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Identifying Crop Leaf Angle Distribution Based on
Two-Temporal and Bidirectional Canopy Reflectance
Wenjiang Huang, Zheng Niu, Jihua Wang, Liangyun Liu, Chunjiang Zhao, and Qiang Liu

Abstract—The effect of crop leaf angle on the canopy-reflected
spectrum cannot be ignored in the inversion of leaf area index
(LAI) and the monitoring of the crop-growth condition using
remote-sensing technology. In this paper, experiments on winter
wheat (Triticum aestivum L.) were conducted to identify the crop
leaf angle distribution (LAD) by two-temporal (erecting and elongation stages) and bidirectional in situ reflected spectrum and the
Airborne Multiangle Thermal Infrared (TIR) Visible NearInfrared (VNIR) Imaging System (AMTIS) images. The distribution characters of the leaf angle for different LAD varieties were
expressed using the beta-distribution function and the SAILTH
radiative transfer models. The proportion of the leaf angle in 5◦
angle classes (from 5◦ to 90◦ ) for erectophile, planophile, and horizontal varieties was dominated by 75◦ , 55◦ , and 35◦ . The different
LAD varieties had a similar canopy reflectance in 680 nm (red)
and 800 nm (near-infrared band) at the erecting stage, while they
had significant differences at the elongation stage. The ratio of the
canopy reflectance of 800 nm at the erecting stage [R800(B)] to
the canopy reflectance of 800 nm at the elongation stage [R800(A)]
was used to identify the different LAD varieties through the selected two-temporal canopy reflectance. A method based on the
semiempirical model of the bidirectional reflectance distribution
function (BRDF) was also introduced in this paper. The structural
parameter-sensitive index (SPEI) was used in this paper for crop
LAD identification. SPEI is proved to be more sensitive to identify
erectophile, planophile, and horizontal LAD varieties than the
structural scattering index and the normalized difference f-index.
We found that it is feasible to identify horizontal, planophile, and
erectophile LAD varieties of wheat by studying two-temporal and
bidirectional canopy-reflected spectrum.
Index Terms—Bidirectional reflectance distribution function
(BRDF), identification, leaf-angle distribution (LAD), twotemporal, winter wheat.
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I. I NTRODUCTION

R

EMOTE SENSING is a valuable tool for mapping and
quantifying field biophysical variations for the application
in research and management [19]. Leaf size and angle vary
widely across species [5]. Leaf angle affects light interception
[7], [11], [28], which influences canopy reflectance [22], [27].
Mickelson et al. [18] suggested a number of heritable traits
including leaf number, leaf angle distribution (LAD), and tassel
size to determine heritable differences among genotypes for
light interception. The crop LAD should then be taken into consideration by using remote-sensing techniques to monitor cropgrowth status. The relationship between the canopy geometry
and the reflectance has been the focus of a great deal of research
(e.g., [9], [16], [23], and [33]). Pepper et al. [21] concluded
that the leaf-orientation-distribution value (LOV) could indicate
the leaf-inclination angle and the position where the leaf began
to incline. According to this, the degree of leaf inclination
could be determined. A research on extracting crop LAD has
been performed by Bonhomme et al. [3] with canopy radiation
absorption pattern, and by Li and Wang [14] using a computed
tomography approach.
However, for large-scale crop identification of LAD, a
method based on canopy reflectance would be ideal. Many
techniques tried to improve the accuracy of land surface parameter retrievals from satellite data using the spectral, angular,
and temporal information content of the LAD data. Among
these techniques, the angular domain technique has attracted
more attention because it can provide a rich information source.
The bidirectional reflectance distribution function (BRDF)
model establishes the relationship between the bidirectional
reflectance and the LAD features of the crop, such that the
BRDF is determined by specifying the necessary parameters
of the cover type, the viewing, and illumination geometries.
Sandmeier et al. [26] proposed the anisotropy factor (ANIF)
and anisotropy index (ANIX), which are based on reflectance
ratios at different viewing or illumination geometries. They
found obvious differences between an erectophile grass lawn
and a planophile watercress canopy. The parameters of physical
BRDF models are related to the canopy biophysical structural
information. Gao et al. [6] proposed a structural scattering
index (SSI) and a relative SSI (RSSI), which were derived
from the BRDF parameters. The SSI and RSSI indexes showed
that they had both theoretical and practical meaning, and
they could be used to distinguish or to detect different land
cover types.
With the development of remote-sensing techniques, twotemporal and bidirectional spectral data are being applied in
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crop management. Temporal remote-sensing data alone can be
used to detect crop status at a given stage, while two-temporal
data can explain the dynamic change of crops and monitor
land-cover changes [10], [29]. Bidirectional reflectance can be
used for crop geometry identification. However, the complexity
of canopy geometry and other external factors limit the application of remote-sensing techniques in LAD identification.
Li and Wang [15] and Yan et al. [31] pointed out that the
vegetation canopy geometry has great effects on developing
vegetation optical models. To improve the inversion accuracy
of crop biochemical and biophysical content, previous knowledge from the ground is needed. In other words, the spectral
data, crop LAD, and other previous knowledge should be
obtained as much as possible when remote sensing is used
to guide crop management. Therefore, it is important to obtain the information of different LAD varieties at the early
growth stage to improve the estimation accuracy of cropgrowth status.
The objective of this paper was to analyze the differences
of canopy reflectance among erectophile, planophile, and horizontal LAD varieties, and to develop an approach to distinguish
these different LAD varieties using two-temporal and bidirectional canopy-reflected spectrum.

II. M ATERIALS AND E XPERIMENTS
A. Experimental Design
The experiments were carried out at China National Experimental Station for Precision Agriculture, which is located
in Changping District, Beijing (40◦ 11 N, 116◦ 27 E), China,
in 2003 and 2004. The nutrient contents of soil (0–0.20 m)
were as follows: 14.2–14.8 g · kg−1 of organic material; 0.81–
1.00 g · kg−1 of total nitrogen; 20.1–55.4 mg · kg−1 of available
phosphorus; and 117.6–129.1 mg · kg−1 of available potassium.
The organic matter was measured by the Walkley–Black acid
digestion method [30]. A total of N contents were determined
after digestion with H2 SO4 , NaOH, and K2 SO4 with the
Kjeldahl method [2]. The B-339 Distillation Unit (BÜCHI
Analytical Ltd., Flawil, Switzerland) was used for N -content
analysis. The available phosphorus content in soil samples was
determined by the Olsen method, after it had been extracted
with 0.5-M NaHCO3 [20]. The available potassium was determined by using the 1-M NH4 OAc extraction method [1],
and soil extracts were analyzed by flame spectrometry, which
determined the potassium content.
Crop canopy geometry was classified by mean LAD
(MLAD). The wheat varieties with 90◦ ≥ MLAD ≥ 65◦ were
treated as erectophile LAD varieties, with 40◦ < MLAD < 65◦
as planophile LAD varieties, and with 0 ≤ MLAD ≤ 40◦ as horizontal LAD varieties. In 2003, 18 winter wheat varieties were
investigated: six erectophile LAD varieties (Lumai21 (LM21),
Jing411 (J411), P7, Laizhou3279 (LZ3279), Nongda3291
(ND3291), and I-93); six planophile LAD varieties [Jingwang10 (JW10), 6211, CA16, 95128, Jingdong8 (JD8),
Chaoyou66 (CY66)]; and six horizontal LAD varieties
[Zhongyou 9507 (ZY9507), Jing 9428 (J9428), 4P3, Linkang2
(LK2), Nongda 3214 (ND3214), and Zhongmai 16 (ZM16)].

In 2004, 12 winter wheat varieties were investigated at the
same experimental base as in 2003: six erectophile LAD varieties (I-93, J411, LZ3279, LM21, ND3291, and P7) and six horizontal LAD varieties (4P3, ZM16, J9428, ZY9507, LK2, and
ND3214).
B. Data Acquisition
1) In Situ Canopy-Reﬂected Spectrum: For each LAD variety, three samples were measured. A 1 × 1 m area of each
sample was selected to measure the canopy reflectance and
to analyze the biophysical and biochemical crop canopy features. Canopy reflectance was measured at a height of 1.3 m
under clear sky conditions between 10:00 and 14:00, using an
ASD FieldSpec Pro spectrometer (Analytical Spectral Devices,
Boulder, CO) fitted with a 25◦ field-of-view fiber optic adaptor
and operated in the 350–2500-nm spectral range. A 0.4 m ×
0.4 m BaSO4 calibration panel was used for calculating the
black and baseline reflectance. Vegetation reflectance measurements were taken by averaging 20 scans at optimized
integration times. Calibration panel reflectance measurements
were taken before and after the vegetation measurements.
2) Canopy BRDF Reﬂected Spectrum: Canopy BRDF reflectance was measured by using the same spectrum instrument
as that in measuring the in situ canopy-reflected spectrum.
The instrument was fixed on rotating bracket multiangular
viewing equipment (Fig. 1), which enables BRDF observation
of the same object in a short time. The multiangular viewing
equipment was also used by Yan et al. [32] for the bidirectional canopy thermal-infrared (TIR) temperature measurement. The observation plane was the principal plane and the
cross-principal plane. The view zenith changes from 0◦ to 65◦
at intervals of 5◦ .
3) Airborne Multiangle TIR/VNIR Imaging System (AMTIS)
Hyperspectral Images: Airborne hyperspectral images of the
field exercise were acquired in year 2004 by using the AMTIS,
which was designed by the Chinese Academy of Science
(CAS). The AMTIS consists of a charge-coupled device (CCD)
camera for visible band (VIS, 400–700 nm), a CCD camera for
near-infrared band (NIR, 700–900 nm), and a thermal camera
(TIR, 7500–13000 nm) with 1024 × 1024 elements. It has a
field view of 30◦ and is capable of acquiring images of 2 m
with VIR or NIR, and 5.0 m with TIR spatial resolution at a
flying altitude of 4000 m above the ground. The AMTIS has
a wavelength range of 400–850 nm with a spectral resolution
of 5 nm. It can view the surface at a number of view angles,
providing the potential for retrieval of bidirectional land surface
reflectance. It is capable of continuously imaging the surface at
nine fixed viewing angles (±45◦ , ±33.75◦ , ±22.5◦ , ±11.25◦ ,
and nadir).
4) Leaf Area Index (LAI): All the plants of 0.6 m × 0.6 m
area were harvested immediately after the spectral measurements, and the LAD parameters were measured. The samples
were placed in a cooled black plastic bag and transported to the
laboratory for subsequent analysis. Leaves of all the sampled
plants were collected together to determine the LAI.
A subsample of plant leaves was used to measure the leaf
area in the lab with a Li-Cor 3100 area meter. The leaf area of
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TABLE I
REFLECTED SPECTRUM AND NDVI FOR DIFFERENT LAD
VARIETIES UNDER DIFFERENT LAI

Fig. 1.

Rotating bracket for observing BRDF canopy reflectance.

the subsample (LAsub ) was used to establish the LAI of the
0.6 m × 0.6 m sample area with the following equation. This
equation was also used by Liu et al. [17]:

LAI = LAsub ×

total leaves’ weight
subsample leaves’ weight



÷ [sampled projection area]. (1)
III. M ETHODS AND R ESULTS
A. Effect of Crop LAD on Canopy-Reﬂected Spectrum
The effects of LAI and crop LAD on canopy reflectance
were studied among erectophile, planophile, and horizontal
LAD varieties. We studied the canopy-reflected spectrum at the
450-nm (blue), 550-nm (green), 680-nm (red), 800-nm, and
1100-nm bands (NIR). The most common vegetation index
was the normalized difference vegetation index (NDVI). It was
defined by Rouse et al. [24] as follows:
NDVI = (NIR − R)/(NIR + R).

(2)

In this paper, 800 nm at near infrared (NIR) and 680 nm at
red (R) were chosen. These bands and the resulting NDVI could
be used to evaluate the crop-growth status and to distinguish
different LAD varieties.
The canopy reflectance (in percent) at 450, 550, 680, 800,
and 1100 nm, and the NDVI value for different LAD varieties
were different at the different approximate LAI values (Table I).
The coefficient of variation (CV) of the canopy reflectance
among erectophile, planophile, and horizontal LAD varieties at
near-infrared band and NDVI values gradually decreased as the
LAI value increased. This might mean that when LAI was large,
there was less effect of LAD in the radiation and transmission
(RT) regime; the difference of canopy reflectance for different
LAD varieties reduced as the LAI value increased; and the
NDVI value was likely to be saturated as the LAI value was
more than four. Crop LAD identification should be made at the
proper (not very small and not very large ) LAI growth stage. It
was mentioned that the elongation stage (LAI was about 2–3)
could be used for wheat LAD identification.
B. Identifying Crop LAD Using Two-Temporal
Canopy Reﬂectance
The canopy spectral reflectance of 800 nm (in percent format) at erecting stage [R800(B)] indicated the crop
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TABLE II
MLA AND ECCENTRIC RATE FOR DIFFERENT LAD VARIETIES

LAI conditions. The ratio of R800(A) to R800(B) indicates the
information of the increment from erecting stage to elongation
stage, and it also could eliminate the difference of the sowing
densities for different LAD varieties.
The ratio of R800(A) to R800(B) of horizontal LAD varieties exceeded 1.6, and that of planophile LAD varieties was
between 1.4 and 1.6. The ratio of planophile exceeded the
ratio of horizontal LAD varieties by 25%. In contrast, the ratio
of R800(A) to R800(B) of erectophile LAD varieties did not
exceed 1.4. Hence, the different LAD varieties could be identified by using the spatial distribution features in the coordinate
system developed with two-temporal spectral and spectral-ratio
data. The spatial distribution features in a controlled coordinate
system can then be applied to classify the crop LAD. We can
use the two-temporal space-borne satellite data at the elongation stage (A) and the erecting stage (B) for the crop LAD
identification.
C. LAD by Beta-Distribution Function and Radiative Transfer
SAILTH Model

Fig. 2. Frequency distributions of leaf angle in 5◦ angle classes for erectophile, planophile, and horizontal varieties. Note: Leaf angle is measured as
the angle from the horizontal (0—flat; 90—vertical/steep).

sowing-density information, and the canopy spectral reflectance
of 800 nm at elongation stage [R800(A)] indicated the crop
sowing-density information and the increment from erecting
stage to elongation stage. The distribution features of canopy
reflectance at the different stages are shown in two-dimensional
spectral (x axis) and spectral-ratio (y axis) coordinate space
(Fig. 2). The horizontal LAD varieties are mainly located in
the upper part of the coordinate system, while the erectophile
LAD varieties are mainly located in the lower part. The reason
may be that the soil has effects more on the canopy spectral
reflectance of the erectophile LAD varieties at erecting stage
than that of the horizontal LAD varieties due to the difference of
ground covered percentage by wheat canopy (the between-row
spaces were not fully covered by wheat plants). The horizontal
LAD varieties occupied vegetation ground cover percentage
quickly after erecting stage. The increment of horizontal LAD
varieties was more than that of erectophile LAD varieties
because the covering percentage of horizontal LAD varieties
was more than that of erectophile LAD varieties at the same

The LAD distributions can also be expressed by using the
beta distribution [8]. Frequency distributions of leaf angle for
erectophile, planophile, and horizontal varieties are shown in
Table II. The mean leaf angle (MLA) for erectophile varieties
is 73.8◦ , while that of planophile varieties is 53.5◦ , and that of
horizontal varieties is 32.7◦ . The MLA for erectophile varieties
is 73.8◦ , while that of planophile varieties is 53.5◦ , and that of
horizontal varieties is 32.7◦ . The eccentric rate for erectophile
varieties is 0.9945, while that of planophile varieties is 0.9927,
and that of horizontal varieties is 0.9956. The proportion of
leaf angle in 5◦ angle classes (from 5◦ to 90◦ ) for erectophile
varieties is dominated by about 75◦ , while that of planophile
varieties is dominated by about 55◦ , and that of horizontal varieties is dominated by about 35◦ (Fig. 3).

D. Identifying Crop LAD by Bidirectional Canopy Reﬂectance
We identify crop LAD using bidirectional canopy reflectance
to retrieve physical parameters with a semiempirical BRDF
model. It can be expressed with a linear equation [25]
R(θi , θν , ϕ) = fiso +fvol kvol (θi , θν , ϕ)+fgeo kgeo (θi , θν , ϕ)
(3)
where kvol is a function of view zenith θv and illumination
zenith θi ; relative azimuth ϕ describes the volume scattering
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Fig. 3. Response of canopy reflectance (percent) and ratio of 800 nm for
different LAD varieties at erecting and elongation stage in year 2003. Note:
1) R800 nm (B) was the canopy reflectance of 800 nm at erecting stage;
R800 nm (A) was the canopy reflectance of 800 nm at elongation stage.
2) The ratio of R800(A) to R800(B) was shown on the abscissa axis, and
R800(B) was shown on the ordinate axis.

from canopy; and kgeo describes the surface scattering from
the canopy. These functions are, respectively, called volumetric
and geometric kernels. In (4), fvol and fgeo are, respectively,
the weights for the volumetric and geometric kernels. fiso is
a constant corresponding to the isotropic reflectance. Through
matrix inversion with multiangle reflectance data by setting
the derivative of the error function to zero, we can obtain the
parameters fiso , fvol , and fgeo . The problem in using kernel
weights is that the volumetric and geometric effects are not
mutually exclusive, where the retrieved weights do not have a
direct relationship with the measurable biophysical parameters,
such as LAI. By combining the weights of the red and nearinfrared bands, our model can obtain structural information
by retrieving biophysical parameters from the physical BRDF
model and a number of bidirectional observations [13].
Gao et al. [6] calculated SSI as follows:
 nir red 
/fgeo
SSI = ln fvol

(4)

nir
where fvol
is the volumetric kernel weight at the near-infrared
red
band, and fgeo
is the geometric kernel weight at the red spectral band.
d’Entremont et al. [4] proposed the normalized difference
f-index (NDFI), which was based on the normalized difference
of fvol and fgeo as follows:

NDFI =

fvol − fgeo
.
fvol + fgeo

(5)

In this paper, the structural parameter-sensitive index (SPEI)
is defined for crop LAD identification, which was based on the
nir
),
weight of near-infrared band for the volumetric kernel (fvol
red
the weight of red band for the geometric kernel (fgeo ), and the
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Fig. 4. Different crop LAD variety fields located in the AMTIS image.

weight of near-infrared band for the constant corresponding to
nir
) as follows:
isotropic reflectance (fiso
SPEI = OA/OAL
nir
OA = fvol
−
nir
OAL = fvol
+

nir
fiso
red
− fgeo
10
nir
fiso
red
− fgeo
.
10

(6)

For the vegetation canopy, the high leaf transmittance observation in the near-infrared band results in high multiple scattering within the canopy and decreases the reflectance anisotropy.
nir
,
The features of LAI are therefore best described by nadir fiso
while the features of LAI and leaf LAD are best described
nir
, and soil information is best described by nadir
by nadir fvol
red
fgeo . The value of OA indicated the crop LAD and leaf-LAD
information, and the value of OAL indicated the crop LAD,
leaf-LAD, and LAI information. By reasonably combining the
nir
nir
red
, fiso
, and fgeo
kernels’ weights, we can detect the differfvol
ences of crop LAD.
The LAI value of horizontal LAD varieties (e.g., ZY9507)
is 3.5 and that of erectophile LAD varieties (e.g., J411) is 3.8,
which had almost the same LAI value (Fig. 4). The observation
conditions for ZY9507 and J411 are described in Table III. The
data are used for the semiempirical-BRDF-model parameter
inversion observed for four times at different solar azimuth
angles and different observation azimuth angles. The inversion
result of kernel parameters for erectophile LAD variety J411
and horizontal LAD variety ZY9507 is shown in Table IV. The
value of fiso between different crop LAD varieties is similar,
but the value of fvol and fgeo between different crop LAD
varieties was different. The value of fvol for ZY9507 is more
than that of J411 at the visible and near-infrared bands, and
the value of fgeo for ZY9507 is less than that of J411 at the
visible and near-infrared bands. This phenomenon is caused
by the ground covering percentages difference caused by LAD,
because the horizontal LAD variety ZY9507 has more ground
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TABLE III
DESCRIPTION OF OBSERVATION CONDITIONS FOR DIFFERENT LAD VARIETIES AT ERECTING STAGE (ON APRIL 17, 2005)

TABLE IV
INVERSION RESULT OF KERNEL PARAMETERS FOR DIFFERENT LAD VARIETIES AT ERECTING STAGE (ON APRIL 17, 2005)

TABLE V
COMPARISON OF SPEI, SSI, AND NDFI INDEXES FOR
DIFFERENT LAD VARIETIES

The SPEI, SSI, and NDFI indexes for erectophile LAD variety J411 at red band 680 nm and near-infrared band 800 nm are
defined as the referenced value. The kernel index for erectophile
LAD variety J411 at red band 680 nm and near-infrared band
1100 nm, and that of horizontal LAD variety ZY9507 at red
band 680 nm and near-infrared band 800 nm (1100 nm) is
defined as the variable value. The RER is defined as
RER =

covering percentages than erectophile LAD variety J411 under
almost the same LAI value [12].
The semiempirical-BRDF-model parameter-inversion results
are derived from SPEI, SSI, and NDFI index for different crop
LAD varieties (Table V).

the variable value − the referenced value
×100. (7)
the variable value

The RER value of different kernel indexes at different
wavebands for the same variety is SPEI > SSI > NDFI. The
RER value for different crop LAD is SPEI > SSI > NDFI. As
mentioned above, the RER value of the kernel index for crop
LAD identification is SPEI > SSI > NDFI under almost the
same LAI conditions. SPEI is proved to be more sensitive (the
maximal RER value) to identify the crop LAD than SSI and
NDFI does. Thus, SPEI can be used to distinguish the different
crop LAD varieties.
The different crop LAD varieties are located in the AMTIS
images as in Fig. 3. The field of NW1 is cultivated with horizontal LAD varieties ZY9507 and JD8. The NW2 is cultivated
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TABLE VI
LAI AND SOWING DATA FOR DIFFERENT VARIETIES
IN THE AMTIS I MAGE

with erectophile LAD varieties J411 and P7. NW3, NW4, and
NW5 are cultivated with erectophile LAD varieties I-93 and
horizontal LAD varieties LK 2 (Table VI).
The identification of different LAD varieties by the SSI,
NDFI, and SPEI spectral indexes is shown in Fig. 5. Mapping the AMTIS image is done by SSI [Fig. 5(a)], by NDFI
[Fig. 5(b)], and by SPEI [Fig. 5(c)]. The SSI index can distinguish crops from buildings very well but cannot distinguish different crop LAD varieties. The NDFI index cannot distinguish
among crops, buildings, and the different crop LAD varieties.
SPEI can distinguish different crop LAD varieties (erectophile
and horizontal LAD varieties) very well. Comparing the mapping result by SSI, NDFI, and SPEI for AMTIS image of winter
wheat at the erecting stage, SPEI was the best spectral index for
crop LAD identification.
IV. D ISCUSSION
Because this paper was carried out under almost the same
ecological conditions, and because the selected varieties were
limited, the results cannot be applied directly to different
ecological conditions and other varieties. Studies on how environmental conditions influence the different LAD variety
identifications should be carried out later. Our method contributes to developing optimal procedures for identifying different LAD varieties through the analysis of canopy reflectance
at 800 nm for large areas at the erecting and elongation stages.
With the results of this paper, multiangle spaceborne sensors
can be developed with a view angle of 15◦ , 30◦ , and 45◦ at
visible and near-infrared bands. Our results allow an on-site
and nonsampling mode of crop LAD identification, which is
useful in using remote sensing for crop-growth monitoring,
fertilizing, and water management without a priori knowledge.
Moreover, a careful analysis should be carried out to investigate
the effects of bandwidth. Further studies are needed to confirm
and improve the results mentioned in this paper.
V. C ONCLUSION
The canopy reflectance of different LAD varieties has significant differences between their erecting stage and elongation
stage. Different LAD varieties have similar canopy reflectance
in the red band (680 nm) and near-infrared band (800 nm) at
the erecting stage, while they have significant differences at the
elongation stage. The canopy reflectance of horizontal LAD
varieties was lower than that of erectophile LAD varieties in

Fig. 5. Identification of different crop LAD varieties by SSI, NDFI, and
SPEI spectral indexes in year 2004. (a) Mapping AMTIS image by SSI index.
(b) Mapping AMTIS image by NDFI index. (c) Mapping AMTIS image by
SPEI index.

the red band, but it is higher than that of the erectophile LAD
varieties in the near-infrared band.
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The SPEI is proved to be more sensitive to identify erectophile, planophile, and horizontal LAD varieties than the SSI
and the NDFI.
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