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Retrieving crop fractional cover and LAI based on airborne Lidar data
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Abstract: Light detection and ranging (Lidar) point cloud data contains the information of the 3D coordinate and intensity,

which can be applied to acquire the height of crown, fractional cover efc. in high-statue vegetation, such as the forest. Mean-

while, with the improvement of data storage capacity and processing speed, small footprint airborne Lidar is able to store the

entire reflected waveform through digitally sampling, which expands the application of Lidar. However, the methods used in for-

est are not suitable for shrubs, crops and other low canopies. In this paper, we choose the cron as the study object, and propose a

crop fractional cover and leaf area index (LAI) retrieval method using airborne Lidar intensity of ground hits and the distance and

zenith angle information contained in waveforms data. Relevant fight experiment and ground measurements in Heihe indicate

that the method is reliable, and the experiment also validates the great potential for Lidar to be applied to monitor low natural

vegetation in agriculture.
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1 INTRODUCTION

Vegetation canopy plays a key role in the carbon-cycle and en-
ergy transfer. Vegetation structural parameters, such as fractional
cover, and leaf area index (LAI), serve as critical inputs or param-
eters in driving ecosystem-related models, such as biogeochemical
and crop yield estimation models (Bonan, 1993; Fan & Xu, 2005;
Morsdorf, et al., 2006), and also for the region or global climate
models and monitoring the global change (Avissar & Pielke, 1989;
Weiss & Baret, 1999). Crops are a typical kind of vegetation cover
and it is very important to gain the fractional cover and LAI accu-
rately for crop yield and growing monitoring.

Typically, approaches to retrieving fractional cover and LAI from
optical images can be categorized into two groups, regression models
(Cohen, et al., 2003; Colombo, et al., 2003) and radiative transfer
models (Kotz, et al., 2004; Schlerf, et al., 2006). But both groups of
retrieval models fail to work appropriately when we have to estimate
these structural variables such as LAI at the high values, primarily
due to the saturation of optical signals for canopies with large LAI
(Morsdorf, et al., 2006). In contrast, the airborne laser system as an
active sensor, using the objects’ backscatter characteristic, can ac-
curately acquire the 3D coordinates and echo intensity of the ground
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points. These information allows explicitly retrieve the fractional
cover, LAI and canopy height of forest and much progress has been
made recently (Andersen, et al., 2005; Lefsky, et al., 1999; Means, et
al., 1999; Solberg, et al., 2009; Zhao, et al., 2009).

Although considerable successes have been documented in
deploying Lidar to map forest ecosystems, these methods are not
suitable for low-statute vegetation like croplands and grasslands.
It is necessary to classify the points into ground points and vegeta-
tion points in retrieving the fractional cover and LAI. Three types
of methods are often adopted in previous research on Lidar remote
sensing of forests. Separating vegetation and ground echoes is
based on: (1) a height threshold relative to a digital terrain model
(Morsdorf, et al., 2006; Solberg, et al., 2009); (2) the echo types
such as the first echo, last echo and single echo (Sasaki, ef al.,
2008); (3) the intensity information (Bao, et al., 2008). All the re-
trieval structural parameters methods are based on classifying the
points, taking the point as one sampling of the ground or vegeta-
tion. However, for the low canopy vegetation such as the crops, all
leaves gathered at the center, so the area of leaf is not large enough
at any height. Consequently, the energy reflected by the crop will
not be recorded by the sensor. Thus most of the points are reflected
by the ground. For this reason retrieving fractional cover by calcu-
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lating the ratio of ground echo and vegetation echo will miss much
vegetation information.

For small-footprint Lidar, the diameter is less than 1 m, so most
pluses can penetrate through the canopy and are recorded as ground
echoes by Lidar system. Moreover, sometimes there are some veg-
etation echoes for the dense vegetation. In the cropland, the ground
echo is weakened by the vegetation before reaching the ground.
Thus, the ground echo contains both vegetation information and
soil information. Based on this characteristic, choosing the corn as
the object, we propose a new method to acquire vegetation infor-
mation and then retrieve fractional cover and LAI.

2 MATERIALS
2.1 Study site

The experimental region is the Yingke oasis located near
Zhangye City, Gansu Province, in the middle reach of the Heihe
River Basin (37°45'N—42°40'N, 97°42'E—102°04'E), which is the
second largest inland river basin in China. The site is surrounded
by mountains around valley, and mainly influenced by the climate
in high-altitude cloud circulation control and polar cold air mass.
Climate is dry and the precipitation is scarce but concentrated.
There are many crops and forest distributed on the irrigated oasis,
which is on the alluvial fan and alluvial plain in the middle Heihe
river. The study area is the yingke oasis (100.411°E, 38.857°N), lo-
cated in the north of Zhangye City. In the study area, main vegeta-
tion includes corn, wheat, barley, and flax, and some orchard, few
roads stretching and residents living here. The landscape pattern
and composition of plant communities for this region can be found
at this website: [2011-02] http://heihe.westgis.ac.cn .

2.2 Lidar data

The data, used in this paper, was acquired on 2008-06-20. An
airborne laser scan flight was carried out in the study area. The
airborne laser scanning system (LiteMapper-5600) is developed by
the German company Ingenier-Gesellschaft fur Interfaces (IGI).
The laser scanner is RIEGL LMS-Q560, with laser wavelength of
1550 nm, and laser pulse length of 3.0 ns, and laser beam diver-
gence of 0.5 mrad. Lidar point cloud data uses WGS84 coordinate
system, and a universal transverse Mercator (UTM) projection with
47 belt in northern hemisphere. The flight altitude is 700 m above
the ground and the footprint diameter is about 0.35 m, which is
small so that the pulse can easily get through some sparse farm-
land and completely reach the ground. In this paper, both point
cloud and full waveform data are used. For point cloud, the system
records three types of echo, first echo, last echo and single echo (first
echo=last echo), with point density of 0.81 points per square meter.
The full waveform data contains information about the scanning
angle, time interval between launch wave and reflection wave.

2.3 Field data

Four corn fields on the flight were selected as the sampling fields,
and were sampled on 2008-06-21. The fractional cover was measured
using a Nikon Coolpix 8400 camera. Method for LAI acquisition uses
the Yao’s method (Yao, ef al., 2010). According the corn growth, we
chose the corns from the other corn fields with similar growth condi-
tions , and then measured the leaf area by LAI-3000 to determine LAI.

Each sample has precise GPS positioning data. Fig. 1 is the distribution
of Lidar research area and validation sample area.

(a) (b)

Fig. 1 Description of research area
(a) The whole research area; (b) The field area of four plots

3 PRINCIPLE AND METHOD
3.1 Theoretical background

Lidar launches a pulse in a short time. When meeting obstacles,
the pluse will return. If the return energy is larger than the threshold
of the system, the system will record it as one point, including 3D
and intensity information.

Point cloud intensity is influenced by many factors, such as re-
flectance of the target, target-sensor distance, scanning zenith angle,
and atmospheric condition (Donoghue, ef al., 2007). Nevertheless,
when the points are gained by the same flight, the moisture content
and roughness of soil, and even the atmospheric condition are very
similar.

According to Wagner, the received energy can be specified by
the Eq. (1) (Bao, et al., 2008; Wagner, et al., 2006)

PDp
)= 47;R4 5 N gys Mam 4, Q)

t
where P,and P, are the received and transmitted laser energy re-

spectively, R the sensor-target distance, f, the laser-beam diver-
gence, D, the diameter of the receiver aperture, p the reflectance of
the target surface, 7and 7,,, the system and atmospheric transmis-
sion factors, respectively, and 4, the illuminated target area.

Laser pulse can penetrate vegetation and reach the ground. At
the same time, the system records different echoes according to the
return time (Sui & Zhang, 2006). As a distance between ground and
crop, the ground echoes recorded by the system will not contain
vegetation information. If a laser pulse hits on the bare ground, its
echo will be reflected entirely from the ground for the full footprint.
In such a case, the target area equalizes the footprint size. In veg-
etation coverage area such as croplands, for a pulse, a part of the
footprint is intercepted by vegetative components such as leaves
and stems before the pulse reaches the ground. Therefore, only
the remaining part of the footprint is able to arrive at the ground
without being collided. Let 4, be the illuminated area of non-

max
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vegetated ground and P, the corresponding received energy. Let
A, be the ground area illuminated directly by the laser pulse through
a vegetation layer and P, the received energy for the corresponding
ground echo. Then

RDp
4 n2 ']sys ']atm
P 4nR'B 4
Sl _g g % g (2)
P BDIp -
4n &?‘ax B t2 775ys natm

In the study area, the variability of p can be very low, because
the angle on non-principal plane is less than 30°, according to the
field measured BRDF. Furthermore, P, D,, B, , 1, and 7, are only
affected by the system and scanning environment, and the variabil-
ity of these parameters is low enough during one flight. Meanwhile,
R can be acquired from full waveform data.

4,  PBxR
4P xR 3)

The left side of Eq. (3) is the gap fraction (fy,,) for a pulse sam-
pling.
The value of intensity and the received energy has a linear rela-
tionship (Langford, ez al., 2006), so
4
Jow = A IgXiRi “
A4 I xR

max a; ‘max

where /, and /,

max

represent the intensity, corresponding with 4, and
A, » TESpectively.

We divided the study area into 5 m x 5 m grids, where there
may be a number of () ground echoes, and the gap fraction f,,, for
one grid then can be approximated by

1, 1 IgxR,
RS oL S e 5
fgp n;fgpj n= [maxXRI::ax ( )

where 7 is the count of points in one grid, f',,, 1, and R, are the
gap fraction, the intensity and the sensor-target distance of the ;"
ground echo, respectively.

3.2 Full waveform

The attributes of each Lidar pulse are stored in a file, suffixed
for “.LGC” (Li & Ma, 2008). From the file, the sensor-target dis-
tance (R), scanning zenith angle (#) can be calculated by the fol-
lowing equation.

R = WFOFFSETxd (6)
0 = arccos [$] @)
JdE* +dN? + dH*?

WFOFFSET is the time offset between the launch pluse and the
return pluse, d is the sampling distance with a value of 0.149855 m.
dE , dN , dH are the differential of the sampling units, and dH is a
negative value.

3.3 Calculation of gap fraction

Calculating gap fraction using Eq. (4) and Eq. (5) requires
ground echoes, which should be separated from vegetation echoes
firstly and conducted using a professional software. TerraSolid is
a product dealing with the Lidar data of Finland TerraSolid com-
pany, running at Microstation SE/JTM platform. TerraScan, one of

TerraSolid software, can read and deal with the Lidar point cloud,
and classify the points according to the coordinate, intensity etc.,
ensures to separate the ground points from the vegetation points
(Zhang, et al., 2009).

In this paper, the ground points in the corn field are extracted,
using the digital surface model (DSM) and digital elevation model
(DEM) method (He, ef al., 2009) and the classification results of
visible image.

(1) Generating DEM: TerraScan offers the function model
for classifying the ground points. The algorithm principle firstly
chooses some low points, according to the area of max building to
serve them as land surface points. And then, it repeatedly builds
the triangle-net to gain the ground points (Guan & Li, 2009). After
gaining the ground points, it uses the TerraScan software to gener-
ate and interpolate the ground points into 1 m resolution DEM.

(2) Generating the DSM: transforming the point cloud into grid,
when there have multiple points, using the max value as the pixel
value. When the pixel value equals to 0, using the average value
around the pixel interpolates the grid data. And then getting 1 m
resolution DSM.

(3) Separating the cropland: generating the canopy height model
(CHM) by DSM minus DEM. For a 3x3 window, if the central
pixel is the minimum, let the pixel value equal to the average of the
window. Furthermore, according to prior knowledge, if the CHM is
less than 2.5 m, the points in the grid are the crop points. And then,
we can get the Lidar points in the cropland.

(4) Gaining the points in the corn field: generating the corn clas-
sification with an accuracy of 90%, using 10 m resolution SPOT 5
image (2008-07-04), by the maximum likelihood method. Accord-
ing to the longitude and latitude of the classification results, the
Lidar points in the corn field can be extracted.

(5) Gaining the ground points in the corn field: using the Ter-
raScan to extract the ground points in the corn field.

(6) Calculating the value of I, x R’

max

for every point. Accord-
ing to the longitude and latitude, the indensity / and sensor-target
distance R of every point can be gained. As usual, the points in the
middle of the classification results can be considered as the pure
pixels, considering the maximum likelihood classification’s ac-
curacy and features. For the huge number of points, we choose the
first one hundred points according to the value of 1, x R}, by size,
and then use the average as the I, x R} value. We use the average
of these one hundred points as the value 7, x R? of pure pixel. At
last, we calculate the gap fraction for the whole flight line, by the

Eq. (4) and Eq. (5) .
3.4 Retrieval of fractional cover

After gap fraction calculated, the fractional cover is computed
from Eq. (8) as
Joster T~ T ®)
3.5 Retrieval of LAI
The probability of photons directly reaching the ground repre-

sents canopy transmittance:

—AU»S»LAI

T,=e * ©)
where 4, is the Nilson parameter considering vegetation clump-
ing effect, G is the mean projection of a unit of leaf area into the
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plane perpendicular to the incident laser direction, x is the cosine
of the zenith angle. Canopy transmittance (7,) equals to the gap
fraction ( f,).
e Cial

Fop S 8> (10)
where u can be calculated by the scanning angle. G and 4, can be
inferred from the prior knowledge. Accordingly, LAI can be calcu-
lated by simply inverting Eq. (11)

In(f,,,) u
-G

LAI=— (11)

4 RESULT AND ANALYSIS
4.1 Retrieval of fractional cover

According to the methods above, retrieve the fractional cover of
corn by the 5 mx5 m grid (Fig. 2)

(2) (©)

Fig.2 Retrieval results of corn fractional cover derived from Lidar data
(a) The whole research area; (b) The field area of four plots

Calculate the average fractional cover for each plot. Table 1 is
the fractional cover retrieved from Lidar data and field data. Fig. 3
is the statistical result of the whole research area (the whole flight),
and the black line in the figure represents the distribution of the
validation data.

Table 1 Comparisons of fractional cover between those derived
from Lidar and field measurements for the four corn fields

Field measurements
Absolute  Relative

Lidar results

Plots

Standard Standard ~ error error/%
Average . Average o
deviation deviation
1 0.651 0.024 0.654 0.049 0.003 0.459
2 0.630 0.030 0.625 0.000 0.005 0.800
3 0.589 0.038 0.600 0.012 0.011 1.833
4 0.573 0.018 0.515 0.035 0.058 11.262

pixel number

Oﬁ I L |
0.00 0.20 0.40 0.60 0.80 1.00

fractional cover

field data distribution ¢ Lidar result

Fig. 3 Fractional cover statistical results of the whole study area

From Table 1, it is clear that the fractional cover of Lidar and
filed data agree well, and only the 4" plot has a relative large error.
The reason is that the tiny difference of soil condition and the
scanning angle, may cause different soil BRDF, resulting in the
retrieval error.

In Fig. 3, there are more than 80% retrieval result points distrib-
uting in the range of field data. That is because the similar growth
conditions for the same crop in the same region. The unusual val-
ues maybe caused by classification results. Actually, the fractional
cover maybe zero for the roads, and in contra the fractional cover is
larger than corn for wheat and orchard.

4.2 Retrieval of LAI

Corn leaf shows a sphere distribution, so G=0.5 can be used
as the prior knowledge. Meanwhile, 4, dependents on the scan-
ning angle, width of the row, distance of the two rows, canopy
height and LAL In this paper, calculate 4, under different view
angles According to the field structural parameters of corn (Yan,
et al., 2010), as Fig. 4. According to the gap fraction, the scanning
angle and 4,, the plots LAI can be retrieved by Eq. (11). For the
four plots, the average of each pixel LAI is the plot LAIL as Fig. 5.
Table 2 is the LAI retrieved from Lidar data and field data. Fig.
6 is the statistical result of the whole research area (the whole
flight), and the black line in the figure represents the distribution
of the field data.

1.00

Nilson parameter
(=]
0
W

0-70 20 40 60 80

zenith angle/(°)

Fig. 4 The relationship between Nilson parameter and view zenith angle
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Fig. 5 Retrieval results of corn LAI derived from Lidar data
(a) The whole research area; (b) The field area of four plots

Table 2 Comparisons of LAI between those derived from Lidar
and field measurements for the four corn fields

Lidar results Field measurements
Plots Standard Standard Absolute Relative
Average ta{l % Average tar-1 ar error error /%
deviation deviation
1 2.49 0.25 2.295 0.518 0.195 8.5
2 2.34 0.24 2.04 0.249 0.3 14.7
3 1.92 0.68 1.98 0.345 0.06 3
4 2.15 0.21 2.3 0 0.15 6.5
8000 —
6000
3
£
£ 4000 -
=
o)
B
&~ 2000
| L s

0 |
0.3 1.2 2.0 2.9 3.7 4.5 5.4
LAI

field data distribution ¢ Lidar result

Fig. 6 LAI statistical result of the whole study area

From Table 2, it is clear that the LAI of Lidar and filed data
agree well, and only that the 2" plot has a relative large error. There
are two reasons for the error, including fractional cover and A,. The
retrieval error of fractional cover will transfer to LAI. Meanwhile,
many factors will affect 4., such as G, width of the row, distance of
the two rows, canopy height, LAI and the height of flight. In this
paper, 4, is determined by the field data, which only reduces the
error for different scanning angle. So the error may not be avoid-
able for ,. Actually, as shown in Fig. 4, for row crop, view angle
is one of the important influence factors for 4, When other factors
are equal, the 4, considering the view angle is more close to the real 4.

Compared with using /4, as a fixed value traditionally which com-
pletely without consider the influence of angle for 4, the method
used in this paper can give better LAI estimates.

In Fig. 6, there are more than 80% retrieval points distributing
in the range of field data, for LAI. Apart from the classification er-
ror, the distribution is reasonable with the corn growth.

5 CONCLUSION

In this study, the mechanism of airborne Lidar scanning was an-
alyzed, and the Lidar point cloud and full waveform data were used
to retrieve the fractional cover and LAI in cropland. According to
equation, the gap fraction is gained from the intensity information
of ground echoes. Then the fractional cover and LAI of the whole
flight line were retrieved. Field validation shows that the method
can accurately retrieve these parameters of crop fields.

Classifying the Lidar point cloud is a difficult issue. And mean-
while, when get the pure ground echoes of the corn field, we need
a higher accuracy of classification. In this paper, firstly using the
method of DSM and DEM to get the canopy heigh model, and after
that, filter the points using the visible image classification. Finally,
Lidar points in corn field are extracted.

In this paper, we choosed corn field as study objects to retrieve
fractional cover and LAI. Meanwhile, the method is proposed for
the low canopy vegetation. Results show that retrieving fractional
cover and LAI with high accuracy and resolution is possible using
the Lidar data. In the future, Lidar will have extensive applications
for precision agriculture and other agricultural production.
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