees often show different distribution patterns at different spatial

scales, which plays a critical role in the heterogeneity of the forest canopy and the spatial scale effect of

parameter retrievals at multiple spatial scales (Chen and Leblanc, 1997; Liang, 2000; Li et al., 2000;

Jin et al., 2007; Zhan et al., 2012; Jiang, 2018; Geng et al., 2021).

The scale problem of canopy GF can hardly be analyzed by the previous forests canopy GF models

because there is a lack of a universal canopy GF model suitable for forests at multiple spatial scales

(e.g., from 30 m to 1 km). The two universal canopy GF models presented in this study provide a

potential tool to process this problem. They are well designed for studying the spatial scale effect of

signal forward simulations and parameters retrieval with remote sensing technique because they can be

applied at multiple spatial scales. The new models provide an important link in canopy GF and other

relative parameters (e.g., fAPAR, clumping index and LAI,) among different spatial scales and useful

tools for better understanding down-scaling and up-scaling studies and applications of satellite remote

sensing between medium and low spatial resolutions, e.g., MODIS and Landsat OLI.

7 Conclusions

A forest canopy GF model suitable for different types of tree distributions is critical for forest

canopy reflectance modelling because canopy GF is the basis for canopy reflectance modeling and

parameter retrievals based on remote sensing techniques. As there is still a lack of In this study,

(1) we found the overlap among crowns (OAC) at off-nadir was simplified in two Nilson’s models,

expanded the calculation of OAC at nadir in two Nilson’s models to other directions, and finally

developed two new canopy GF models (New99 and New91) based on the Nilson99 and Nilson91,
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respectively.

(2) the canopy GF simulations by the two new models (especially for New99) show high consistency

with the ray-tracing results in forests with various tree distribution patterns at different zenith angles

and spatial scales on horizontal and sloping terrains. While the original Nilson’s models underestimate

canopy GF for forests with clumped tree distributions or overestimate canopy GF for regular tree

distributions at off-nadir, which could be amplified in the cases of forest plantations and forest stands

on sloping terrains. New99 effectively improves the accuracy of canopy GF simulations in all those

forests, showing its universality in simulating canopy GF for forests. It could form the backbone of the

development of a potentially universal canopy reflectance model since a cutting-edge modeling of the

transmittance of the photons pathway is primarily meaningful for forest stands.
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