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Highlights

What are the main findings?

• A piecewise polynomial Lambert–Beckmann (PPLB) model is proposed to characterize
TLS intensity variations on broad-leaved surfaces by estimating the transition angle
(θT) from the observed data rather than imposing a fixed threshold.

• The PPLB model quantifies three physically meaningful parameters, namely specular
reflection contribution (ks), surface roughness (m), and transition angle (θT), enabling
comparison between adaxial and abaxial leaf surfaces across five tropical tree species.

What are the implications of the main findings?

• Within the controlled experimental conditions, the PPLB model produced low
fitting errors and greater flexibility than the LB and PPLP models, providing a
surface-specific approach for understanding angle-of-incidence effects in TLS-based
vegetation characterization.

• The proposed model incorporates a flexible, surface-specific transition angle, which
better accommodates the morphological diversity of natural leaf surfaces than fixed-
threshold approaches, as evidenced by the nonzero fitted transition angles ranging
from 30◦ to 64◦ across the measured surfaces.

Abstract

Terrestrial laser scanners provide both geometric and radiometric information, and ter-
restrial laser scanning (TLS) intensity is influenced by surface optical properties and the
angle of incidence. This study presents a piecewise polynomial Lambert–Beckmann (PPLB)
model to enhance TLS intensity characterization for broad-leaved surfaces. The PPLB
model incorporates the Beckmann law, thus enabling a data-driven estimation of transition
angles and enhancing the fitting flexibility across diverse leaf surfaces. TLS measurements
were conducted on adaxial and abaxial leaf surfaces of five tree species using a RIEGL VZ-
400 scanner. The results indicated that the TLS intensity consistently declined as the angle
of incidence increased; however, different species and surfaces showed distinct angular
response patterns. Across all ten tested species–surface combinations, the PPLB model
achieved low root mean square error values of 0.0095–0.0183 and yielded three physically
meaningful parameters: specular reflection contribution (ks), surface roughness (m), and
transition angle (θT). Excluding the θT = 0◦ fitted result for the Golden Shower Tree abaxial
surface, the estimated nonzero θT values ranged from 30◦ to 64◦, indicating substantial
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variability in threshold angles among leaf surfaces beyond the commonly assumed value
of 45◦. These findings highlight the importance of incorporating surface-specific threshold
angles for improved leaf characterization.

Keywords: angle of incidence; bidirectional reflectance distribution function (BRDF);
broad-leaved; piecewise data-driven model; TLS intensity

1. Introduction
Terrestrial laser scanning (TLS) intensity represents the strength of the backscattered

laser signal of a terrestrial laser scanner, which is strongly correlated with surface optical
properties [1,2]. In tropical forests, broad-leaved species with bifacial morphology present
unique challenges for optical characterization because of their distinct surface architectures.
Bifacial leaves comprise two distinct surfaces: an adaxial surface (upper surface oriented
toward the stem growth direction) and an abaxial surface (lower surface oriented away
from the stem growth direction) [3]. The adaxial surface typically features organized
palisade mesophyll cells beneath a smooth waxy cuticle layer, whereas the abaxial surface
contains loosely arranged spongy mesophyll tissue [4,5]. These structural differences
generate surface-specific optical responses that influence TLS intensity measurements.

Studies have extensively investigated the angular dependence of TLS intensity, consis-
tently reporting a decrease in intensity with increasing angle of incidence [2,6–14]. This
trend reflects the bidirectional reflectance distribution function (BRDF) properties of surface
materials, in which both diffuse and specular reflection components influence the measured
intensity. To quantify the effect of the angle of incidence on TLS intensity, researchers have
developed fitting models based on weighted combinations of diffuse and specular reflec-
tion components [2,6,14]. The contribution of diffuse reflection is typically represented by
the Lambert cosine law, and the contribution of specular reflection is modeled using the
Beckmann [2,6,14] or Phong [9,15] reflection model. Although the contribution of specular
reflection to the total reflection is relatively small, it is the primary factor influencing the
BRDF at near-normal angles of incidence [9].

Most existing models employ continuous functions to describe the contributions of
diffuse and specular components to the TLS intensity at various angles of incidence [2,6,14].
However, although such models adequately describe the variations in TLS intensity at
small angles of incidence, they exhibit limited accuracy at large angles of incidence [16].
To address this problem, studies have developed piecewise fitting models that account for
the contributions of diffuse and specular components to TLS intensity at different angles
of incidence. Specifically, Tan and Cheng [9] proposed piecewise models that divide the
angular range into two regions by using a fixed transition angle of 45◦, which is a constraint
imposed by the mathematical structure of the Phong model [9,15,17]. However, such a
fixed threshold has not been validated for natural leaf surfaces with diverse morphological
characteristics. Furthermore, previous studies have predominantly focused on the adaxial
surface [6,14,16,18,19], with limited research exploring bifacial optical behaviors [2,4].

To enable flexible transition angles, this study developed a piecewise fitting model
by incorporating the Beckmann model to characterize specular reflection. The Beckmann
model enables data-driven determination of transition angles without imposing fixed con-
straints. We applied the proposed model to the adaxial and abaxial leaf surfaces of sampled
species to estimate transition angles directly from observed intensity data. The purpose
of the leaf experiment was to provide a controlled basis for evaluating how the angle of
incidence affects TLS intensity responses of broad-leaved surfaces with different optical and
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morphological characteristics. By separating adaxial and abaxial surfaces and estimating
surface-specific model parameters, the experiment enables a more detailed interpretation
of bifacial leaf intensity behavior and provides a basis for future TLS radiometric correction
and vegetation characterization studies. Compared with existing models, the proposed
model enables more flexible and surface-specific modeling of TLS intensity variations
across different leaf surfaces and angular ranges.

2. Materials and Methods
2.1. TLS Intensity Equation

The TLS intensity equation describes the optical interaction between laser pulses and
target surfaces by incorporating system parameters, measurement geometry, and surface
reflection properties [2,8,20–23]. The general form of the TLS intensity equation is expressed
as follows:

Ir =
ρ·Pt·D

2· f (θ)
4·R2 ·ηsys·ηatm (1)

where Ir is the TLS intensity received by the sensor, ρ is the surface reflectance, Pt is the
transmitted laser power, D is the receiver aperture diameter, f (θ) is the BRDF, R is the
distance from the scanner to the target, ηsys is a factor related to the optical transmission
efficiency of the TLS system, and ηatm is a factor accounting for atmospheric conditions
during measurement.

In typical TLS applications, Pt, D, and ηsys are constant for the same TLS sensor.
Moreover, ηatm can be assumed to be constant when atmospheric conditions are unchanged.
These factors can be consolidated into a single constant value c [24,25], thereby simplifying
Equation (1) as follows:

Ir =
c·ρ· f (θ)

R2 (2)

Commercial TLS systems typically apply automatic range compensation to their
intensity measurements as follows:

I′r = c·ρ· f (θ) = I0· f (θ) (3)

where I′r represents the range-compensated intensity and I0 represents the intensity at an
angle of incidence of 0◦, which is a constant related to object surface reflectance.

The BRDF f (θ) can be decomposed into diffuse and specular reflection components
that contribute to the measured TLS intensity [6,8,9,15,26,27]. The total intensity is ex-
pressed as follows:

I′r = I0·(kd·Id + ks·Is) (4)

kd + ks = 1 (5)

where Id and Is denote the intensities of diffuse and specular reflections, respectively, and
kd and ks denote the proportions of these reflections, respectively.

The diffuse component is isotropic, and the reflected radiance is uniformly distributed
in all directions. By contrast, the specular component is concentrated around the mirror
reflection angle [2,6,9,22]. For leaves, the diffuse component originates from volume
scattering within the leaf mesophyll structure, whereas the specular component arises from
surface reflection at the cuticle interface [28].

Both diffuse and specular components contribute to the detected TLS intensity, and
the contributions of these components vary with the angle of incidence. The contribution of
the specular reflection component to the total TLS intensity is greater at a smaller angle of
incidence than at a larger angle of incidence [Figure 1a,b]. At large angles of incidence, the
specular reflection deviates substantially from the receiver aperture, reducing its contribu-
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tion to the measured intensity [Figure 1b]. Under such conditions, the diffuse component
becomes the dominant contributor to the detected TLS intensity because the scattered
energy partially covers the sensor’s field of view regardless of the angle of incidence.

Figure 1. Object reflection at (a) small and (b) large angles of incidence.

TLS intensity is often modeled as a combination of diffuse and specular reflections.
Previous studies [2,6,16,18] have proposed the use of Lambert’s cosine law and the Beck-
mann model to characterize diffuse and specular reflections, respectively, leading to the
development of the Lambert–Beckmann (LB) model. The LB model is expressed as follows:

I′r = I0·

(1 − ks)·cosθ + ks·
e−

tan2θ
m2

cos5θ

 (6)

where θ is the angle of incidence, and m is the surface roughness factor [2,6,27,29]. Smaller
m values correspond to increased surface smoothness and greater specular reflection
contribution. A higher ks value also leads to an increase in the contribution of the specular
reflection component.

An alternative formulation entails using the Phong model to describe the specular
reflection and is suitable for smooth and glossy surfaces [9,15]. The Phong model is
expressed as follows [15]:

I′r = I0·( (1 − k s)· cosθ + ks·cosn2θ) (7)

where n is an exponent that controls the shape and steepness of the specular reflection
distribution. Larger n values result in a more abrupt decline in the intensity of specular
reflection at small angles of incidence [15].

The contributions of the specular and diffuse reflection components to the total TLS
intensity vary with the angle of incidence. Therefore, piecewise models have been used
to characterize the variations in TLS intensity in different TLS applications. A previous
study [9] used a piecewise model that integrates polynomial approximation to characterize
the diffuse component and the Phong model to characterize the specular component
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[Equation (7)]. This approach is known as the piecewise polynomial Lambert–Phong
(PPLP) model [9].

I′r =

I0·
[
∑N

i=0 ai·cosiθ + ks·cosn2θ
]
, θ ≤ 45◦

I0·
[
∑N

i=0 ai·cosiθ
]
, θ > 45◦

(8)

In Equation (8), ai represents the polynomial coefficients, and N represents the poly-
nomial degree. In this study, the N value of the PPLP model was set to 2 in accordance
with the methodology used in a previous study [9] to ensure consistency with previous
PPLP model implementations. Equation (8) considers both diffuse and specular reflections
at small angles of incidence but only diffuse reflection at large angles of incidence [9,15].
However, it is worth noting that the PPLP model uses a fixed transition angle of 45◦, which
is inherent to the Phong model. This fixed threshold does not account for the considerable
morphological diversity observed in natural leaf surfaces.

To allow for flexible transition angles, this study developed a piecewise polynomial
LB (PPLB) model, which replaces the Phong model with the Beckmann model for charac-
terizing the specular reflection component. The proposed model is expressed as follows:

I′r =


I0·

[
(1 − ks)·∑N

i=0 ai·cosiθ + ks· e
− tan2θ

m2

cos5θ

]
, θ ≤ θT

I0·
[
(1 − ks)·∑N

i=0 ai·cosiθ
]
, θ > θT

(9)

The PPLB model employs a threshold transition angle θT to determine the transition
between mixed (diffuse and specular) and purely diffuse reflection regimes. In Equation (9),
the polynomial coefficients ai are shared by the two branches and are fitted as a single set of
coefficients, rather than independently for θ ≤ θT and θ > θT . Thus, the polynomial term
represents a common diffuse component across both angular regimes, while θT controls
the angular range over which the Beckmann specular term is included. In this study, θT is
interpreted as a surface-specific optical boundary associated with the angular range over
which the specular reflection contribution remains detectable by the TLS receiver. Because
the two branches of the PPLB model are connected at θT , the fitted intensity response
remains continuous across the transition angle. This approach better accounts for the
diverse properties of natural leaf surfaces.

2.2. Instrument and Leaf Samples

Leaf samples were scanned using a RIEGL VZ-400 terrestrial laser scanner (RIEGL
Laser Measurement Systems GmbH, Horn, Austria) operating at a wavelength of 1550 nm.
This system has a ranging accuracy of 5 mm at distances of up to 600 m. Moreover, the
scanner conducts automatic intensity calibration to compensate for range-dependent effects.
Because the detailed receiver design and optical path of commercial TLS instruments are
proprietary, the estimated parameters in this study should be interpreted for the tested
sensor-wavelength configuration.

Leaf samples were collected from five tree species within the campus of National
Cheng Kung University in Tainan City, Taiwan: the orchid tree (Bauhinia purpurea), golden
shower tree (Cassia fistula L.), velvet apple tree (Diospyros discolor), Bodhi tree (Ficus religiosa),
and Fukugi tree (Garcinia subelliptica). Eight leaves were collected from each species,
resulting in 40 individual leaf samples. For model fitting and presentation, measurements
from the eight leaves of the same species and surface side were pooled because preliminary
inspection indicated similar angular intensity trends among leaves within each species-
surface group. This aggregation was used to characterize species-surface scale responses
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while still accounting for intraspecies sampling during data acquisition. Representative
adaxial and abaxial leaf samples from every species are depicted in Figure 2.

Figure 2. Leaf samples from each species. Adaxial surfaces of leaves from the (a) orchid tree,
(b) golden shower tree, (c) velvet apple tree, (d) Bodhi tree, and (e) Fukugi tree. Abaxial surfaces
of leaves from the (f) orchid tree, (g) golden shower tree, (h) velvet apple tree, (i) Bodhi tree, and
(j) Fukugi tree.

The collected leaves exhibited distinct surface morphologies, ranging from smooth,
glossy surfaces (the Bodhi and Fukugi trees) to textured, papery surfaces (the orchid tree)
and pubescent structures (abaxial surface of the velvet apple tree) [30]. This diversity
ensured that the generalization ability of the developed model could be tested for different
surface roughness and specular reflection characteristics.

A mounting instrument was placed on a customized rotating platform positioned 15 m
from the terrestrial laser scanner (Figure 3). This distance was selected empirically as part
of the controlled experimental setup to avoid very close-range measurement conditions
while maintaining sufficient point density on the detached leaf samples and stable scanning
geometry. Previous TLS intensity correction studies have shown that distance and angle-of-
incidence effects influence TLS intensity measurements, highlighting the need for controlled
measurement geometry in radiometric experiments [13,23].

Individual leaf samples were mounted on the rotating platform, and angular mea-
surements were conducted from 0◦ to 80◦ in 10◦ increments for both adaxial and abaxial
surfaces. It should be noted that these values refer to the nominal rotation angles of the
mounting platform during data acquisition. The angle of incidence used in the analysis was
not assigned directly from the platform rotation angle but was computed point by point
from the local leaf surface normal and the incident laser beam direction. All measurements
were completed within 20 min of leaf collection as a practical control measure to minimize
potential changes in surface condition caused by leaf deterioration. Although minor post-
detachment changes, including possible water-loss effects, cannot be fully excluded, the
consistent measurement window helped reduce their potential influence across samples.
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Figure 3. Measurement setup for scanning leaf samples.

2.3. Data Preprocessing
2.3.1. Computation of the Angle of Incidence

To calculate the angle of incidence for each measurement point, a local neighborhood
was defined around the point by using the k-nearest-neighbors approach. The number of
neighbors was set to 30 points to balance local surface representation with computational

efficiency. The surface normal vector of each point (
→
N) was estimated by fitting a plane

to the neighborhood points through principal component analysis. The use of k = 30
provides a balance between local surface representations, but normal estimation may be
less stable near leaf edges or in low-density point cloud regions, particularly at large angles
of incidence. Therefore, the influence of potentially unstable observations was reduced
through the subsequent one standard deviation filtering procedure and by restricting model
fitting to the more stable 0–70◦ angle-of-incidence range. The angle of incidence at each
point (θ) was then calculated using the dot product between the incident laser beam vector

(
→
L ) and the normal vector, as expressed in the following equation:

θ = cos−1

 →
L ·

→
N

|
→
L | |

→
N |

 (10)

2.3.2. Intensity Normalization

The detected raw intensity values were normalized to the maximum instrument-
measured intensity to facilitate comparison across different surfaces. The data were orga-
nized into angular bins with intervals of 1◦ based on the point-wise computed angle of
incidence, retaining intensity values within one standard deviation of the mean in each
bin to reduce the influence of highly scattered observations. The valid point counts and
standard deviations of normalized intensity values were summarized by 10◦ angle of
incidence intervals to assess the reliability of the binned observations, particularly in the
high angle-of-incidence range (Supplementary Tables S1 and S2). These summaries were
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used to evaluate data stability together with the one standard deviation filtering proce-
dure; no fixed minimum point count threshold was used as the sole criterion for angular
range selection.

Model fitting was performed using the symfit 0.5.6 optimization module in Python
3.10, which implements nonlinear least squares fitting algorithms to obtain the best-fit
parameters for each model. For the PPLB model specifically, the piecewise equation
was implemented in symfit 0.5.6, and θT was treated as an unknown fitted parameter.
Therefore, θT was optimized together with the other PPLB parameters, including the ks

and m. The fitted θT value represents the transition angle that best separates the mixed
(diffuse and specular) reflection regime from the purely diffuse reflection regime for each
species–surface combination.

2.3.3. Selection of the Polynomial Degree

Higher-order polynomial models inherently provide lower fitting errors. However, an
excessively high polynomial degree can lead to model overfitting, where the model captures
measurement artifacts rather than features that reflect the underlying surface properties.
This phenomenon compromises the physical interpretability of surface reflectance models.
Therefore, for the PPLB model, the polynomial degree was selected by considering both
the reduction in RMSE and the need to maintain a simple and physically interpretable
model structure. In this study, polynomial degrees ranging from N = 1 to N = 5 were
evaluated using the symfit 0.5.6 optimization module in Python 3.10. The final polynomial
degree was selected by examining whether increasing N produced a meaningful reduction
in RMSE relative to the additional model complexity.

3. Results and Discussion
3.1. Variations in TLS Intensity with Angle of Incidence

This study analyzed the variations in TLS intensity with the angle of incidence to
investigate species- and surface-specific intensity characteristics. Figure 4 illustrates a
density plot of the normalized TLS intensity versus the angle of incidence for adaxial and
abaxial leaf surfaces across all five species. In this figure, a warmer color represents a higher
number of measurements. The figure highlights a curvilinear decrease in TLS intensity
with an increase in the angle of incidence. To facilitate the comparison of the intensity
values for the adaxial and abaxial surfaces, Figure 4 also presents the median intensity
values at angles of incidence of 0◦ and 45◦.

For all species and surfaces, the TLS intensity decreased with an increase in the angle
of incidence, reflecting the fundamental BRDF behavior. A possible explanation for this
finding is that an increase in the angle of incidence caused a higher proportion of the
laser signal to be reflected away from the sensor. Moreover, consistent with challenges
reported in previous research [2,6], the intensity observations became more dispersed and
less clearly concentrated around the main angular trend at angles of incidence greater
than 70◦. This pattern is also supported by the valid point count and normalized intensity
standard deviation summaries in Supplementary Tables S1 and S2, which show decreasing
retained point counts and increasing intensity dispersion toward larger angles of incidence.
Therefore, model fitting was performed within the 0–70◦ range to maintain stable parameter
estimation across the tested species and surface sides. This condition corresponds to the
observations that were scattered under the leaf-surface experimental setup.

Despite the aforementioned common trend, notable variations were observed between
species and between leaf surfaces, revealing distinct angular response signatures that reflect
the underlying optical surface characteristics. The adaxial surfaces exhibited pronounced
species-specific variations, particularly within the range of near-normal angles of incidence
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(0–30◦). Leaves from the orchid tree [Figure 4a] and golden shower tree [Figure 4b] exhibited
a gradual decrease in TLS intensity with an increase in the angle of incidence within the
near-normal range. By contrast, the Bodhi tree [Figure 4d] and Fukugi tree [Figure 4e]
exhibited a sharp decrease in TLS intensity within the aforementioned range. This sharp
decrease demonstrates the contribution of specular reflection components at near-normal
angles of incidence. The adaxial leaves of the Bodhi and Fukugi trees have smooth surfaces
with prominent waxy cuticle layers overlying the palisade mesophyll tissue [31,32]. The
adaxial leaves of the velvet apple tree [Figure 4c] showed intermediate characteristics
compared to the other species.

 

Figure 4. Density plot of normalized TLS intensity versus angle of incidence. Adaxial surfaces of
the (a) orchid tree, (b) golden shower tree, (c) velvet apple tree, (d) Bodhi tree, and (e) Fukugi tree.
Abaxial surfaces of the (f) orchid tree, (g) golden shower tree, (h) velvet apple tree, (i) Bodhi tree, and
(j) Fukugi tree.

Compared with the adaxial surfaces, the abaxial surfaces [Figure 4f–j] showed smaller
variations in TLS intensity within the near-normal range of angles of incidence. This result
suggests that the contribution of the diffuse reflectance component to the TLS intensity was
greater for the abaxial surfaces than for the adaxial ones. Moreover, the abaxial surfaces
exhibited a higher normalized intensity than did the adaxial surfaces across all five species.
These differences can be attributed to structural variations in leaf anatomy. The adaxial
surfaces contained densely packed palisade mesophyll cells, resulting in relatively low
backscattered intensities. By contrast, the abaxial surfaces featured loosely arranged spongy
mesophyll, which produced relatively high backscattered intensities [31,32].

3.2. Model Fitting Results
3.2.1. Polynomial Degree Selection for the PPLB Model

To determine the suitable polynomial degree for the PPLB model, this study evaluated
polynomial orders ranging from N = 1 to N = 5 using the symfit 0.5.6 optimization module
across the five selected broad-leaved species. Figure 5 displays the RMSE values of the
PPLB model for the various polynomial degrees for both adaxial and abaxial leaf surfaces.
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The RMSE quantifies the fitting errors between the model fitting results and the observed
intensity data as a function of angle of incidence.

Figure 5. RMSE values between the fitting results of the piecewise polynomial Lambert–Beckmann
(PPLB) model and the observed intensity data for different polynomial degrees (N) across all species
and leaf surfaces.

When N = 1, the PPLB model becomes equivalent to the LB model. According to
Figure 5, the RMSE decreased significantly across all species and both leaf surfaces when N
was increased from 1 to 2. Across the ten species-surface combinations, the mean RMSE de-
creased from 7.704 × 10−4 at (N = 1) to 1.35 × 10−5 at (N = 2), corresponding to an absolute
reduction of 7.569 × 10−4. By contrast, increasing the polynomial degree from (N = 2) to
(N = 5) reduced the mean RMSE only from 1.35 × 10−5 to 9.60 × 10−6, corresponding to
an additional reduction of 3.90 × 10−6. Thus, polynomial terms beyond the second degree
contributed marginally to the RMSE in this study. Therefore, second-degree polynomials
(N = 2) were selected for subsequent implementations of the PPLB model.

3.2.2. Comparative Model Fitting Results

Figure 6 presents a comprehensive comparison of the performance of three BRDF
models, namely the LB, PPLP, and PPLB models. The median intensity values (black dots)
served as reference baselines to support visual comparison between the observed angular
intensity trend and the fitted model curves. The fitting performance of each model was
evaluated on the basis of the proximity of its results to these median values, with a smaller
deviation indicating a better fit.

The fitting results of the LB model showed a close fit to the median intensity values
only in specific cases, such as those for the adaxial and abaxial leaf surfaces of the orchid
tree [insets of Figure 6a,f], the adaxial leaf surface of the Fukugi tree [inset of Figure 6e],
and the abaxial leaf surface of the golden shower tree [inset of Figure 6g]. However, this
model showed poor performance at angles of incidence exceeding 50◦, indicating its limited
capability to represent surface-dependent intensity variations across different leaf types.

Compared with the LB model, the PPLP model demonstrated improved fitting results
across angles of incidence, successfully capturing the intensity decline that the LB model
failed to capture. However, at near-normal angles of incidence, this model marginally
underestimated the TLS intensities for the adaxial leaf surfaces of the orchid tree [inset of
Figure 6a] and golden shower tree [inset of Figure 6b] and for the abaxial leaf surfaces of
the Fukugi tree [inset of Figure 6j]. These deviations suggest that although the PPLP model
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captured general TLS intensity trends effectively, it slightly underestimated the specular
peak at near-normal angles of incidence.

Figure 6. Model fitting results for adaxial (a–e) and abaxial (f–j) leaves of the (a,f) orchid tree,
(b,g) golden shower tree, (c,h) velvet apple tree, (d,i) Bodhi tree, and (e,j) Fukugi tree.

https://doi.org/10.3390/rs18132123

https://doi.org/10.3390/rs18132123


Remote Sens. 2026, 18, 2123 12 of 16

The PPLB model provided fitted curves that were closely aligned with the observed
intensity trends for both adaxial and abaxial leaf surfaces. Notably, it showed good fitting
results for the adaxial leaf surfaces of the orchid and golden shower trees [Figure 6a,b], the
adaxial and abaxial leaf surfaces of the velvet apple tree [Figure 6c,h], and the abaxial leaf
surfaces of the Bodhi and Fukugi trees [Figure 6i,j]. The PPLB model effectively captured
both the near-normal specular component and the gradual diffuse transition, indicating its
enhanced ability to represent surface-dependent BRDF characteristics.

The red vertical lines in Figure 6 indicate the fitted transition angle (θT) values of the
PPLB model. These lines visually mark the angular boundary at which the model transitions
from the mixed (diffuse and specular) reflection regime to the purely diffuse reflection
regime. For example, the adaxial surface of the Orchid Tree exhibited a relatively large θT

value of 64◦ [Figure 6a], indicating that the Beckmann specular component remained active
over most of the fitted 0–70◦ angular range. This behavior differs from the PPLP model,
which applies a fixed 45◦ transition angle regardless of leaf surface type. Therefore, the
adaptive θT in the PPLB model provides a surface-specific boundary that can better reflect
differences in angular intensity behavior among leaf surfaces.

3.2.3. Comparison of the Specular Contributions Estimated by Different Models

According to the previous discussion, the PPLP and PPLB models demonstrated
satisfactory fitting results for angles of incidence ranging from 0◦ to 70◦. Consequently,
parameter comparisons were performed between these two models. Table 1 presents a
summary of the optical parameters estimated by both models for all 10 leaf surfaces. The
single parameter set reported in Table 1 therefore represents the pooled species-surface
response rather than a single representative leaf. A comparison of specular reflection
coefficients indicated that 6 of the 10 surfaces showed similar ks values in both models. The
remaining surfaces (denoted by * in Table 1) exhibited noticeable differences in ks between
the models, where the PPLP model estimated ks = 0, while the PPLB model estimated a
small but nonzero ks.

Table 1. Optical properties estimated by the piecewise polynomial Lambert–Phong (PPLP) and
piecewise polynomial Lambert–Beckmann (PPLB). See main text for detailed explanation for *.

Leaf-Sides Species
PPLB Model PPLP Model [9]

ks m θT (◦) RMSE ks n RMSE

Adaxial

Orchid tree * 0.022 0.315 64 0.0095 0 25.032 0.0096
Golden Shower tree * 0.032 0.251 50 0.0128 0 100.164 0.0133

Velvet Apple tree 0.073 0.234 56 0.0127 0.068 103.456 0.0132
Bodhi tree 0.096 0.148 33 0.0131 0.099 104.609 0.0131

Fukugi tree 0.162 0.178 45 0.0183 0.156 103.039 0.0189

Abaxial

Orchid tree * 0.018 0.336 64 0.0096 0 4.638 0.0097
Golden Shower tree 0 0.545 0 0.0132 0 100.047 0.0132

Velvet Apple tree 0.057 0.248 56 0.0149 0.050 103.368 0.0152
Bodhi tree 0.070 0.231 30 0.0133 0.063 103.214 0.0138

Fukugi tree * 0.028 0.181 44 0.0154 0 3.324 0.0157

The Phong exponent (n) in the PPLP model was treated as a mathematical fitting
parameter that controls the shape and steepness of the specular term, rather than as a
directly interpretable physical property of the leaf surface. The similar high n values ob-
tained for several adaxial and abaxial surfaces, particularly the Golden Shower Tree, Velvet
Apple Tree, and Bodhi Tree, indicate that this parameter provided limited discrimination
among these leaf surfaces in the present dataset. In this study, physical interpretation
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focuses primarily on the PPLB parameters ks, m, and θT , while the PPLP model is used as a
comparison baseline.

Regarding the surfaces with similar ks values, both the PPLB and PPLP models
captured a pronounced specular contribution for the adaxial leaf surfaces of the Bodhi and
Fukugi trees [Figure 6d,e]. The adaxial leaf surface of the Fukugi tree exhibited the highest
ks values among all surfaces (0.162 and 0.156 in the PPLB and PPLP models, respectively)
and showed a sharp decrease in the TLS intensity at a near-normal angle of incidence.
This result confirms the capability of both models to represent the contribution of specular
reflection to the TLS intensity when a sharp decrease in intensity occurs at a near-normal
angle of incidence.

For surfaces that exhibited noticeable differences in ks, the PPLP model consistently
resulted in a ks value of 0, whereas the PPLB model identified small but nonzero specular
contributions (ks = 0.018–0.032). These cases demonstrate the ability of the PPLB model to
detect small specular reflection contributions that cannot be captured by the PPLP model.
Conversely, a ks value of 0 was obtained for the abaxial leaf surface of the golden shower
tree in both models, with θT = 0◦ in the PPLB model. This fitted result indicates that the
model did not identify a measurable specular contribution for this surface under the present
TLS measurement and fitting configuration. This interpretation is therefore limited to the
present model-fitting framework and TLS measurement configuration, and future BRDF
measurements would help verify the underlying leaf-surface scattering behavior.

Therefore, compared with the PPLP model, the PPLB model generally produced
fitted curves that were more closely aligned with the median intensity values used as the
fitting reference. This improved ability of the PPLB model can be attributed to its flexible
transition angle (θT). The PPLP and PPLB models are piecewise models that separate a
mixed (diffuse and specular) reflection regime from a purely diffuse one; however, the
PPLP model employs a fixed transition angle of 45◦, which is derived from the Phong
model, whereas the PPLB model estimates θT directly from the observation data, thereby
allowing for adaptive, surface-specific boundary determination. Moreover, the PPLB model
may estimate a transition angle close to 45◦ for some surfaces, such as the Fukugi tree, but
it is not constrained to this value and can adapt to other leaf surfaces.

The surface roughness parameter (m) provided additional insights into the optical
behavior of the leaves. In the original Beckmann formulation, m is commonly related to
surface roughness. For leaf surfaces, m can be interpreted as an effective optical roughness
parameter derived from the TLS intensity response at 1550 nm. This interpretation extends
beyond the apparent external smoothness of the epidermis or cuticle because the measured
TLS intensity may also be influenced by subsurface and internal anatomical structures,
including mesophyll arrangement and wavelength-dependent scattering within the leaf.
Therefore, qualitative visual appearance does not always correspond directly to the fitted
m value.

In general, surfaces with higher ks values tended to have lower m values, indicating
stronger specular reflection and smoother effective optical behavior. For example, the
adaxial leaf surfaces of the Bodhi and Fukugi trees exhibited the highest ks values (0.096
and 0.162, respectively) and the lowest m values (0.148 and 0.178, respectively) among
the tested surfaces. The adaxial surface of the Velvet Apple Tree showed intermediate
angular intensity behavior, but its fitted m value (0.234) was higher than that of the Bodhi
Tree (0.148). This difference suggests that the TLS-derived m parameter may also reflect
the combined influence of epidermal or cuticle properties, micro-scale surface structure,
internal leaf anatomy, and wavelength-dependent interactions. Across all species, the
abaxial surfaces consistently showed higher m values than the adaxial ones, indicating that
the abaxial surfaces had rougher effective optical behavior and weaker specular reflection.
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The θT value is a distinctive feature of the PPLB model, defining the angular boundary
between mixed (diffuse and specular) and purely diffuse reflection regimes. The tested
species exhibited different θT values (Table 1). For most species, the adaxial and abaxial
surfaces showed similar θT values. Specifically, the two leaf surfaces exhibited the same θT

values for the Orchid Tree (64◦) and Velvet Apple Tree (56◦) and nearly identical values for
the Bodhi Tree (33◦ vs. 30◦) and Fukugi Tree (45◦ vs. 44◦). However, the Golden Shower Tree
showed a clear within-species difference, with θT = 50◦ for the adaxial surface and θT = 0◦

for the abaxial surface. This result indicates that the optical transition behavior estimated
by the model can differ substantially between the two leaf surfaces within the same species.
The θT = 0◦ value should be interpreted as a model-derived fitted response under the
present TLS measurement and fitting configuration, indicating that the PPLB model did
not identify a measurable mixed (diffuse and specular) regime for this surface. This model-
based interpretation represents a limitation of the present study and should be further
examined through independent BRDF measurements or additional optical validation in
future work. This exception further supports the need for surface-specific transition-angle
estimation rather than the use of a fixed transition angle for all leaf surfaces. The PPLB
model exhibited RMSE values ranging from 0.0095 to 0.0183, which were comparable to or
lower than those obtained using the PPLP model across the tested leaf surfaces (Table 1).
These RMSE values are used as fitting-performance indicators to evaluate model behavior
under controlled leaf-surface measurement conditions.

Additionally, the results of this study should be interpreted within the experimental
scope of the controlled leaf-surface measurements. Although the PPLB model is mathemat-
ically applicable to a wider angle-of-incidence domain, the present analysis focused on the
0–70◦ range because measurements at angles greater than 70◦ produced sparse and unstable
observations under the experimental setup. This condition was mainly associated with
the geometric and physical characteristics of leaf surfaces at very large angles of incidence,
rather than with the model formulation. The estimated ks, m, and θT values should also be
interpreted for the RIEGL VZ-400 scanner operating at 1550 nm, because TLS intensity may
vary with wavelength, beam characteristics, receiver design, and radiometric calibration.
Moreover, the five selected broad-leaved species and their adaxial and abaxial surfaces
provided diverse surface characteristics for model evaluation, but future studies involving
additional species and more extreme leaf morphologies, such as dense hairs, pronounced
spots, or highly irregular surface textures, would further support broader application of
the proposed model.

4. Conclusions
This study developed a piecewise polynomial Lambert–Beckmann (PPLB) model to

improve the characterization of the effect of the angle of incidence on TLS intensity for
broad-leaved surfaces. This model incorporates three physically meaningful parameters,
namely the specular reflection contribution (ks), surface roughness (m), and transition angle
threshold (θT). The proposed PPLB model allows θT to be estimated from the observed
intensity response rather than fixed a priori. Experiments on the adaxial and abaxial
surfaces of five tropical tree species showed that a second-order polynomial (N = 2) was
sufficient to represent the relationship between TLS intensity and angle of incidence within
the tested angular range.

The main contribution of the proposed model is not merely a reduction in fitting error,
but the demonstration that the transition angle between mixed (diffuse and specular) and
purely diffuse reflection regimes varies substantially among natural leaf surfaces. Excluding
the case of the Golden Shower Tree abaxial surface, for which θT = 0◦, the estimated non-
zero θT values ranged from 30◦ to 64◦. This result indicates that the commonly assumed
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45◦ threshold is suitable for some surfaces, such as Fukugi leaves, but not universal
across the tested broad-leaved species. The resulting ks, m, and θT parameters provide a
compact representation of surface-specific TLS intensity behavior and may support future
radiometric correction and leaf-surface characterization. The findings should be interpreted
within the controlled leaf-surface measurement conditions of this study, including the
tested sensor, wavelength, and 0–70◦ fitting angle-of-incidence range. Further evaluation
using additional species, sensors, wavelengths, and field-based canopy measurements
would support broader application of the proposed model.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs18132123/s1, Table S1, valid point counts per 10◦ angle
of incidence interval; Table S2, standard deviation of normalized intensity per 10◦ angle of
incidence interval.
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