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Abstract: The leaf inclination angle (LIA), defined as the leaf or needle inclination angle to the
horizontal plane, is vital in radiative transfer, precipitation interception, evapotranspiration, photo-
synthesis, and hydrological processes. This paper reviews the field and remote sensing methods to
determine LIA. In the field, LIA is determined using direct and indirect methods. The direct methods
include direct contact, photographic, and light detection and ranging (LiDAR) methods, while the
indirect methods are composed of the gap fraction, four-component, and polarization measurement
methods. The direct methods can obtain LIA accurately at individual leaves, crown, and plot scales,
whereas the indirect methods work well for crops at the plot level. The remote sensing methods to
estimate LIA are mainly based on the empirical, radiative transfer model, and gap fraction methods.
More advanced inversion strategies and validation studies are necessary to improve the robustness of
LIA remote sensing estimation. In future studies, automated observation systems can be developed
and the LIA measurement can be incorporated into existing ground observation networks to enhance
spatial coverage.

Keywords: leaf inclination angle; field measurement; remote sensing estimation; LiDAR

1. Introduction

Leaf inclination angle (LIA) quantifies the inclination of the leaf or needle to the hori-
zontal plane or the angle between the leaf surface normal and zenith (Figure 1a) [1]. LIA is
formed under the comprehensive regulation of genes, hormones, and environmental factors,
including light, water, temperature, and nutrition [2–4]. LIA is a key plant structural trait
that determines radiative transfer [5,6], rainfall interception [7], and evapotranspiration [8],
and thus affects photosynthesis and hydrological processes [4,5,9].

The probability density of LIA or the fraction of leaf area per unit LIA is expressed
with the leaf angle distribution (LAD) function [10]. Theoretically, LAD can be categorized
into the planophile, erectophile, extremophile, plagiophile, uniform, and spherical distribu-
tions [10]. The spherical distribution assumes that the relative probability density of the
LIA is the same as the area of the corresponding sphere surface element [10]. LAD can also
be described by statistical distribution functions such as the ellipsoidal distribution [11],
rotated-ellipsoidal distribution [12], and two-parameter beta distribution [13]. In radiative
transfer, the leaf projection function (G(θ)) is calculated as the average projection ratio of
unit leaf area in the illumination or viewing direction θ [6,14]. The spherical distribution is
characterized by an isotropic leaf projection function (G ≡ 0.5) [10].

LIA can be determined through field measurements and remote sensing estima-
tion [15–19]. This paper provides a comprehensive review of the current status in the deter-
mination of LIA from the field and remote sensing methods (Sections 2 and 3). Section 4

Remote Sens. 2023, 15, 946. https://doi.org/10.3390/rs15040946 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs15040946
https://doi.org/10.3390/rs15040946
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-2960-8207
https://orcid.org/0000-0002-6345-1197
https://doi.org/10.3390/rs15040946
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15040946?type=check_update&version=1


Remote Sens. 2023, 15, 946 2 of 15

provides future prospects concerning LIA acquisition and estimation, and Section 5 con-
cludes the paper.
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sentative shoot (θ௡തതത) and the shoot inclination angle (θ௦). 
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widely used in LIA measurements of almost all biomes [15,20–22]. For flat and broad 
leaves, the LIA can be directly measured (Figure 1b) [15], while for long, narrow, and 
curved leaves, the leaf is divided into multiple segments and the LIA is the simple or area-
weighted average of all segments [23]. A small difference (~6°) may exist between the two 
calculation methods for curved crop leaves [23]. For needleleaf trees such as the cypress, 
the leaf cluster can be treated as a plane and the LIA obtained as the broadleaf (Figure 1c) 
[24]. For pine, LIA is measured for each long needle [25] (Figure 1d). For spruce and fir, 
the inclination angle (θ௦) of a representative shoot is first measured and the inclination 
angle of all needles (θ௡തതത) is obtained subsequently by placing the shoot horizontally. The 
shoot LIA is a simple sum of the two angles (θ௡തതത + θ௦) (Figure 1e). The canopy LIA can be 
calculated for all shoots with different θ௦ assuming the inclination angle of all needles in 
each shoot (θ௡തതത) are similar. 

The 3D digitizer manually selects three or more feature points on the leaf surface and 
obtains their three-dimensional (3D) coordinates. The feature points are connected to a 
group of adjacent triangles. The normal of triangles and LIA are finally computed [26]. 
The 3D digitizer can be used to construct the canopy 3D model based on ray tracing to 
obtain the entire canopy architecture [27]. The instrument is mainly used for low or me-
dium canopies, particularly for crops [26,28]. However, this instrument is extremely time-
consuming and cannot capture the short-term dynamic changes in the LIA (Table 1) 
[29,30]. 

Figure 1. The schematic of leaf orientation (a) and the leaf inclination angle (LIA) measurement
for broad leaf (b) and needle leaves of cypress (c), pine (d), and spruce (e). In (e), the LIA of a
specified shoot is the sum of the average inclination angle for all needles within a horizontally placed
representative shoot (θn) and the shoot inclination angle (θs).

2. Field Methods
2.1. Direct Methods
2.1.1. Contact Methods

Direct methods measure the actual LIA at the leaf, canopy, and plot levels from the
viewpoint of the geometric structure of the leaf or needle. Among the direct methods,
the contact method measures LIA manually using an inclinometer. The method has been
widely used in LIA measurements of almost all biomes [15,20–22]. For flat and broad
leaves, the LIA can be directly measured (Figure 1b) [15], while for long, narrow, and
curved leaves, the leaf is divided into multiple segments and the LIA is the simple or area-
weighted average of all segments [23]. A small difference (~6◦) may exist between the two
calculation methods for curved crop leaves [23]. For needleleaf trees such as the cypress, the
leaf cluster can be treated as a plane and the LIA obtained as the broadleaf (Figure 1c) [24].
For pine, LIA is measured for each long needle [25] (Figure 1d). For spruce and fir, the
inclination angle (θs) of a representative shoot is first measured and the inclination angle of
all needles (θn) is obtained subsequently by placing the shoot horizontally. The shoot LIA
is a simple sum of the two angles (θn + θs) (Figure 1e). The canopy LIA can be calculated
for all shoots with different θs assuming the inclination angle of all needles in each shoot
(θn) are similar.

The 3D digitizer manually selects three or more feature points on the leaf surface and
obtains their three-dimensional (3D) coordinates. The feature points are connected to a
group of adjacent triangles. The normal of triangles and LIA are finally computed [26]. The
3D digitizer can be used to construct the canopy 3D model based on ray tracing to obtain the
entire canopy architecture [27]. The instrument is mainly used for low or medium canopies,
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particularly for crops [26,28]. However, this instrument is extremely time-consuming and
cannot capture the short-term dynamic changes in the LIA (Table 1) [29,30].

The contact method is simple, accurate, and low-cost. This method directly measures
the leaf angle and avoids the influence of woody materials and occlusion effect; however,
the method is sometimes time-consuming, labor-intensive, and difficult to measure the
plot-level LIA (Table 1). Moreover, this method is easily affected by the operator and is
difficult to be used for tall forest canopies.

2.1.2. Photographic Methods

The photographic method makes non-contact LIA measurements using leveled digital
photography (LDP) or stereovision. The LDP method takes horizontal photos from the
canopy side, selects the leaves perpendicular to the viewing direction, and extracts the LIA
using image processing software [16]. The method has been widely used for broadleaf
trees and shrubs with flat leaves [16,31,32]. The method has also been extended to cereal
crops with curved leaves using segmental measurement [23] and needleleaf trees [25].
Moreover, this method has been used to obtain vertical LIA of tall trees by taking photos
at tower platforms (Table 1) [16]. For areas without tower platforms, the LDP method
can be combined with unmanned aerial vehicles (UAV) to obtain the LIA of the entire tall
canopy [33,34].

The LDP method is simple, cost-effective, and easy to perform [16,31,32]. Compared
with contact methods, this method reduces field workload and possible measurement errors
caused by manual contact. The non-contact characteristics of the LDP method make it easier
to measure the LIA for tall canopies when there is a distance between the lifting platform
and the canopy. With the LDP method, leaf and woody materials can be distinguished with
visual inspection (Table 1). For canopy LIA measurement, the method assumes that the
canopy leaves are uniformly distributed in azimuth and the measured LIA from one side
is representative of the entire canopy [16,31]. For coniferous forests, the LDP method is
appropriate for LIA measurement because the narrow shape of needles while developing
automated LIA extraction algorithms is imperative. However, the method requires a lot
of manual participation and is vulnerable to the influence of leaf surface curvature [35]
and operator subjectivity [32]. Reliable and steady LIA can be obtained with sufficient
measurements (>75) [32,36].

The methods introduced above require a lot of manual effort. The stereovision method
measures single-leaf LIA automatically or semiautomatically by taking photos from differ-
ent viewing angles with synchronized cameras [37–39]. The photos are processed through
stereo calibration, epipolar rectification, leaf segmentation, stereo matching, and 3D recon-
struction [38,40]. The method is mainly used for small- to medium-sized canopies [37,40]
and is applied to monitor the diurnal variation of crop LIA [29]. Stereo pairs from smart-
phones were also used for obtaining LIA [41]. Recently, Yan et al. [42] used the stereovision
method to measure the indoor conifer LIA based on dense matching and linear feature
extraction techniques.

The stereovision method is accurate, objective, semi-automatic or automatic, and can
acquire fine 3D leaf orientation. However, the method features rigorous data acquisition
conditions and complex post-processing (Table 1). It is influenced by occlusion and woody
materials and is difficult to use for tall canopies. The stereovision method may be integrated
with UAV and advanced classification algorithms to improve its applicability.

2.1.3. LiDAR-Based Methods

Light detection and ranging (LiDAR) provides the unique capability of 3D canopy
mapping and allows non-contact measurements of canopy structural attributes from terres-
trial, airborne, and spaceborne platforms [43]. LIA is mainly derived from LiDAR based
on dense 3D point clouds from terrestrial laser scanning (TLS) at individual canopy and
plot levels [44–46]. LIA is typically obtained for crops and broad-leaved forests through
the plane fitting of neighboring point clouds within a specified distance determined by
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the leaf size [44,47–49]. The normal vector for each point is computed as the eigenvector
corresponds to the smallest eigenvalue of the covariance matrix of neighboring points
(e2 in Figure 2b). The method has also been extended to voxel coordinates to accelerate
the extraction efficiency (Figure 2c) [46]. In addition to the point and voxel LIAs [44–46],
the plane fitting method was combined with a leaf clustering algorithm to extract the
entire leaf LIA [50]. The entire leaf LIA can also be extracted by manually sketching 3D
point clouds [51], but this practice is time-consuming and labor-intensive. To maintain
sufficient point density for robust LIA measurement, multi-location scans are necessary,
while single-scan TLS is not appropriate for distant canopies or tall trees (>20 m) [35].
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Figure 2. The LIA measurement of the leaf (a) based on the plane fitting of point clouds (b) and
voxels (c). eo, e1, and e2 denote the eigenvectors corresponding to the eigenvalues from the maximum
to the minimum.

An alternative TLS method is based on the triangulation of 2D gridded point clouds [45,52]
(Figure 3). The 3D point clouds (x, y, z) are projected on 2D spherical coordinates (θ, ϕ)
encompassing zenith and azimuth angles from the TLS perspective according to the scan
spaces (Figure 3a). Each point (i, j) is triangulated in the 2D gridded space by searching for
and connecting neighboring hit points (Figure 3a). Once the triangulations are completed, the
normal vectors of the triangles are computed in 3D space as the cross product of the two sides
of the triangle, and the LIA is obtained accordingly (Figure 3c).
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Figure 3. The schematic of point cloud triangulation in two-dimensional spherical coordinates (θ, ϕ)
(a) and corresponding three-dimensional cartesian coordinates (x, y, z) (b). (c) depicts the computation
of the normal vector and LIA by the cross-product of the two sides of the triangle (adapted from
Bailey and Mahaffee [45]).

Airborne laser scanning (ALS) was also attempted to obtain the forest LIA based on
plane fitting of neighboring points [53]. The ALS is different from TLS in the scan direction,
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beam divergence, scan distance, and field of view [53]. Compared with TLS, ALS typically
has a larger neighboring point distance and the laser beam size is far larger than the leaf
size. Because of the lack of leaf geometric details, ALS data can only capture the inclination
angles for shoot and branch, but not for individual leaves [53].

Compared with other field methods, LiDAR has prominent advantages in automati-
cally measuring 3D leaf orientation with high accuracy and efficiency for canopies with
broad and even completely curved leaves (Table 1) [35]. LiDAR typically gets different
numbers of points for leaves of different sizes. In this sense, LiDAR theoretically obtains
more precise LAD than other direct methods, which usually assume that LIA and the leaf
area are independent and all leaf sizes are similar [16,23,31]. Few attempts have been made
to estimate the LIA of needleleaf canopies because of the narrow needle size (~1 mm) [53].

LiDAR-based LIA measurements are easily biased by scan distance, scattering an-
gle (the angle between laser beam and normal leaf vector), occlusion, woody materials,
and noises (Table 1) [44,45]. The scan distance and scattering angle bias can be resolved
through normal leaf weighting by the representative area of each point [45,53] or density
correction [52]. The occlusion effect is largely alleviated with multiple scans or by selecting
homogenous and representative subsample areas [45]. To solve the woody influence, LiDAR
data can be collected during both leaf-on and leaf-off seasons for deciduous plants [50,52].
Both leaves and woody materials can also be classified separately by incorporating intensity
and geometric features from point clouds [52,54,55]. In the triangulation-based method,
the leaf edge effect may affect the LIA measurement [45,52]. The leaf edge effect can be
solved by setting a side length threshold in the triangulation [45] or by filtering normal
vectors with the scattering angle threshold [52].

2.2. Indirect Methods
2.2.1. Gap Fraction Methods

Indirect methods estimate mean leaf inclination angle (MLA) or LAD from the other
variables related to LIA. One of the major variables is the angular gap fraction (GF), which
denote the probability that a photo will directly penetrate the canopy in a given direction
without any contact with vegetation elements [6]. Assuming that the canopy is composed
of turbid mediums, the gap fraction in a given viewing direction θ (P(θ)) can be described
by the Beer–Lambert law [14]:

P(θ) = exp−
G(θ)∗LAI∗CI(θ)

cos(θ) (1)

where LAI and CI(θ) represent the leaf area index and the directional clumping index,
respectively. The computation of G(θ) is based on LAD, as shown below:

G(θv) =

π/2∫
0

A(θv, θl)g(θl)dθl (2)

A(θv, θl) =

{
cosθvcosθl |cotθvcotθl | > 1
cosθvcosθl

[
1 + 2

π (tanψ− ψ)
]

otherwise
(3)

ψ = cos−1(cot θv cot θl) (4)

where θv, θl, and ψ denote the viewing direction, normal leaf, and phase angle between the
θv and θl, respectively. g(θl) is the probability density function of the normal leaf.

For an idealized canopy with fixed LIA and random leaf positions and azimuth angles,
G(θ) shows a stable linear relationship with θ in 25–65◦ for each LIA [56]. MLA can
thus be estimated through an empirical polynomial relationship with the slope of G(θ)
acquired from the angular GFs (Equation (1)) [56]. This approach was adopted in the LAI-
2200 Plant Canopy Analyzer (LI-COR Inc., Lincoln, Nebraska) (https://www.licor.com,
accessed on 1 January 2023) and can be used to estimate MLA with digital hemispheric

https://www.licor.com
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photography (DHP) [57]. Zou, Mõttus, Tammeorg, Torres, Takala, Pisek, Mäkelä, Stoddard,
and Pellikka [23] found that the cereal crop MLA obtained by LAI-2200 with the GF method
was consistent with that from the manual contact measurements (R2 = 0.92).

MLA can also be estimated through an optimization process that minimizes the cost
function between the measured and simulated GFs [58]. The simulated GF is obtained
(Equation (1)) by approximating the canopy LAD with the single parameter ellipsoidal
distribution [11]. This method is utilized in the HemiView Forest Canopy Image Analysis
System (Delta-T Devices Ltd., Cambridge, UK) (https://delta-t.co.uk/, accessed on 1
January 2023), CAN-EYE [59], and Hemisfer [60,61]. CAN-EYE uses a lookup table method
to speed up the calculation efficiency, while Hemisfer considers the angular GF weights and
the slope effect. The method was recently adopted by an inclined smartphone camera [62].
Zhao et al. [63] established a laser beam–vegetation hit probability model based on Equation
(1) and inverted the optimal leaf projection function and its error interval from TLS data
using a maximum likelihood estimator. Compared with the classical GF method, the model
achieved higher accuracy and fully leveraged the raw TLS data [63].

The GF method is simple, efficient, easily conducted, and has been used by many
low-cost devices (Table 1). The method can be used by LiDAR to estimate LIA, where
the gap fraction can be approximated by the point cloud penetration ratio [63–65]. The
method relies on turbid mediums assumption and assumes that the MLA and LAD are
homogeneous and isotropic, which may be invalid in many cases [29,52,66]. When these
assumptions are not met, the GF method is worse than the TLS method for heterogeneous
broadleaf forests [66]. The GF estimation derived from the DHP measurement is influenced
by the segment interval, image classification algorithms, illumination conditions, camera
exposure, and sparkling leaves [59,67,68]. The observed GF was affected by LIA, LAI, and
CI (Equation (1)), and thus, LAI and CI needed to be decoupled from the LIA estimation [69].
The GF method was unable to distinguish woody materials and was invalid for individual
leaves and crowns (Table 1) [66]. The applicability of the method to coniferous forests and
for acquiring vertical LIA profiles remains to be explored.

2.2.2. The Four-Component Method

The four fractions of sunlit and shaded vegetation and soil components can be clas-
sified from multi-angle images and can be linked to LAD through analytic models [69]
or ray-tracing simulations [70]. Subsequently, the LAD can be estimated from the four
component fractions through numerical optimization [69] or look-up table inversion tech-
nologies [70].

The four-component method fully utilizes the bidirectional fractions and can obtain
reasonable LAD results at the plot level [69], while the GF method only exploits the
mono-directional GFs. However, the four-component method involves a large number of
parameters and may lead to an ill-posed inversion problem [70]. The method has mainly
been used for simple crops but not for dense and tall vegetation canopies because of the
classification difficulty and the occlusion effect (Table 1) [69,70]. The method is limited for
the vertical LIA measurement and the classification procedure is influenced by the complex
canopy structure, camera exposure, sky, and canopy scattering [69].

2.2.3. The Polarization Measurement

The canopy polarization reflectance primarily originates from the single scattering
between photons and leaves and can be used for the LIA estimation through an empirical
relationship [71]. A negative linear model was constructed to estimate the MLA from
the polarized reflectance in the visible bands, particularly in the red band, and the result
corresponded well with the LAI-2200 value [72]. This method is simple and efficient, and
can be applied to obtain the LIA vertical profiles using portable vertical platforms. How-
ever, this method is easily affected by the solar-viewing geometry [72] and the feasibility
of this method for other vegetation types, particularly coniferous forests, needs further
exploration.

https://delta-t.co.uk/
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The direct methods measure the actual LIA based on the geometric structure of the
leaf or needle, while the indirect methods estimate the MLA or LAD from gap fractions or
polarization reflectance. The direct methods are typically regarded as the reference method,
but are laborious for a large number of measurements [16,20,31]. The indirect methods
typically estimate LIA from other variables and usually provide the MLA or LAD of the
entire sample plot, but not for individual leaves or crowns [29]. In practice, the indirect
methods usually obtain the plant inclination angle and may overestimate the LIA because
the methods usually do not differentiate the leaves from woody materials (Table 1) [66].
The appropriate field method needs to be selected considering the vegetation types and
applications.

Table 1. Comparison of different methods to obtain LIA in the field. LDP: leveled digital photography,
LiDAR: light detection and ranging, GF: gap fraction method, MLA: mean leaf inclination angle,
LAD: leaf inclination angle distribution.

Methods Advantages Disadvantages Reference

Direct
methods

Contact

Simple, accurate, and low-cost; can be
applied to leaves with different shapes
and is resistant to the interference of

occlusion and woody materials.

Time-consuming, labor-intensive,
difficult to obtain the LIA of the tall

canopy and plot-level LIA, and
influenced by the operator,

particularly for curved leaves.

[15,23,26,29]

Photographic LDP

Simple, cost-effective, accurate, easily
conducted, and suitable for different
leaf shapes; can obtain LIA vertical
profile and distinguish leaves and

woody materials.

Requires a lot of manual
participation, sensitive to the

influence of leaf surface curvature
and user subjectivity.

[16,25,31,32]

Stereovision
Accurate, objective, semi-automatic or

automatic, and can acquire fine
three-dimensional leaf orientation.

Rigorous data acquisition
conditions, complex post-processing,
easily influenced by occlusion and

woody, and difficult to measure LIA
for tall canopy.

[29,37,40,42]

LiDAR

Accurate, efficient, objective, capable
of capturing three-dimensional leaf
orientation at leaf, crown, and plot
levels, and can differentiate leaves

from woody materials.

Costly, difficult data processing, not
applicable to measure LIA of

coniferous forests, and the LIA may
be biased by heterogeneous

sampling density.

[35,44,45,53]

Indirect
methods

GF
Simple, efficient, objective, low-cost,
easily conducted, and can directly

obtain MLA of the entire sample plot.

Sensitive to measuring conditions
and post-processing, the underlying

assumptions are not suitable for
heterogeneous scenes, incapable of

distinguishing woody materials and
obtaining the LIA of individual

leaves or crowns.

[29,56,58,66,73]

Four-
component

Efficient, low-cost, and can directly
obtain LAD of the entire sample plot.

Rigorous and enormous field
measurements, tedious

post-processing, not suitable for
dense and tall canopy, and difficult

to obtain vertical LIA and an
individual leaf or crown LIA.

[69,70]

Polarization Simple, efficient, and has the potential
for vertical LIA measurements.

Empirical, and is affected by solar
viewing geometry. [71,72]
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3. Remote Sensing Methods

Remote sensing methods provide large-scale and continuous LIA mapping based
on empirical relationships, radiative transfer model inversion, and the gap fraction
method [17–19,74].

3.1. Empirical Methods

MLA can be estimated empirically from canopy reflectance or vegetation indices by
constructing a transfer function [75]. Zou and Mõttus [75] found that the near-infrared
(NIR) reflectance, especially in the 748 nm in the red-edge band, showed a negative linear
relationship with the crop MLA and the output MLA showed medium consistency with the
reference MLA. They also showed that the MLA can be determined from the red and blue
reflectance space, but the estimated MLA showed poor correspondence with the reference
value [75]. Different LAD types can also be empirically distinguished. For example, Huang,
Niu, Wang, Liu, Zhao, and Liu [17] identified different winter wheat LAD types from the
multi-temporal NIR reflectance. In simulation studies, the backscattering coefficient of
the microwave horizontal polarization was found to correlate to LAD [76], but no LIA
inversion studies with microwaves have been reported.

The angular reflectance varies with MLAs and can assist the MLA estimation [77].
The angular reflectance is commonly described by the bidirectional reflectance distribution
function (BRDF). One of the widely used BRDF models is the semi-empirical Ross-Li model,
which characterizes the bidirectional reflectance with a linear combination of the volumetric,
geometric, and isotropic kernels [78]. The structural parameter-sensitive index (SPEI) has
been constructed from BRDF weights to identify the winter wheat LAD types [17].

SPEI = OA/OAL

OA = f nir
vol −

f nir
iso
10 − f red

geo

OAL = f nir
vol +

f nir
iso
10 − f red

geo

(5)

where f nir
iso and f nir

vol are the weights of the isotropic and volumetric scattering kernels in the
NIR band, respectively, and f red

geo is the weight of the geometric scattering kernel in the red
band [17,79].

The vegetation index (VI) has shown great potential to estimate MLA because of its
simplicity and capability to mitigate the soil background effect [80,81]. Existing simulation
studies have shown that the modified triangular vegetation index (MTVI2) [82] and two-
band enhanced vegetation index (EVI2) [83] are strongly correlated negatively with MLA,
especially for low and medium LAI (LAI < 3) [80].

MTVI2 =
1.5
[
1.2
(
ρNIR − ρgreen

)
− 2.5

(
ρred − ρgreen

)]√
(2ρNIR + 1)2 −

(
6ρNIR − 5

√
ρred

)−0.5
(6)

EVI2 = 2.5(ρNIR − ρred)/(ρNIR + 2.4ρred + 1) (7)

where ρNIR, ρred, and ρgreen denote the NIR, red, and green reflectances, respectively.
The empirical method is easy to use, but it relies on a large number of field measure-

ments, which limits the method’s generality. Currently, the method has been applied to
crops with medium accuracy [75]. The applicability of this method to noncrops needs
to be further explored. The reflectance-based method is easily affected by LAI, leaf dry
matter content, and soil background [77,81,84]. The method works better for the medium
LAI conditions when the impacts of those factors are suppressed [77,81,84]. The angu-
lar reflectance has been used to distinguish different LAD types qualitatively [17] and is
promising for estimating LIA quantitatively. The VI method suppresses the soil background
and chlorophyll impact and more effort can be made to estimate LIA from VI in practice.
Combining multiple vegetation indices may also help decouple LIA from the LAI and leaf
dry matter impact.
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3.2. Radiative Transfer Model Methods

Radiative transfer models link canopy reflectance with a series of leaf optical prop-
erties and canopy structural parameters (LAD, LAI, and CI) for different solar-viewing
geometries [6,85,86]. The RTM method obtains an optimal solution that minimizes the
cost function between the simulated and observed reflectance using the look-up table,
numerical optimization, and machine learning technologies [87]. Currently, most LAD
retrievals are based on the PROSAIL model which integrates the PROSPECT leaf spectral
model [88] and the Scattering by Arbitrarily Inclined Leaves (SAIL) canopy bidirectional
reflectance model [85].

Multi-angle reflectance is commonly used for LAD retrieval [18,77,89]. For example,
Jacquemoud et al. [89] retrieved LAD from the ground and airborne multi-angle NIR
reflectance based on the PROSAIL model but the result was not satisfactory, especially for
canopies with high LAI and horizontal LAD. Ferreira et al. [90] inverted the individual
crown LIA from the airborne imaging spectroscopy based on the discrete anisotropic
radiative transfer (DART) model and look-up table method. The RTM method has also
been applied to estimate the seasonal grassland MLA from the Landsat reflectance, but
the result showed strong anomalous fluctuations [91]. Currently, the RTM method is only
validated with field measurements in a direct point-to-pixel manner for crops [75,91].

The RTM method has mainly been applied in local regions, but the method is promis-
ing for large-scale LIA time series mapping. However, the method is affected by the
different LAD settings in radiative transfer models (Bacour et al. [92]). The method is also
affected by the ill-posed problem in the inversion process [18,90,91]. Several approaches
have been proposed to improve LIA retrieval through regularization with prior information.
One solution is to provide background characteristics in the RTM inversion, such as the
VI-LAI empirical relationship, leaf spectral, soil reflectance, and skylight fraction [18,84].
The temporal constraint assumes that the seasonal variation of the LIA is negligible [84].
The object-based inversion strategy exerts spatial constraint on the inversion process by
assuming that the LIAs of adjacent pixels are similar [19].

3.3. The Gap Fraction Method

The gap fraction method discussed in Section 2.2.1 can also be used to estimate
the global leaf projection function (G) from remote sensing data [74]. For example, the
global nadir leaf projection function G(0) can be estimated based on the Beer–Lambert law
(Equation (1)):

G(0) = − ln(1−FVC)

CI(0) ∗ LAI
≈ − ln(1−FVC)

CI ∗ LAI
(8)

where the nadir gap fraction is calculated from the fractional vegetation cover (P(0) = 1 −
FVC) and the nadir clumping index (CI(0)) is approximated by the whole CI [74]. However,
this method to estimate G is limited by the accuracy and consistency of remote sensing
products [93].

4. Prospects
4.1. LIA Field Measurement

A variety of field measurement methods have been proposed to measure LIA. How-
ever, there are several gaps in current LIA field measurement studies. Firstly, the amount
and spatial distribution of LIA field measurements need to be expanded to improve the
biome and spatial representativeness. The spatial distribution of LIA field measurements
can be improved by incorporating the LIA measurements into existing ground observation
networks, such as the National Ecological Observatory Network (NEON) [94], Integrated
Carbon Observation System (ICOS) [95], and Terrestrial Ecosystem Research Network
(TERN) [96]. The LIA can be obtained synchronously with other canopy structure param-
eters, such as LAI, CI, and FVC. Secondly, Continuous LIA observations are necessary
to understand the LIA temporal variations [29,32,54], but currently, there are only a few
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continuous measurements for crops [22,29,47]. Automated and continuous observation and
processing systems provide a practical way for acquiring the temporal LIA [97–99]. Thirdly,
azimuthal LIA variations are conducive to 3D scene construction and realizing accurate
radiative transfer modeling [22,100], but azimuthal LIA measurements are scarce. LiDAR
provides an efficient way to capture the azimuthal LIA. Finally, the vertical variation of LIA
is required in the layered RTM [101,102], but the vertical LIA data are limited in current
measurements and can be obtained through LDP and LiDAR measurements on a tower,
lift, or UAV.

Advanced computer vision and deep learning methods may promote LIA field mea-
surements. For example, object detection technologies can be introduced to identify the
leaf edge and extract the needleleaf in photographic methods. This will automatize LIA
computation and reduce manual involvement. The deep learning methods can be used for
the DHP image classification to improve the classification accuracy [103,104]. In addition,
different measuring schemes and data organizations were used in the currently published
LIA dataset, while a standard measurement protocol is recommended in the future to
enhance the utilization of the measurements [105–107].

4.2. Global LIA Mapping

Global LIA mapping is significant in understanding the LIA spatial patterns, biophys-
ical variables retrieval, and land surface modeling, but no global LIA map is available
currently. One method for global mapping is using a machine learning approach based
on the LIA ground data [105,107] and other predictive variables. In global mapping, LIA
can be regarded as a species-specific structural trait [32,34,108] and subtle variations within
a species can be ignored [19,84]. In this case, the species geolocation information and the
LIA data can be combined to increase the LIA spatial distribution. The cropland is highly
affected by the planting pattern and the cropland LIA can be derived for each crop type
based on the regularly updated crop maps [109,110].

The RTM-based inversion method (Section 3.2) has great potential for continuous LIA
estimation on a large scale from multi-angular and multi-temporal reflectance provided by
MODIS, POLDER, and MISR sensors. The Earth Polychromatic Imaging Camera (EPIC)
instrument on the Deep Space Climate Observatory (DSCOVR) at the first Lagrange point
provides unique viewing geometry from nearly hotspot directions [111], and the recently
launched Chinese terrestrial ecosystem carbon monitoring satellite (Gou Mang) provides
multi-angle data (0◦, ±19◦, ±41◦) [112]. Both the EPIC and Gou Mang data can be used
for LIA inversion. Considering the sensitivity of the estimated LIA to RTM used in in-
version [93], developing advanced LIA inversion models suitable for different biomes is
required. Regularization strategies with temporal-spatial constraints can be adopted within
the inversion process to improve the temporal-spatial stability of the retrieved LIA [19,84].

In addition, current LIA remote sensing retrieval methods have been mainly tested
in local regions and still need more validation with more reference data, particularly
for forests [75,92]. During the validation, the LIA can be upscaled through a weighted
averaging method with LAI or vegetation indices.

5. Conclusions

This study provides a comprehensive review of LIA field measurements and remote
sensing estimation methods. The field methods can be grouped into direct and indirect
methods. The direct methods, particularly with inclinometer, LDP, and LiDAR, are com-
monly used for LIA measurements at the individual leaf, crown, and plot levels. Both LDP
and LiDAR are promising for obtaining the vertical LIA profiles using lifting platforms and
UAVs, while LiDAR can also conveniently obtain the azimuthal LIA. The indirect methods
are more suitable for determining the LIA for crops than for forests at the plot scale. It is
recommended to incorporate LIA measurements into existing ground observation networks
to improve LIA spatial coverage. Automated and continuous observation systems can be
developed to facilitate temporal LIA acquisition.
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The remote sensing estimation methods include the empirical, radiative transfer
model, and gap fraction methods. The remote sensing methods have been tested in local
regions and more validation studies are necessary for other areas. The RTM method has
great potential for estimating seasonal LIA on a large scale, while the inversion strategy
can be improved. Global LIA mapping can be realized through the gap-filling of ground
measurements.

Currently, the LIA field measurements are still limited in spatial coverage, temporal
continuity, and vertical and azimuthal variations, while large-scale remote sensing of LIA
is lacking. More attention should be paid to LIA field measurements and remote sensing
studies in the future.
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