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Abstract

The leaf area index (LAI) is an essential biophysical variable of trees and a crucial
factor affecting the urban environment. Previous studies on LAI measurements mainly
focused on continuous forests, which using the cosine of the observed zenith angle for
path length correction is incompatible with individual trees, although individual trees
are more common in urban areas. Therefore, we modified the Beer-Lambert law for
individual trees and developed a new path length correction factor that considers crown
shape and actual path length in this study. Based on the new path length correction
factor, we proposed a systematic single-tree LAI estimation method using digital cover
photography. Comparisons with measurements showed that the root mean square error
(RMSE) and Pearson correlation coefficient (r) are 0.35 and 0.97, respectively. A
Python scripted module was compiled to support automated processing of this method.
Furthermore, we modeled single-tree crown transmissivity based on the new path
length correction factor and provided a simple formula to calculate the transmissivity
of the spherical crown using some common assumptions. This study offers a theoretical
basis for measuring LAI and calculating the crown transmissivity of individual trees.
Keywords: Leaf area index, Individual tree, Crown transmissivity, Digital

photography, Beer-Lambert law
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DCP Digital cover photography

DHP Digital hemispherical photography

LAD Leaf area density

LAI Leaf area index

Nomenclature

A The projection area of the tree crown on horizontal ground
G Leaf projection coefficient

h The thickness of the continuous canopy

K The absorption coefficient of the substance

I The path length of the light travels through the substance
I The actual path length of light through tree crown

I The average path length of light through tree crown

LA Half the total leaf area of an individual tree
P Gap fraction

r Pearson correlation coefficient

RMSE Root mean square error

\ The crown volume

W, The weighting factor

r Gamma function

n(0) The new path length correction factor for individual trees
o View zenith angle

0, Leaf zenith angle

P The density of the substance

7(60) Transmissivity at a view angle of &

Q The clumping index

1 Introduction

By 2050, about two-thirds of the world's population will live in urban areas [1].
Cities' rapid development has led to various urban environmental problems, including
air pollution [2], urban heat islands [3], etc. Tree planting is the most potent way to
improve the urban environment by absorption of pollution [4,5], atmospheric cooling
[6,7], stormwater mitigation [8,9], and carbon dioxide capture [10]. Improvement

effects vary significantly among trees with different biophysical characteristics, such as
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tree crown size and leaf area index (LAI).

LAI, one-half the total leaf area per unit of the horizontal ground surface, is an
essential structural property of trees and a crucial factor affecting the urban environment.
Because leaf surfaces are the primary site of energy and mass exchange in processes
such as canopy interception and evapotranspiration. Shahidan et al. made a comparison
of Mesua ferrea L. and Hura crepitans L. for solar radiation shielding, and they found
that Mesua ferrea L., mean LAl is 6.1, reduced radiation by 93%, while Hura crepitans
L., mean LAI is 1.5, only provided 79% radiation shading [11]. And LAI is also an
indispensable input parameter for urban environment simulation software, such as
ENVI-met [12]. Three approaches were commonly adopted to acquire LAI, including
citing the literature [13,14], selecting from plant databases [15,16], and measuring
representative trees [17—19]. Depending on the tree species and growth conditions,
LAIs of different tree species differ significantly. This makes it challenging to match
LAIs from literature and databases to actual trees. Field measurements seem to be the
only way to obtain an accurate LAIL

Field measurements of LAI can be categorized into direct and indirect methods.
Direct methods estimate LAI through sampling and area measurement of tree leaves,
including destructive sampling [20] and leaf litter collection [21]. When samples are
representative, direct methods are considered more accurate than indirect methods.
However, direct methods are usually time-consuming and labor-intensive, limiting their
applications, so they are only useful for small plants [22].

Indirect methods have become the most commonly used LAI measurement
method. Indirect methods are based on the Beer-Lambert law [23], which infers LAI by
measuring other variables, such as the leaf projection function and gap fraction [22].
There are three main categories of indirect methods and instruments commonly used:
(1) Digital photography, including digital cover photography (DCP) [24,25], and digital

hemispherical photography (DHP) [26,27]. (2) Light detection and ranging, including
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terrestrial laser scanner [28,29], airborne laser scanner [30,31], and spaceborne laser
scanner [32,33]. (3) Commercial passive optical instruments, such as LAI-2200 (or the
predecessor LAI-2000) Plant Canopy Analyzer [34], SunScan Canopy Analysis System
[35], and Tracing Radiation and Architecture of Canopies [36].

The previous study on LAI measurements focused mainly on continuous
vegetation, although individual trees are more common in urban areas. However,
traditional indirect methods are unreasonable for measuring the LAI of an individual
tree because the continuous vegetation assumption is not satisfied. A rigorous review
paper stated that "traditional indirect methods at stand scale should be adjusted for an
individual tree, because the cosine of an observation zenith angle for path length
correction of a continuous vegetation layer is incompatible for an individual tree" [22].

Path length correction is crucial for accurately assessing the LAI of an individual
tree. However, only two articles related to path length correction were found in the
literature databases. The operating manual of the LAI-2200 stipulates that it is
necessary to use the actual path length instead of the cosine for path length correction
[37]. The LAI-2200, however, is not applicable to LAI measurements of urban
individual trees due to radiation blocking in complex urban environments [38]. Hu et
al. established a calculation model for laser scanning using the real path length
distribution from the reconstructed tree crown envelope and the leaf area density [38].
This algorithm can only be used with terrestrial laser scanners and does not apply to
other indirect methods.

Digital photography, with the advantages of permanent image recording and low
cost, has gradually become a popular method of measuring LAI due to the development
of photography and image processing technology in recent years. This method has been
widely used and verified in contiguous vegetation canopy [39-41] and is gradually
applied to urban individual trees [18,42—44]. However, these studies directly apply the

algorithm of continuous canopies to an individual tree [18,44,45]. Wei et al. assessed
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three indirect methods for estimating the LAI of individual trees. The results show that
digital photography is not recommended for individual trees, and improvements in
reliability will depend on new algorithms to account for differences in path length [46].
As a potential method for measuring the LAI of a single tree, a new algorithm that
considers path length correction is urgently needed to improve digital photography
measurement accuracy.

This study aims to modify the Beer-Lambert law for continuous canopies to apply
to individual trees. Define an improved path length correction factor that considers tree
crown shape and the actual path length of individual trees. Then establish a systematic
LAI measurement method for individual trees using digital cover photography based
on the newly-developed path length correction factor. Furthermore, single-tree crown
transmissivity is modeled based on the new path length correction factor, and a simple
formula for transmissivity with spherical crowns is provided.

2 Materials and methods
2.1 Modifying Beer-Lambert law for individual trees
2.1.1 Beer-Lambert law for continuous canopies

The law used to describe light attenuation in a homogeneous medium is the Beer-
Lambert law [23]. The law states that there is a natural logarithmic relationship between
the transmissivity of light through a substance, 7, and the product of the absorption
coefficient of the substance, K, the density of the substance, p, and the path length of
the light traveling through the substance, | :

=g~/ (1)

When the Beer-Lambert law is applied to a continuous canopy (Fig. 1a), K is
substituted by leaf projection coefficient G, p is substituted by LAD. h is the
thickness of the continuous canopy. 1/c0Sé is used to correct the path length of light

through the vegetation canopy.
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p:|_AD=T (2)
h

l=—— 3

cosd )

Beer-Lambert law underestimates LAI in a non-random distributed canopy, and
the clumping index Q [47] was defined to correct LAl. =1 denotes the random
distribution of leaves,  >1and Q <1 represent the regular and clumping distribution,
respectively. The classic formula of Beer-Lambert law in a specific zenith angle € is

established as follows:

T(0) = e_LA|(9)Q(9)G(€)/cose “

2.1.2 Beer-Lambert law for individual trees

When the Beer-Lambert law is applied to individual trees (Fig. 1b), the definition
of /1 is ambiguous, and the real path length is significantly less than h/cosé . In addition,
the LAI calculated using Eq. (4) is not comparable at different zenith angles for
individual trees because the representative projected area changes while the total leaf
arca remains constant [38].

The authors provided a new correction factor based on actual path length. p is
substituted by the LAD of individual trees as same as continuous canopies, and LAD

can be calculated as below for individual trees:
LA LAA LAIA

LAD = vV VATV (5)
where LA is half the total leaf area of an individual tree; V" denotes the crown volume;
A represents the projection area of the tree crown on horizontal ground and can be
computed from the maximum tree crown radius. | is substituted by the actual path

length, |, , of light through the tree canopy. The revised Beer-Lambert law for

individual trees is:

—LAI(8)Q(0)G(0)/5(0)

T(6) =6 (6)
V
n(0) = A_L, (7)
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where 77(0) is the revised path length correction factor for an individual tree. This path
length correction factor fully considers the influence of the tree crown shape and actual

path length on transmissivity.

(a) Continuous canopy N
Zenith |
? 4
Simplify | |
—> B hi
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Fig. 1. Illustration of the Beer-Lambert law path length for continuous canopies (a) and individual
trees (b).

2.2 LAI measurement of individual trees using digital photography

In this section, we proposed a digital photography method to measure the LAI of
individual trees based on the newly-developed path length correction factor. Digital
photography can be classified into digital cover photography (DCP) and digital
hemispherical photography (DHP). DCP is used in this paper due to its higher image
resolution and insensitivity to camera exposure, gamma correction, canopy density, and
mean gap size [39,48]. However, leaf angle distribution needs to be estimated
independently to determine LAI using DCP. This study used a mature leveled
photography method to parameterize leaf angle distribution [49,50]. The framework for

measuring the LAI of individual trees using DCP is shown in Fig. 2.



157
158

159

160

161

162

163

164

165

166

167

168

169

170

Stepl: Photography Step2: Image processing Step3: LAI calculation

Vertical photography Python-based module |—f Clumping index

-+ Gap fraction

Path length factor

Leveled photography
Leaf projection function

—=In P(@)n(6)
QO)G(0)

LAI(O) =

LAI= Y LAI(6,)W,
i=1

Fig. 2. Framework for measuring LAI of individual trees using DCP.
2.2.1 Vertical photography

Vertical photography refers to photographing tree crowns from the bottom up.
Vertical photography provides images that are used to estimate gap fraction P(¢) and
clumping index Q(#). Same to continuous canopies, gap fraction P(8) is introduced
instead of transmission 7(6) to calculate LAI [22]. The camera requires to be fixed
with a tripod and placed under the tree crown for vertical photography. The horizontal
bubble ensures that the camera is vertically upward. Changing the lens focal length and
the camera height ensures that about a quarter of the tree crown is captured while
avoiding parts of the sky free of foliage. Taking vertical photography from four
directions: front, back, left, and right of the tree crown, as shown in Fig. 3b. These

images will be processed using a Python scripted image processing module later.
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(a) Front view

(b) Overlook view
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Fig.3. Schematic diagram of vertical photography.
2.2.2 Leveled photography

Leveled photography refers to taking pictures in a horizontal orientation. Images
taken by leveled photography are used to estimate leaf projection function G(8) and
path length correction factor 77(6) . Leveled photography is divided into long-distance
and short-distance photography based on the distance between the tree crown and the
camera. Long-distance leveled photography records the crown shape and the relative
position of the vertical camera with the crown, as shown in Fig. 4. To determine the
light path length accurately, the long-distance camera should be perpendicular to the
plane formed by the tree and the vertical camera, and be at the middle height of the tree
crown.

Short-distance photography is a simple and effective method of measuring leaf
angles [49,51-53]. Pisek found that reliable estimates of leaf angle distributions at the
whole tree level can be obtained by measuring the leaf inclination angles of 75 leaves
distributed across the vertical tree profile using digital photography [54]. It is
recommended to take photos of the crown from various directions while keeping a short
distance between the camera and the crown to ensure accurate identification of leaf
angles in the images. These pictures taken in different directions provide statistically
significant leaf zenith angles [54].

2.2.3 Image processing and LAI calculation

Long-distance leveled photographic images undergo manual processing using
CAD software to measure crown volume, crown projected area, and light path length.
The tree crown is vertically layered, and the total crown volume is calculated by adding
all layers' volumes together. The crown projected area is calculated from the average
crown radius. More specialized programs and methods for estimating crown volume
and projected area based on digital photographs have been proposed, especially for
irregularly shaped crowns. A detailed introduction to these methods can be found in the

9
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review paper by Zhu et al. [55]. The length of the light path passing through the tree
crown at different zenith angles is measured based on the relative positions of the
vertical photography camera and the crown, as shown in Fig. 4a.

Short-distance leveled photographic images are processed by AutoCAD software
to get the zenith angles of leaves with their surfaces oriented approximately
perpendicular to the camera's viewing direction (Fig. 4b). The leaf inclination angle
distribution of a surveyed tree can be evaluated by assuming a uniform distribution of
leaf azimuth angles. The most appropriate and robust Beta-distribution is utilized to

present the probability density of 6, [56]:

1

B (i) -t (8)

f(t)=

where t =26, /7, and 0, is expressed in radians. The Beta-distribution is defined as:

i a1 vl L()r(v)
B(,u,v):!(l—x) X dx:% 9)

where I' is the Gamma function, g and v are calculated as:
2
5,0
pu=-(%-1) (10)
Gt

v:f(o-—é—l) (11)
O

t

where o is the maximum standard deviation with an expected mean t, and o} is the

variance of t. The leaf projection function G(@) is calculated as [56]:

7/2

G(O) = | A0.6,)T(6,)d6, (12)
0
cosdcos b, |cotécotg, |>1
A©O,0,) = 2 (13)
cosdcosd [1+—(tany —w)]  |cotfcotd |<1
T
w=cos " (cot@cotd,) (14)

10
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Fig. 4. Manual image processing using AutoCAD software.

We compiled a Python script to automate vertical photographic image processing
and detailed descriptions can be found in Appendix A. The processing flow of vertical
photographic images is shown in Fig. 5. Step 1: Import vertical photographic images.
Step 2: Segment the pictures. Divide the images into segments based on the zenith and
azimuth angles. Choose ten times the characteristic width of the leaf as the segment
length. This is because, theoretically, the error introduced by applying the Beer-Lambert
law to this segment length is only about 5 % at this length [22]. Step 3: Identify image
elements according to red, green, and blue pixel values (RGB). We preset the default
RGB values to be (200, 200, 200), and the values can be manually adjusted to achieve

better pixel recognition according to actual photo quality.

sky, if color RGB > (200, 200, 200)

Outputs = ) (15)
tree, if color RGB < (200, 200, 200)

When the RGB value is below the preset threshold, the pixel is recognized as a
tree element, while those pixels with higher RGB values are sky elements. Finally, the
numbers of different elements in each segment (the red pixel in Fig. 5 is the sky element)
are counted. The gap fraction P(8) is then calculated as the ratio of sky pixels to the
total image pixels. The clumping index Q(&) then can be calculated using the finite-

length averaging method [57] as:

_InP@)
" InP(9)

Q(0) (16)
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Fig. 5. Flow chart for processing vertical photographic images.

® Sky pixels

Then LAI(f) can be calculated using Eq. (6), and the final LAI can be weighted

as follows:

LAI = Z LAI(G)W, (17)

where N is the number of discrete zenith angles, and W, is the weighting factor that is
proportional to Sin(€,)dé and normalized to sum to 1.0.

3 Methods validation and comparison

In this section, we validated the DCP method based on the newly-developed path
length correction factor using the direct method. And then we compared the results with
the previous DPC method using the Beer-Lambert law for continuous canopies. The
study site is Chongqing University (29° N, 106° E) in Chongqing. Chongqing belongs
to the subtropical monsoon humid climate zone, and evergreen trees are the main urban
tree species. Five Osmanthus fragrans and four Camphora officinarum were selected
to validate the LAI measurement method based on the revised path length correction
factor, as shown in Fig. 6. Two widely used statistical indices were utilized in this study.
The root mean square error (RMSE) uses the square root of the differences between
predicted and measured values to represent overall accuracy. The value of RMSE is
always no less than 0, and a lower RMSE means better goodness of fit to the reference
value. The Pearson correlation coefficient (r), between -1 and + 1, measures the linear

correlation between predicted and reference values. They are calculated as follows:

12
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o 2LR-PM-M)
HIRCECR) SRS

where P; is the ith predicted value, M; is the ith reference value, P is the average of the

(19)

predicted value, and M is the average of the reference value.

Osmanthus fragrans — 1 | Osmanthus fragrans —2 | Osmanthus fragrans — 3

Osmanthus fragrans —5 | Camphora officinarum —
1 WA

Camphora Camph
25s R o Siee. O 4 .

Fig. 6. Appearance of nine surveyed trees.
3.1 Validation with a direct method

3.1.1 Measurement description

Direct methods are often used to validate indirect methods [22]. The LAI values
obtained by the standard branch method [58], one of the most commonly utilized direct
methods [59], were used as reference LAI values to verify the reliability of the DCP
method in this section. The standard branch method includes sampling leaves
destructively and measuring the leaf, and the flow chart is shown in Fig. 7. Firstly, we
measured the circumference of the branches of surveyed trees (for example main trunk,

main branch, end branch, etc.). All branches were divided into five levels based on the
13
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294

branches' circumference, and the number of branches in each level was recorded. Then,
select standard branches from the last level and destructively sample from the four
directions of east, west, south, and north, and count the number of leaves on the standard
branches. Finally, spread the sampled leaves on a whiteboard with a known area, and
use the recording and measurement tool of Photoshop software to determine the average
area of the sampled leaves. The total leaf area of an individual tree was determined
according to the number of last-level branches and the average leaf area. LAI values

were then calculated by dividing the total leaf area by the projection area.

Step 1 C—)| Step 2 Leaf area measurement
Branches classification

D &
-
o o

Standard branches Image processing to calculate sample leaf area

Average area of leaves

Total leaf area

Number of each level branches

Fig. 7. The flow chart of LAI measurements using the standard branch method.

LAI of nine surveyed trees estimated by the standard branch method is shown in
Table 1. Tree species play a decisive role in LAI. The average LAI of Osmanthus
fragrans 1s generally higher than Camphora officinarum, and the mean value is 4.5 and
2.4, respectively. Additionally, the LAI of the same tree species differs significantly.
The maximum LAI difference between Osmanthus fragrans is 3.7, and the maximum
LAI difference between Camphora officinarum is 1.3. 1t is difficult to match the LAI
derived from the database and literature research with real trees due to differences in
the age, growth status, and density of the canopy of the trees. Therefore, measuring the

LALI of the investigated trees in the field is necessary.

Table 1

LAI of nine sample trees estimated by standard branch method.

14



Leaf area of standard branches (m?)

Number of

Sample trees standard Proj ectizo " LAI
East South West North Mean Hranches area (m-)
Osmanthus fragrans - 1 0.440 0411 0.388 0.358 0.399 211 15.2 5.5
Osmanthus fragrans - 2 0.325 0456 0456 0.294 0.383 199 11.3 6.7
Osmanthus fragrans - 3 0.306 0315 0335 0.271 0.307 315 23.7 4.1
Osmanthus fragrans - 4 0.287 0305 0.265 0.253 0.278 144 11.9 34
Osmanthus fragrans - 5 0.258 0.241 0.237 0.209 0.236 128 10.2 3.0
Camphora officinarum -1 0.180 0.191 0.170 0.140 0.170 127 6.9 3.1
Camphora officinarum -2 0.090 0.091 0.069 0.055 0.076 74 3.1 1.8
Camphora officinarum -3 0.117  0.132  0.094 0.090 0.108 45 2.2 2.2
Camphora officinarum -4 0.128 0.142 0.111  0.106 0.122 98 4.8 2.5

295

296

297

298

299

300

301

302

303

304
305

306

307

The vertical images were collected using a Canon 5D digital single-lens reflex

camera with a 35 mm lens. The aperture was set to F 3.5, automatic exposure, ISO 250,

automatic white balance, maximum resolution, and best image quality JPEG. We took

photos of each investigated tree from four directions: east, west, south, and north (Fig.

8a). At the same time, we used a mobile phone to take long-distance photography to

record the crown shape and the position of the vertical camera. A series of short-distance

images of the tree crown were acquired by a camera drone (DJI Mavic 2 Pro) in different

directions (front, back, left, and right) and heights (up, middle, and down) of the crown

in this study (Fig. 8b).

(a) Vertical photography

Camera and tripod

(b) Leveled photography

Fig. 8. In-situ LAI measurements using the DCP method.

3.1.2 Result validation

The short-distance photographic pictures were imported into CAD software to

15
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manually identify the leaves whose surface is approximately perpendicular to the
camera's viewing direction and measure the zenith angles. A total of 100 leaf zenith
angles were measured from all short-distance photos, a sufficient sample size for
estimating leaf inclination distribution [54]. The leaf zenith angles of nine investigated
trees were counted, and the results are shown in Fig. 9. Tree species determine the
distribution of leaf zenith angles, and there is a similar distribution of leaf zenith angles
in trees of the same type. The leaf zenith angle of Osmanthus fragrans is mainly
concentrated at 15° - 40°, and the number of leaves with a zenith angle exceeding 80°
is very small. Among Camphora officinarum leaves, the zenith angles are concentrated
at 40° - 70°, and small zenith angles ( < 10°) are relatively rare. The red line in Fig. 9 is
the probability density of the leaf inclination angle fitted by the Beta-distribution
function. Except for Camphora officinarum - 3, the sampling values reasonably agree
with the Beta-distribution probability density estimates. It may be due to the relatively
uniform angular distribution of the leaves of Camphora officinarum - 3, and a more
accurate Beta-distribution can be obtained by increasing the number of sample leaves.
In general, the Beta-distribution is robust for estimating the probability density function

of the leaf zenith angle.
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Fig. 9. Frequency and Beta-distribution of leaf zenith angle of the studied trees.

According to the probability density of the leaf zenith angle, the leaf projection
function of nine surveyed trees was calculated. The leaf projection function of nine trees
is shown in Fig. 10. The leaf projection function of five Osmanthus fragrans follows
an S-shape, and the leaf projection function gradually decreases with the increase of the
view angle. The leaf projection functions of the four Camphora officinarum do not
change much with the increase of the observation angle, and the leaf projection
functions are approximately between 0.5 and 0.6. Trees of the same species have similar
leaf projection functions for the nine studied trees, but leaf projection functions between

different species of trees differ significantly.
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337 Fig. 10. Leaf projection function (G) of the nine studied trees.
338 The images obtained by long-distance leveled photography were imported into

339  AutoCAD. The crown volume, projection area, and light path length were manually
340  measured. The path length correction factor was calculated using Eq. (7). The vertical
341  photographic pictures were imported into the Python scripted module for image
342  processing. The input parameters of the module are shown in Table 2. The images were
343  initially divided into three circular rings (25° - 15°, 15° - 5°, 5° - 0°) based on the zenith
344  angle. Then the circular rings were divided into small segments with an azimuth range

345  of 45°. Pixels with an RGB value greater than 200 are identified as sky elements.

346  Table 2
347  The input parameters of the image processing module.
Input parameters Values
Image view angle 25°
Zenith circle range 10°
Azimuth range 45°
RGB threshold 200
348 All vertical photographic images from the east, west, north, and south were

349  processed. The average LAI values of those four directions were used as the final LAI

350 of the investigated trees. There are quite a few differences between the LAI values
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obtained from different orientation tests, as shown in Table 3. The LAI of the southward
crown is generally larger than that of the northward crown due to the dense foliage and
prolonged sun exposure associated with it. Therefore, taking pictures from different
directions of the crown and calculating the average LAI values is an effective way to
ensure results accuracy. For the nine trees studied, the LAI values measured by the DCP
method were compared with direct methods. The LAI values obtained by DCP are in
reasonable agreement with the direct method test results (» = 0.97, RMSE = 0.35). The
comparison indicates that the DCP method based on the new path length correction
factor is effective for measuring individual tree LAIL.

Table 3

Leaf area index of nine sample trees estimated by DCP.

Leaf area index

Sample trees Values estimated by DCP Values estimated by the
East South West North Mean standard branch method
Osmanthus fragrans - 1 578 538 461 433 50 5.5
Osmanthus fragrans - 2 6.66 688 622 6.09 6.5 6.7
Osmanthus fragrans - 3 354 408 360 348 3.7 4.1
Osmanthus fragrans - 4 2.80 442 398 322 3.6 34
Osmanthus fragrans - 5 256  3.03 328 246 28 3.0
Camphora officinarum -1 392 427 313 353 3.7 3.1
Camphora officinarum -2 1.62 2.00 215 215 2.0 1.8
Camphora officinarum -3 251  3.09 241 2.02 25 2.2
Camphora officinarum -4 3.11  3.14 237 272 2.8 2.5

3.2 Comparison with the traditional method for continuous canopies

In this section, we compared the results based on the revised path length correction
factor with the previous DPC method using Beer-Lambert law for continuous canopies.
We calculated the LAI of the nine individual trees investigated in section 3.1 using
formula (4). cos@ was used instead of the actual path length correction factor 77(6) ,
and other input parameters remained the same. Fig. 11 shows the comparison results.
For the nine trees surveyed, the maximum relative error was 19.4% when the actual

path lengths were considered (represented by filled squares), which increased to 36.4%

19



370

371

372

373
374

375

376

377

378

379

380

381

382

383

384

385

386

when the traditional path length correction factor was applied (represented by empty
squares), and the » decreased from 0.979 to 0.914. The results show that an algorithm

based on the actual path length is necessary for evaluating the LAI of individual trees.
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Fig. 11. Comparison with the traditional path length correction factor for continuous canopies.
4 Discussion
4.1 Path length correction factor of typical crown shapes

The new path length correction factor considers the impact of tree crown shape
and actual light path length on LAI Theoretically, 77(6) can also be applied to
continuous vegetation canopies. Suppose the radius of the continuous vegetation
canopy is I', and the canopy thickness is h. The vegetation canopy volume is hzr?
and the crown projected area is arl. 17(0) can be simplified to cos@ for continuous
vegetation canopy. That is, 77(d) and c0s@ are consistent for continuous vegetation
canopies, which verifies the rationality and effectiveness of the new path correction
factor from a theoretical perspective. Due to manual pruning, urban trees have a more
regular crown shape. For the convenience of calculation, we calculated the 7(6) for

typical crown shapes, as shown in Table 4.
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Table 4

The path length correction factor of typical tree crown shapes.
Crown shapes Canopy volume Crown projected area n(0)
Sphere 4mr3/3 mr? 4r/3ly
Hemisphere 2nr3/3 nr? 2r/3ly
Ellipsoid 4mabc/3 mab 4c/3lg
Cylinder hmr? r? h/ly
Cone hnr?/3 nr? h/3ly

4.2 Rapid transmissivity calculation of spherical crown shapes

In this section, we studied the crown transmissivity of individual trees based on
the actual path length correction factor. The transmissivity of individual trees was
modeled using the following assumptions.

(1) Spherical crown shape

The spherical crown is one of the most popular forms of individual trees. In many
models, tree crowns are simplified to spherical (3 D) and circular (2 D) shapes [60—62].
For a spherical crown, the path length of parallel light passing through the crown at any

incident angle is constant.

(2) Leaves are approximately randomly distributed within the crown

For a single tree, an approximately random distribution is one of the commonly
used spatial distribution assumptions for leaves within crowns [63-65]. Based on this
assumption, the clumping index is determined to be a constant (Q =1).

(3) Spherical leaf angle distribution

Spherical leaf angle distribution is the basic mathematical description of the
angular orientation of leaves in vegetation [22], where leaf normals are oriented in all

directions with equal probability (G =0.5).
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Fig. 12. Schematic diagram of parallel light passing through a spherical tree crown.

Based on the above assumptions, when the light is parallel to the z-axis, as shown

in Fig. 12, the crown transmissivity can be calculated by

Al

2r |
7= [e TV @yl (20)
0

where, Q2, G, A and V are constants and shown in Table. 5. According to reference [66],

£(1) is

I
f()=— 21
D=2 1)
then the spherical crowns’ transmissivity is
S Y- | 32 Sl 8 3L
r=|e &.—dl= l-e4 )———e* 22
-([ 2r? 9LA|2( 3LAI 22)

The relationship between spherical crowns’ transmissivity and the LAI of
individual trees is shown in Fig. 13. The transmissivity decreases gradually with the
LAI increases, the transmissivity is close to 1.0 when the LAI tends to 0.0, and the

transmissivity is less than 0.1 when the LAI is larger than 5.7.

Table 5
The input parameters of spherical crown transmissivity calculation.
Symbols \Y A Q G
Values 47zr3/3 zr? 1 0.5
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Fig. 13. The relationship between spherical crowns’ transmissivity and LAI.

4.3 Limitations and future works

There are several limitations to this study. First, there is still no field protocol to
standardize digital photography methods. All processes are human-operated and errors
may occur at any stage of photography and image analysis. It is crucial to
comprehensively analyze the sources of errors in digital photography methods and
formulate comprehensive test specifications, although this work is very tedious. Second,
complex and compact urban structures may make photography difficult. For example,
it is not easy to make long-distance photography of trees close to buildings. Finally,
although we have developed a module for image processing, this module is simple and
can only be used to process vertical photography images. A full-featured software is
helpful for automation.

5 Conclusions

This study develops a new path length correction factor that considers crown shape
and actual light path length. The newly-developed path length correction factor makes
Beer-Lambert law applicable to individual trees. The main conclusions are as follows.

(1) A systematic digital cover photography (DCP) method for leaf area index (LAI)

estimation of individual trees is proposed based on the new path length
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correction factor. Compared with experimental data by direct method, the DCP
method proposed in this study performs well. The root mean square error
(RMSE), and Pearson correlation coefficient (r) are 0.35 and 0.97, respectively.
Furthermore, a Python scripted module is developed to serve rapid LAI
estimation.

(2) The crown transmissivity of individual trees is modeled based on the new path
length correction factor. A simple formula for calculating the transmissivity of
spherical tree crowns with some common assumptions is established.

We believe that the newly-developed path length correction factor can offer a

theoretical basis for the calculation related to individual tree radiation, and the DPC
method and transmissivity calculation formula can contribute to green urban design.
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Appendix A. Module manual of LAIProcess
We have compiled a Python script module, named LAIProcess, for automated

image processing and calculation. This module is based on OpenCV-Python ==4.5.3.56,

NumPy == 1.21.0, Pandas == 1.3.2. Please make sure the above modules are installed.
A.1 Module input parameters

Table A1 lists module input parameters and all input parameters are specified
below.

Table A1

The input parameters of the LAIProcess module.

Symbol Description
img_src_ori The storage path of the image to be processed
camera_view_angle ori The zenith angle of the processed image, which is determined
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by the frame and lens of the camera

angle blank Zenith circle range

line_count The parameter used to determine the zenith angle range
threshold The pixel threshold used to determine the sky element
F(0) The path length correction factor

src The zenith angle of leaves

(1) img_src_ori

The storage path of the images. We recommend storing the images to be processed
in the static folder. This is the space used by this module to store image data. In addition,
commonly used image storage formats are allowed.

(2) camera_view_angle ori

An accurate zenith angle range of the processed image is necessary. Lens
specifications and camera properties determine the zenith angle range of the picture.
Fig. A1 shows the relationship between the focal length and viewing angle range. For
full-frame cameras, the field of view of the image can be determined directly using the
lens focal length according to Fig. Al. However, for half-frame cameras, the focal
length must be multiplied by 1.6 with the lens calibration focal length.

When the camera viewing angle is obtained, a second step is required to calculate
the zenith angle range of the processed image. The following formula determines the

zenith angle range of the processed image:

viewing _angle x image _width

camera_view_angle_ori = (A1)

image _ diagonal _ length
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Fig.A1. The relationship between the focal length and the viewing angle range.

(3) angle blank
This parameter determines the zenith range for image segmentation. For example,

when angle blank is equal to 10°, and camera view angle ori is equal to 30°, the

image will be divided into three semi-circular rings (30°- 20°, 20°- 10°, 10°- 0°).

(4) line_count

This parameter determines the azimuth range for image segmentation. For
example, when line count equals 1, the azimuth range of small segments is 180°.

(5) threshold

This parameter determines the sky element in the image. For example, when the
threshold equals 200, pixels with RGB values greater than 200 are considered sky
elements. This parameter can be manually modified by visually inspecting the sky
element in the image.

(6) F(0)

The new path length correction factor proposed in this paper is determined by Eq.
(7). Where 0 is the average value of the zenith angle of the analyzed fragment.

(7) src

The zenith angle of leaves with their surfaces orienting approximately
perpendicular to the camera's viewing direction. The number of measured leaves should
be above 75 to ensure statistical significance. Each data is separated by a space in this

input parameter.
A.2 Module output

The module will output a series of LAI(#). Users need to calculate the LAI using
Eq. (17). Usually, each image can only represent the local canopy, so it is necessary to
process photos taken at different locations multiple times to obtain the average LAI of

a single tree.
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Fig.A2. Schematic diagram of the operation of the module.

A.4 Module link
The module has been uploaded to GitHub: LAIProcess.
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