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Inversion of forest canopy height in south of China by integrating
GLAS and MERSI: The case of Jiangxi province in China
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Abstract: For inversion of forest canopy height in large scale, it is of great significance to integrate space-borne Lidar and opti-
cal remote sensing data effectively. The homemade satellite will provide a plentiful datum for forest ecological researches. In this
paper, the processing of GLAS waveform data and the algorithm of forest canopy height in different terrain were implemented.
The GLAS + MERSI joint inversion model of canopy height of different forest types in regional scale was established and used
to map the forest canopy height of Jiangxi province. Overall, high accuracy was observed for the canopy height estimated by
GLAS + MERSI joint inversion model with R*=0.733 for the needle-leaf forest, following by the broadleaf forest (R’=0.610).
The results showed that the established model was workable. It was found that the GLAS + MERSI joint inversion model which
considers the optical remote sensing of biophysical parameters can provide good estimates of forest canopy height at regional
scale. The space distribution characteristic was found consistent with the data of land cover.
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1 INTRODUCTION

Forest vertical structure (height, leaf area index (LAI)
etc.) and biomass are the sensitive parameters in the carbon
cycle studies. The traditional methods of forest parameters
measurement have some limitations in large scale. However,
due to the direct measurement capability with high precision
on the forest vertical structure, Lidar technology shows un-
surpassed advantages in the measurement of forestry ecologi-
cal parameters.

In recent years, many researches (Nilson, 1996; Means,
et al., 1999; Lefsky, et al., 1997, 1999, 2002, 2005; Hudak,
et al., 2002; Hyde. et al., 2005) have developed some Lidar’s
algorithms for the estimation of forest parameters. These
studies greatly promote the Lidar applications in forestry
ecological fields. Vegetation Canopy LIDAR (VCL) system
program has already been proposed by NASA-GSFC and
the university of Maryland. Many experiments have been
conducted in US, Canada and Australia. The vertical struc-
ture and fraction of coverage of the temperate and tropical
forests have been successful inversed in these experi-
ments. Sun and Ranson (2000) found that laser wave can
well reflect forest vertical structure by integrating the for-
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est growth model and the wave simulation model. Lefsky, et al.
(1997) developed an artificial means to testing the ground wave
for estimation of the tree height. Hyde, et al. (2005) developed
an automated testing strategy of the ground and crown waves,
which greatly enhanced the laser application prospect in canopy
height measurement.

In China, Pang, et al. (2006a, 2007) provided the theoretical
simulation on the complete waveforms of the big footprint Lidar
system. Sun, et al. (2008) made the evaluation on the Icesat-GLAS
land data. Dong (2008) proposed a centroid-terrain index algorithm
by modifying the terrain index algorithm (Lefsky, ef al., 1997) and
applied it into the research of forest canopy height and biomass in
the steeply sloping areas.

Due to discrete items for Lidar data, it is needed to combine
grid remote sensing data for inversion of the forest parameters in
regional scale. Lefsky, ef al. (2001) pointed out that in spite of the
laser radar being sample data, it will greatly enhance the forestry
measurement by integrating other grid remote sensing data owing
to the very high precision. At present, combining Lidar data with
optical, multi-angular and microwave remote sensing data is
an effective inversion way of canopy height and biomass in re-
gional scale (Sun, et al., 2000; Pang, et al., 2006b, 2008; Dong,
et al.,2009).
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In this study, the mainly forest reserves in Jiangxi province in
south of China was selected as the experimental area and the field
survey was conducted in October 2009. Based on the processing of
the wave data at GLAS foot and the algorithm of canopy height in
different terrains, the forest canopy height on GLAS foot were in-
versed successfully. And the forest canopy height of different types
in regional scale was also inversed by the joint inversion model
combining GLAS and FY3A/MERSI data. The forest canopy
height in Jiangxi province has been mapped.

2 STUDY AREA AND DATA
2.1 Study Area

Jiangxi province is one of the main regions of forest reserves
in the middle and lower reaches of Yangtse River. It is located in
113°58'E—118°48'E, 24°48' N—30°07'N, and covers an area of
approximately 16.69x10* km”. The altitude is about 300—600 m. It
belongs to mid-subtropical and subtropical zone forest ecosystems.
There are about 36 natural forest ecosystems reserves. Its total area
is approximately 2.13x10° ha. The forest vegetation is mainly clas-
sified into five types: Subtropical and Tropical evergreen broad-
leaved forest, Temperate Zone deciduous broad-leaved forest,
Frigid Zone coniferous forest and mingled forests and shrubbery.
Most of the forest is the natural secondary forest and the coverage
rate of forest is about 60.05%. The vertical distribution character
of forest vegetation in hilly and mountain regions is obvious. The
vertical distribution regularity from low to high altitude is as fol-
lows: moso bamboo, evergreen broad-leaved forest, coniferous and
broad-leaved mingled forests, coniferous forests, montane moss
elfin forest, and alpine bush meadow. The main landscape type is
mountain and hills, and mountainous area accounts for 36%, the
hilly area accounts for 42%, plain and hummock (include waters)
accounts for the remain 22%.

2.2 Data

2.2.1 GLAS data

The scientific and testing satellite of the United States called
ICESat was launched on 2003-01-12. It was a spaceborne, wave-
form sampling Lidar satellite which is used for measuring and
monitoring ice sheet and land topography as well as cloud, atmos-
pheric, and vegetation properties. The Geo-science Laser Altimeter
System (GLAS) instrument on aboard ICESat with three laser
instruments performs the observation mission with 91 d repetitive
orbital scheme (every 33 d). The distance between two adjacent
orbital was 15 km near the equator and 2.5 km in 80°N. For maxi-
mum covering the polar region, the different periods of time in
every year were chosen. The laser spot diameter was 70 m and the
intervals distance between two spots was 175 m (Brenner, ef al.,
2002). It provides value sample data of the vegetation height
with high vertical resolution. The waveforms with vegetation
vertical structure information in 1064 nm waveband will be
able to evaluate the vegetation and biomass distribution better
(Zwally, et al., 2002).

In this study, GLAO1 and GLA14 data from L3F (May—June,
2008) were used. GLAS data in study areas was shown in Fig. 1.
The field sample area of LAI and foundation Lidar were shown in
lower right small figure.
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Fig. 1 MERSI+GLAS data and distribution of
field sample area in Jiangxi province

2.2.2 FY3A4-MERSI data

FengYun-3 (FY-3) was the second generation polar-orbiting
meteorological satellite series of China. The first satellite named
FY-3A of this series was launched on 2008-05-27. The new genera-
tion satellites series were to provide three-dimensional, quantita-
tive, multi-spectrum global remote sensing data under all weather
conditions, which will greatly help the operational numerical
weather prediction, global change research, climate diagnostics and
prediction, and natural disasters monitoring (Yang, ef al., 2009).
Observations from all of the 11 instruments on aboard this satel-
lite were broadcast on L and X bands. Meanwhile, FY-3A Medium
Resolution Spectral Imager (MERSI) was similar with MODIS in
spatial resolutions (0.25—1.0 km). And there were five channels
with 250 m resolution from visible-infrared bands. In this paper,
the MERSI data with a few clouds (<2%) on 2009-08-29 in Jiangxi
province were obtained. The wavelength of the data was between
0.47—0.865 um. Many pre-processing such as geographical cor-
rections, cloud detection, atmospheric correction, and projective
transformation were accomplished (Fig. 1).
2.2.3 Field experiment data

Five sample areas of GLAS footprint in plant area of Jiangxi
province were selected. Due to the foundations lidar instrument
was heavily and hard to taken, these sample sites were all near the
roads. Measurement was accomplished in three different directions
(every 120°) in the 70 m Lidar footprint (In the small figure in Fig.
1). Lidar point clouds data were obtained by the foundations laser
radar scanning instrument (Riegl LMS-Z360i), and the maximum
tree height were extracted by the Lidar software for validation. Un-
der given conditions, the scanning scope of the foundations Lidar
was 200 m radius, which matching with GLAS spot size. So, theses
data can be used to validate the inversion results of GLAS. Moreo-
ver, other sample areas with three 10 mx10 m sample sites were
set up along GLAS foot. And many trees parameters measured by
traditional methods in these sample sites were used chiefly for the
coefficients fitting of the algorithm. LAI data of different density
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forest were obtained from the field data measured by Luo, ef al.
(2005) in Xinguo County. In addition, DEM was used to the terrain
index calculation.

3 ALGORITHM AND MODEL

3.1 Algorithm of forest canopy height in GLAS
footprint

Firstly, we process the Lidar return waveforms data in GLAS
footprint (Sun, ef al., 2008; Dong, et al., 2008; Duncanson, ef al.,
2010). The algorithm was mainly composed of the following steps:
extraction of valid waveforms, gauss filtering, noise estimation, and
gauss wave decomposition and fitting, signal beginning and end posi-
tion detection, ground wave position detection and results correction.

After extracting valid waveforms data, smoothing filtering was
realized by using a gauss filter which width was the same as the
laser pulse width (4 ns). The background noises in the beginning
and end of phase were estimated using the histogram method (Sun,
et al., 2008) and the features parameters (mean value and standard
deviations) were also calculated. Then the waveform was fitted ef-
fectively by Levenberg Marquardt nonlinear method, and the wave
peak position of the ground and forest canopy was determined by
gauss wave decomposition (Dong, 2008). The algorithm parameters
were illustrated in Fig. 2.

The beginning and end positions of GLAS wave peak can be
detected using the features parameters through repeated attempts. If
the value was greater than threshold,,(Eq. (1) and Eq. (2)), it was
the beginning position. If the value was lower than threshold.,,, it
was the end position.

threshold,=meanns , t4xsdevns,, (1)
threshold,,,~meanns,+4xsdevns. ., 2)

Finally, the detection method of ground wave peak position was
to search adversely from the end signal. If the distance between the
mainly waves peak position and the end signal was larger than a
half wide of the laser pulse, the wave peak was ground wave peak.

(1) Algorithm and correction of forest canopy height in gently
areas

The return wave length (Range) can be calculated from the po-
sition of forest canopy and ground wave peak. The canopy height
(H) was the product of Range and record interval size (BinSize),
namely,

H=RangexBinSize 3)

In order to overcome the problem of the broadened of ground
wave and the forward broadened of first wave in gentle slope and
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Fig.2 Illustration of GLAS waveform parameters

relatively large roughness areas, the results need to be corrected by
the method of using the distance between SigEnd(0 and SigEnd (Sun,
et al., 2008). The correction result (H,) is,
H=H—(SigEnd-SigEnd0) 4
The end wave expanded from SigEnd0 to SigEnd because of the
impact of terrain; SigEnd0 was the ground wave position plus the
half wide of the laser pulse.
(2) Model of forest canopy height in grater slope areas
Studies show that grater slope can impact greatly on the big
footprint Lidar return wave (Harding, et al., 1994; Heyder, 2005),
leading to difficulty in extracting the tree height from the waveform
directly in grater slope areas. The centroid-terrain index algorithm
has better inversion accuracy of forest canopy height in the grater
slope areas (Dong, 2008) with the following formula,
H=a\(w~a,*gta,l) (5)
where w, is the distance between the centroid and the end wave, the
centroid is the position of half of waveforms area, g is terrain index
in unit of m, / is leading edge of waveform, with unit of m, a,, a,,
a, are all coefficients.

3.2 Calculation of MERSI LAI and Fcover

Taking MERSI vegetation indices (NDVI) as independent vari-
able, the field measured LAI as dependent variable, the relation
model between LAI and NDVI has been established (Eq. (6)).

LAI = axIn(NDVI)+ b 6)

Fraction of forest coverage (Fc) was evaluated using a model
‘pixel bipartition’.

. NDVINDVI,,,
NDVI, -NDVI,

max

@

The validation results of LAI and Fc can be used in the inver-
sion of forest canopy height in regional scale.

3.3 GLAS+MERSI joint model of forest canopy
height in regional scale

For most of plants, the leaf area increases with the plant height
during the vegetation growth. For different species and varieties
of crops, the relationships of conversion between crop height (),
fraction of coverage (Fc) and LAI was proposed by Zhang (1996).

LAI
H=4, F_C )
where H was the plant height; LAI was leaf area index; Fc was the
fraction of coverage; 4,, was the coefficients.

In the forestry ecological study fields, the allometric method us-
ing of the relationship between LAI and the surveyed factors (plant
height and stem diameter) was one of the traditional measurements
method between biomass and LAI. On basic theories, stem and
branches were the collection of the nutrition tube supporting leaves
(Chen, et al., 1997; Dantec, et al., 2000). Studies showed that
height and canopy diameter can reflect the structure characteristics
of vegetation better, consequently, the inversion model of LAI and
aboveground biomass was established intuitively (Jiang & Lu,
1982; Hou, et al., 1994).

In conclusion, the study of correlation between forest height,
LAI and coverage can provide a theoretical basis and reasonable
physical and biological meanings for the space extrapolation of for-
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ests canopy height.

4 RESULT VALIDATION AND ANALYSIS
4.1 MERSI-LAI and coverage results

Using the field surveyed LAl and MERSI NDVI data, the rela-
tional models between LAI and MERSI-NDVT in different density
forest were established. As shown in Table 1, the value of R* in
dense forest was 0.8597. R of middle density forest (0.8 > Fc > 0.4)
was 0.6485. R® of sparse forest was only 0.3538. Hence, a fairly
good correlation existed between LAI and NDVI and it can be used
for LAI calculation. It can be seen from Fig. 3 that the value of LAI
in the southeastern regions of Jiangxi province and around forest

regions of Qianyanzhou ecological experimental and research sta-
tion were the highest.

Table 1 Relationship between LAI and MERSI-NDVI
in different density forests

Density Relationship Model R Sample number
Dense LAI=5.4774xIn(NDVI) + 6.8523 0. 860 8
Middle LAI=2.1817xIn(NDVI) + 3.1055 0. 649 5
Sparse LAI=1.9201xIn(NDVI) + 2.7168 0.354 10
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Fig. 3 Distribution of LAI and coverage of
forest in Jiangxi province

The range of MERSI-LALI in different density forest was dif-
ferent. Statistical analysis on 250 m LAI characteristics derived
from MERSI data found that the value of LAI of needle-leaf forests
ranged from 0.5 to 5.2. And histogram analysis found that the ratio
of LAI ranged from 1 to 5.1 was 96.11%. By contrast, our results
were consistent with the measurement results (1.0—4.0) of Luo, et
al. (2002) and Zhang, et al. (2003). Spatial distribution of LAI was
relatively reasonable.

Compare with MODIS LAI product after MERSI LAI results
were expanded to 1 km resolution, the spatial distribution was basi-
cally consistent between the two models. The absolute difference
of LAI in coniferous forests and broad-leaved forest was within 1.
That of mixed forest was largest because of the error of MODIS
LAI products and the worse relationship between LAI and NDVI in
mixed forest.

Through the forest coverage map, it can be seen that the in-

version result of forest coverage was consistent with the vegeta-

tion distribution in Jiangxi province. Fitted with the measured
coverage data, the value of R* was 0.8, and the error with sample
data was about 0.05 to —0.05. In addition, compared to the meas-
ured results by Sheng (2001) , which the forest coverage value
in sample area of Shangcun wood farm was 0.74, the difference
value with the inversion results of forest coverage (0.769) was
only 0.029.

As a whole, the inversion results of LAI and forest coverage

derived from 250 m MERSI data was more satisfactory and can be
used to subsequent calculation.

4.2 ‘Satellite-ground’ validation of forest canopy

height in GLAS footprint

The forest canopy height in GLAS footprint in Jiangxi province
was demonstrated in Fig. 4.
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Fig. 4 Results of forest canopy height in GLAS footprint

Compared with the forest distribution map, it was found that
the results were well consistent with the vegetation distribution
of study area. The forest regions with heights above 20 m were
mainly located in the northeast, northwest and southern of Jiangxi
province. This was well consistent with the forest biomass distribu-
tion. Moreover, the value of vegetation height in the farmland and
grassland regions was much lower.

In order to verify the accuracy of the forest canopy height ex-
tracted by GLAS waveform data, and to reduce the inaccuracy of

manual estimation, the inversion results of forest canopy height

were compared with the measured results by the ground laser radar
instrument (Fig. 5).

From Fig. 5, except for the largest error of forest canopy height

of sample sites 4, probably due to the large slopes ranged from
20° to 25°, the precision of other results were reasonably good.
By comparing three kinds of measurement technologies, it can be
found that the inversion results of GLAS represents well the maxi-
mum height of sample area; the results measured by the ground
laser radar are different from the position of sample site; the results
measured by manual estimation are most uncertain. Because the
ground laser radar was heavy, and great volume and the processing
of Lidar clouds data were time-consuming, it was difficult to meas-

ure more sample regions. Therefore, these sample areas matching
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Fig. 5 ‘Satellite-ground’ validation of the results of forest canopy heigh

exactly with GLAS footprint were only measured.

On the whole, the inversion results of forest canopy height in
GLAS footprint in Jiangxi province were satisfactory and can be
used for the inversion of forest canopy height in regional scale.

4.3 Forest canopy height in regional scale

The GLAS + MERSI joint inversion model of canopy height
in different forest types were established based on the relationship
between the height and ratio of LAI and Fc (Table 2). Because the
relationship between LAI and NDVI in sparse forest was relatively
poor, its model was not including in Table 2.

Table 2 The GLAS + MERSI joint inversion model of canopy
height in different forest types

Sample

Joint inversion model R’
number

Type / Density

Needle- Dense  HEIGHT=-595.9xIn(LAL/Fc)+989.44  0.792 5

leaved  \fiqdle  HEIGHT=307.37xIn(LALFc) 24223 0.733 7

Broad-  Dense HEIGHT=288.13xIn(LAI/Fc) -443.51  0.616 7

leaved  \fiqdle  HEIGHT=22.494xIn(LAUFc)+73312  0.610 7

. Dense  HEIGHT=673.09xIn(LAI/Fc) —=1064.1  0.413 39
Mixed

forest  \fiddle  HEIGHT=214.63xIn(LA/Fc) ~163.16  0.407 59

Notes: HEIGHT was forest canopy height; LAI and Fc were leaf area index and
coverage from MERSI data, respectively

From Table 2, the joint inversion model of Needle-leaf for-
est was best, with R’ higher than 0.733. Broad-leaved forest was
the second, with R* around 0.61. They all reached 0.01 significant
levels by the means of 7-test. The joint model of mixed forest was
relatively poor. It might be relative to the physical properties of the
LAI and coverage of mixed forest.

The distribution of forest canopy height in study area was ac-
complished using above joint inversion model. Forest canopy
height of study area in regional scale was shown in Fig. 6, and the

white area was none-forest areas. In order to further evaluating the
accuracy, the results were compared with the forest type distribu-
tion map derived from Landsat TM data and found it was consistent
with the forest type distribution in study area. Specifically, it was
obvious that higher value regions of canopy height were located in
Wuyi Mountain branch range of the southern and some forest re-
serves regions. The forest canopy height in Jinggang and Lu Moun-
tain were also relatively high. This was consistent with the distri-
bution of forest biomass and the results of forest canopy height in
GLAS footprint. Further verification work will be continued.
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B 30.0-35.0
| No Forest

Fig. 6 Results of forest canopy height with GLAS + MERSI
joint inversion model
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5 CONCLUSION AND DISCUSSION

Algorithmic of GLAS data processing and inversion models of
forest canopy height in different terrain conditions were detailed
described in this paper. Specially, the joint inversion model inte-
grating GLAS and FY3A-MERSI data was discussed.

(1) The results of forest canopy height on different terrain con-
ditions show good accuracy. The ‘centroid-terrain index’ method
has a wide application prospect in grater slope terrain.

(2) Precision of LAI derived from FY3A-MERSI data was good
and satisfied. The relationship between forest canopy height and the
ratio of LAI and Fc were relatively better. FY3A-MERSI data was
an ideal optical data because of its better availability.

(3) As spatial distribution patterns were concerned, the results of
forest canopy height by GLAS+MERSI joint inversion model was
consistent with the distribution of forest type map. Hence, these
results can be better applied to the quantitative inversion of other
forest biophysics parameters.
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