
A
w

Y
a

b

c

a

A
R
A

K
L
F
I
F
S
C

1

f
a
t
r
i
e
a
e
f
(

w
b
T
D
r
f
e
f

0
d

International Journal of Applied Earth Observation and Geoinformation 12 (2010) 385–392

Contents lists available at ScienceDirect

International Journal of Applied Earth Observation and
Geoinformation

journa l homepage: www.e lsev ier .com/ locate / jag

n improved method for estimating forest canopy height using ICESat-GLAS full
aveform data over sloping terrain: A case study in Changbai mountains, China

anqiu Xinga,∗, Alfred de Gierb, Junjie Zhangc, Lihai Wanga

Centre for Forest Operations and Environment, Northeast Forestry University, No. 26 Hexing Road, 150040 Harbin, Heilongjiang, China
Faculty of Geo-Information Science and Earth Observation (ITC), University of Twente, Hengelosestraat 99, 7500 AA Enschede, The Netherlands
Department of Earth and Space Science and Engineering, York University, 4700 Keele Street, M3J 1P3, Toronto, Canada

r t i c l e i n f o

rticle history:
eceived 27 February 2009
ccepted 28 April 2010

eywords:
iDAR

a b s t r a c t

Light Detection And Ranging (LiDAR) has a unique capability for estimating forest canopy height, which
has a direct relationship with, and can provide better understanding of the aboveground forest carbon
storage. The full waveform data of the large-footprint LiDAR Geoscience Laser Altimeter System (GLAS)
onboard the Ice, Cloud, and land Elevation Satellite (ICESat), combined with field measurements of forest
canopy height, were employed to achieve improved estimates of forest canopy height over sloping terrain
ull waveform
CESat-GLAS
orest canopy height
loping terrain
hangbai mountains

in the Changbai mountains region, China. With analyzing ground-truth experiments, the study proposed
an improved model over Lefsky’s model to predict maximum canopy height using the logarithmic trans-
formation of waveform extent and elevation change as independent variables. While Lefsky’s model
explained 8–89% of maximum canopy height variation in the study area, the improved model explained
56–92% of variation within the 0–30◦ terrain slope category. The results reveal that the improved model
can reduce the mixed effects caused by both sloping terrain and rough land surface, and make a significant

ely es
improvement for accurat

. Introduction

Forests play an important role in the global carbon cycle. They
orm a very large and dynamic global carbon stock, and can act both
s a carbon source, e.g., through deforestation and forest degrada-
ion, and as a sink, for instance through growth, afforestation and
eforestation. Large uncertainties still remain, however, in estimat-
ng forest carbon stock, which need to be studied further (Rayner
t al., 1999; Bousquet et al., 2000). Forest carbon stocks and fluxes,
nd forest biomass are directly related to each other. The accurate
stimation of biomass stocks and fluxes is therefore a prerequisite
or terrestrial carbon accounting and greenhouse gas inventories
Muukkonen and Heiskanen, 2007).

The cool temperate forests, which cover some 10.6% of the
hole of China, are mainly distributed in the northeast (i.e. Chang-

ai mountains, Xiao Xingan mountains) and in the south of the
aihang mountains in China (Holdridge, 1967; Yue et al., 2005).
espite their large area coverage, large uncertainties exist as
egards their functioning including that in the carbon cycle. These
orests have already been affected by the rising temperatures. Yue
t al. (2005) found that the center of the moist cool temperate
orest and the wet cool temperate forest shifted towards the south-

∗ Corresponding author. Tel.: +86 451 82191392; fax: +86 451 82191392.
E-mail address: yanqiuxing@nefu.edu.cn (Y. Xing).

303-2434/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jag.2010.04.010
timating maximum canopy height over sloping terrain.
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east by about 244.4 km and to the southwest by 307.9 km during
the 1980s–1990s, respectively. Meanwhile, the air temperature
increased by about 0.24 ◦C every decade in the area above 35◦N in
China, while the temperature has increased 1.2 ◦C during the last 40
years in the Northeastern China (Zang, 1992; Yan, 1994). This trend
is expected to continue (Chen et al., 2003). Such changes reflect the
great effects of climate change on terrestrial ecosystems in China,
and indicate that the forests in the Northeastern China are changing
under the global climate change.

Forest ecosystems in the Northeastern China comprise various
forest types including evergreen needle-leaved forest, deciduous
needle-leaved forest, deciduous broad-leaved forest, and mixed
forests (Xiao et al., 2002), all displaying considerable quantitative
and spatial variability in biomass stock and density (Fang et al.,
1998). These forest systems play an important role in the global
carbon budget (Zhang and Xu, 2003). The methods developed so
far, however, offer only limited capabilities for evaluating the car-
bon budget, because of the difficulty to accurately estimate biomass
in this mountainous region. Thus, it is important to develop proper
methods and to disseminate successful experiences for the accurate
estimation of forest biomass in Northeastern China.
Remote sensing techniques are commonly employed to moni-
tor terrestrial ecosystems at different temporal and spatial scales
(Brown, 2002). Estimating aboveground forest biomass with con-
ventional optical remote sensing and radar techniques, however,
remains limited, because of signal saturation problems when
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orests have a high biomass density (Dubayah and Drake, 2000;
uong et al., 2008). Remote sensing based on Light Detection And
anging (LiDAR) can overcome the saturation problem and has
reat potential for improving the accuracy of aboveground forest
iomass estimates (Drake et al., 2002; Patenaude et al., 2004). LiDAR
irectly generates information on the vertical forest structure by
easuring the vertical distance between the sensor and a given

arget surface, such as a tree crown using light pulses. Although
ree diameter at breast height (DBH) is the primary variable to esti-

ate aboveground biomass of field plots, Lefsky et al. (1999), Means
t al. (1999), Dubayah and Drake (2000) and Boudreau et al. (2008)
emonstrated that forest canopy height obtained from LiDAR is also
good predictor of forest biomass over large areas.

Large-footprint LiDAR records a continuous stream of data
rom the returned LiDAR pulses, as these pass through the forest
anopy. The large-footprint LiDAR mainly includes two airborne
nstruments, Scanning Lidar Imager of Canopies by Echo Recovery
SLICER) (Harding et al., 2000) and the Laser Vegetation Imaging
ensor (LVIS) (Blair et al., 1999; Kotchenova et al., 2004), and the
paceborne Geoscience Laser Altimeter System (GLAS) carried on
oard the Ice, Cloud and Land Elevation Satellite (ICESat) (Zwally
t al., 2002). The LiDAR waveform is used to estimate the forest
anopy height using the travel time difference between the canopy
op (first return) and the ground (last return) reflections (Harding
t al., 2001; Hudak et al., 2002). In turn, canopy heights have
een successfully used to estimate the stand volume, basal area,
nd aboveground biomass (Drake et al., 2002; Lefsky et al., 2002,
005, 2007; Sun et al., 2008). Total aboveground forest biomass
ould be accurately predicted through large-footprint LiDAR data
p to biomass levels of 1300 Mg/ha (Means et al., 1999), which

s far beyond the normal saturation level of radar, i.e. at around
00–150 t/ha (Imhoff, 1995; Waring et al., 1995). Drake et al. (2002)
ound that vertical canopy profiles from a large-footprint LiDAR
nstrument were closely related with coincident field profiles, and

etrics from LiDAR profiles are also highly correlated (R2 up to
.94) with aboveground biomass across the neotropical landscape.
anopy height of deciduous forest was extracted successfully from
LICER waveforms, and further used for modeling gross primary
roduction (Kotchenova et al., 2004). Hyde et al. (2005, 2006) used
VIS to predict the forest canopy height in the Sierra Nevada moun-
ains of California, and found that the metrics derived from LVIS
aveform data could explain around 60–85% of the variation of
aximum or mean canopy height. Anderson et al. (2006) employed

VIS to measure maximum canopy height (MCH) in the Bartlett
xperimental Forest in central New Hampshire (USA) and showed
hat the LVIS metrics explained up to 80% of the variation of the

aximum canopy height.
The ICESat-GLAS, launched on 13 January 2003, is an instru-

ent designed to measure ice-sheet topography and associated
emporal changes, cloud and atmospheric properties (Zwally et al.,
002). The GLAS’s laser footprint diameter on the Earth’s surface

s nominally 70 m, the space between footprints is about 175 m,
nd the width of the transmitted pulse is 4 nanoseconds, equiva-
ent to 60 cm in surface elevation. Harding et al. (2001) employed
LAS waveforms to compute average forest canopy height profiles,
nd the results revealed variations of important canopy attributes,
uch as maximum height, and the height, depth and relative cover
f the overstorey, midstorey, and understorey layers. Sun et al.
2007) applied GLAS waveforms to estimate the forest canopy
eight in the flat area around the Tahe and Changbai mountains

n Northern China, and found that ICESat-derived forest height

ndices was well correlated to field-measured maximum forest
eight (R2 = 0.75).

Most of these studies on GLAS waveforms, however, focused on
he forests on relatively flat terrain. Experience demonstrates, for
ootprints containing vegetation on slopping terrain, the vegetation
ervation and Geoinformation 12 (2010) 385–392

height distribution will be combined with slope and/or roughness
and the height distribution of canopy components such as living or
dead foliage and woody tissue (Brenner et al., 2003). It therefore is
difficult, without independent knowledge of land cover and surface
relief to interpret waveforms (Harding and Carabajal, 2005). Lefsky
et al. (2005) combined GLAS waveform data and ancillary topo-
graphical data to estimate maximum forest canopy height in three
ecosystems over sloping terrain: tropical broad-leaved forests in
Brazil, temperate broad-leaved forests in Tennessee and temper-
ate needle-leaved forests in Oregon, and they found that the models
could explain 59–69% of the variations of the field-measured forest
canopy heights. Further research on combined LiDAR and topo-
graphic data is therefore needed to better understand the effects
of variations in topographic relief and forest type, and to improve
the results.

This study, based on evaluating the application potential of the
Lefsky’s method (Lefsky et al., 2005), provides an improved method
to increase forest canopy height estimation accuracy using GLAS
waveforms over sloping terrain. The Wangqing forest, a cool tem-
perate forest in China’s Jilin Province and part of the Changbai
mountains, was selected as a study area because of its topography,
forest type variation, and the availability of ICESat-GLAS data, and
also because relatively little is known about forests in Northeast
China.

2. Methods and materials

2.1. Study area

Wangqing forest is located along the border between China
and North Korea (43◦05′–43◦40′N, 18 129◦56′–131◦04′E), and is
approximately 85 km × 60 km in size (Fig. 1). It belongs to the
Changbai mountains forest reserve, one of the most valuable forest
reserves in China due to its rich gene pool of plant species, and to
its altitudinal vegetation zones of the reserve. The reserve is dom-
inated by a cool temperate continental climate with four clearly
defined seasons and a monsoon influence. The mean annual tem-
perature is 3.9 ◦C, and the mean annual precipitation is 438 mm.
About 80% of the terrain has slopes between 0◦ and 45◦ and an alti-
tude between 500 and 1100 m.a.s.l. Forests cover more than 95%
of the study area and the crown density is greater than 60% gener-
ally (Lu et al., 2005). Mixed needle/broad-leaved forests dominate
the area. The dominant species are Korean pine (Pinus koraiensis
Sieb. et Zucc.), Dahurian larch (Larix gmelinii Rupr.), Amur linden
(Tilia amurensis Rupr.), Mongolian oak (Quercus mongolica Fisch.),
Manchurian ash (Fraxinus mandshurica Rupr.) and Maple (Acer
mono Maxim.). The mean forest canopy height is approximately
20 m.

2.2. ICESat data

ICESat offers 15 products (GLA01 to GLA15) of which GLA01
(Global Altimetry Data Product) was used to derive the full wave-
form data and GLA14 (Elevation Data Product) was applied to
visualize the location of the footprints. Within the time period from
21 February 2003 to 27 October 2006, 3512 waveforms with cloud-
free profiles were downloaded from the National Snow and Ice
Data Centre (NSIDC) (http://nsidc.org/data/icesat/, accessed on 30
October 2007).
2.3. Digital elevation model

The digital elevation model (DEM) with a horizontal resolution
of 20 m was obtained to (1) verify the location accuracy of the GLAS
footprints; (2) prepare a terrain slope map that is used to identify
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ig. 1. Map showing the location of Wangqing forest and sampling plots (red trian
his figure legend, the reader is referred to the web version of the article.)

he study sites for footprint sampling plot locations; and (3) deter-
ine the terrain index, which, in line with Lefsky et al. (2005) was

efined as the elevation difference of the ground surface within
ne of three sampling windows (3 × 3, 5 × 5, and 7 × 7 DEM pixels).
hrough comparing, it was found that the correlation between the
levations derived from GLAS and the DEM was 0.99, which indi-
ates that GLAS elevation data can be considered equivalent those
f the DEM data.

.4. Field sampling

The study area was stratified according to DEM-derived slope
lasses and forest type. Based on the standard classification system
f Chinese Academy of Forestry, the terrain slopes were classified
nto 6 categories of 0–5◦ (flat), 5–15◦ (low slope), 15–25◦ (gentle
lope), 25–35◦ (abrupt slope), 35–45◦ (steep slope), and >45◦ (slip-

ery slope). A total of 175 circular, and slope-corrected sampling
lots of 500 m2 each, were allocated in proportion to stratum size.
he centre of the plots coincided with the centre of the ICESat foot-
rints (red triangles in Fig. 1). Four plots had a slope over 30◦ and
ere deleted from the data set.
istribution in Jilin Province, China. (For interpretation of the references to color in

Fieldwork was carried out in September and October of the years
2006 and 2007. A Garmin eTrex global positioning system (GPS)
receiver with a horizontal distance resolution of 10 m was used to
localize the centre of each plot coinciding with the ICESat footprint
centre. Plot enumeration comprised maximum tree height, using a
highly accurate hypsometer (Haglöf VERTEX II) with a height reso-
lution of 0.1 m, tree species, and stem counts of broad-leaved and
needle-leaved trees.

2.5. GLAS waveform processing

The binary data of GLA01 and GLA14 were converted into ASCII
format by IDL reader (NSIDC). The waveform data was converted
from its original recorded 0–255 values into voltage units and
normalized by dividing by the total received energy to allow com-
parison. The normalized waveforms were further smoothed by a

Gaussian filter to remove noise and determine initial estimates
for the waveform parameters. The smoothed waveform was mod-
elled with Gaussian components using the algorithm developed by
Brenner et al. (2003). The details of GLAS waveform processing can
be found in Duong et al. (2006).
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.6. Extracting GLAS waveform extent

Waveform extent was defined as the vertical distance between
he first (signal start) and last (ground return) elevations at which
he waveform energy exceeds a threshold level. The locations of sig-
al start and signal end were determined by locating the leftmost
nd rightmost position in which the amplitude of smoothed wave-
orm just exceeded the background noise threshold. The threshold
as determined by fitting a Gaussian distribution to the peak of

owest energy in a histogram of waveform energy, which identi-
es the mode and standard deviation of background noise in each
aveform. The threshold was set to the noise mode plus 4 times

he standard deviation (Lefsky et al., 2005).

.7. Terrain slope categories

The terrain slopes were re-classified into six categories (0–5◦,
–10◦, 0–15◦, 0–20◦, 0–25◦ and 0–30◦). Cumulative slope categories
ere used instead of single slope classes to allow comparison with
revious studies, especially to Lefsky et al. (2005).

.8. Lefsky’s model for forest maximum canopy height estimation

Lefsky et al. (2005) developed a model to determine maximum
orest canopy height using GLAS waveform extent and terrain index
s variables (Eq. (1)). We named this model Lefsky’s model in our
aper.

= b0(w − b1g) (1)

here H is the maximum canopy height, w is GLAS waveform
xtent, g is the terrain index (ground extent) in meters, b0 is the
oefficient applied to the waveform height index, and b1 is the
oefficient applied to the terrain index (Lefsky et al., 2005). The cor-
elation between each terrain index and the difference between the
LAS waveform extent and the field-measured maximum canopy
eight was used to evaluate each index, and it was found that the
errain index derived from a square 3 × 3 matrix gave the best
rediction of height difference. We therefore employed the 3 × 3
atrix-derived terrain index in Eq. (1). The 171 waveforms from

lopes no more than 30◦ were randomly divided into two sub-
atasets, one with 120 waveforms was used for calibrating Lefsky’s
odel and the other one with 51 waveforms was used for validating

he model.

.9. Improved model for maximum forest canopy height
stimation

Lefsky’s method aims to remove topographic effects on max-
mum forest canopy height estimation, according to Eq. (1). The
quation assumes that the waveform extent is linearly related
o the maximum forest canopy height and that the topographic
mpacts can be eliminated through the terrain index. However, in
ur study area, the land surface relief is very complex within the
CESat footprints due to the combined distribution created by slope
nd complex roughness components. Linearity, therefore, cannot
deally represent the relationship between maximum forest canopy
eight and waveform extent because the waveform extent contains
ixed information from the slope, the roughness, or the reflectance

f the hit surfaces. According to Brenner et al. (2003), we assume
hat the surface relief in a footprint is mixed by a smooth linearly
loping surface and a non-linearly rough flat surface. Therefore it

s hypothesized that the relationship between maximum forest
anopy height and waveform extent can be improved by adding
non-linear term to the equation (Eq. (2)).

= b0[f (w) − b1g] + b2, (2)
Fig. 2. A GLAS waveform example with raw waveform (red), the Gaussian com-
ponents (green) and fitted waveform (dashed black). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

where f (w) is a non-linear function of w, which can be specified by
a statistical approach on basis of ground-truth experiments; b1 is
the scaling factor for the terrain index; b0 is the scaling factor for
the waveform extent, when corrected for the scaled terrain index;
and b2 is the constant to account for the error that is from both the
field measurement and the model fitting itself.

We tested Chapman-Richards, Gompertz, Weibull, and logarith-
mic model, using an iterative procedure for curve fitting to explore
the relationship between waveform extent and measured maxi-
mum forest canopy height. The same sub-datasets as mentioned
above for Lefsky’s model were employed to calibrate and validate
this improved model.

2.10. Model diagnosis

The plot of standardized residuals, in which the horizontal axis
represents the predictions of the independent variable from the
regression model and the vertical axis the standardized residuals,
was employed to evaluate whether the regression model was an
adequate representation of the relationship between the variables.
The standardized residual is defined as in Eq. (3):

ri = ei

std.dev(ei)
(3)

where ri is standardized residual, ei is residual, std.dev(ei) is an
estimate of standard deviation of residuals.

The standardized residual plot in which around 95% of ri are
distributed within [−2, 2] and 99% within [−3, 3] indicates that no
outliers influence the regression results. The scatter plot should not
display any trend along the horizontal axis if the regression model is
adequate to represent the relationship between the variables (Tang
and Li, 2002).

3. Results and discussion

Fig. 2 shows the waveform processing results. Ideally, the left-
most Gaussian component refers to the reflection from the first

reflected surface in the laser footprint, which normally is the tree
top in forest areas. The rightmost Gaussian component refers to the
last return, which is from the ground surface.

Table 1 shows the calibration results of Lefsky’s model, consid-
ering different cumulative slope categories at the significance level
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Fig. 3. Plot of standardized residual against predicted maximum canopy height
(MCH) for the Lefsky’s model in 0–15◦ slope category.

of p = 0.05. The regression equations explain 89%, 62% and 50% of
the variations of the maximum forest canopy height for the cumu-
lative slope categories 0–5◦, 0–10◦ and 0–15◦, respectively. These
results are comparable to those of Lefsky et al. (2005), in which
the regression equation explained 59–68% of the variation of maxi-
mum forest canopy height for similar slope range. The performance
of the regression equations declined, however, with the inclusion of
increasingly steeper slopes in the categories. Lefsky’s model could
only explain 35%, 18% and 8% of the variations of maximum forest
canopy height for the cumulative slope categories of 0–20◦, 0–25◦

and 0–30◦.
The Lefsky’s regression model was validated using the valida-

tion data subset, and the results revealed the correlation between
the measured and the predicted values for all cumulative slope cat-
egories at the significance level p = 0.01. With the sampling size of 9,
21, 30, 41, 48 and 51 for cumulative categories 0–5◦, 0–10◦, 0–15◦,
0–20◦, 0–25◦ and 0–30◦, respectively, the adjusted R2 between
the measured and predicted values is 0.89, 0.71, 0.53, 0.49, 0.41
and 0.37, respectively. The decline of adjusted R2 value must be
attributed to the inclusion of increasingly steeper slopes in the
category.

More than 72% of the forest in our study area has slopes of 0–15◦

(Zhao and Wang, 2007). We therefore evaluated the plot of stan-
dardized residuals of Lefsky’s model for the 0–15◦ slope category
(Fig. 3). The plot shows that more than 95% of points are within [−2,
2] and 100% of points are within [−3, 3], which indicates there are
no outliers contribute to the variation of the regression model. The
plot displays a certain curve trend, however, which indicates that
the regression model should be of a non-linear form.

As hypothesized above, a non-linear relationship between max-
imum forest canopy height and waveform extent can be argued,
because the waveform extent contains mixed information con-
tributed by the roughness, the slope or the reflectance of the hit
surfaces. Exploring the relationship between waveform extent and
measured maximum forest canopy height with Chapman-Richards,
Gompertz, Weibull, and logarithmic model, we found that the loga-
rithmic function of waveform extent explained best the maximum
forest canopy height (H = b(ln w) − a, where H is maximum canopy
height (m), w is the waveform extent (m), a = 5.4586 and b = 8.1507,
R2 = 0.53, F = 1241.774, p = 0.05) (Fig. 4). Thus, Eq. (2) could now be
specified as follows:

H = b0(ln w − b1g) + b2 (4)

Considering the different cumulative slope categories, the cali-

bration results of the improved model are shown in Table 1 at the
significance level of p = 0.05. The improved model could explain
92%, 80% and 74% of the variation of maximum forest canopy
height for the cumulative slope categories of 0–5◦, 0–10◦ and 0–15◦,
respectively. The performance of the improved regression model
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ig. 4. Relationship between waveform extent and measured maximum canopy
eight (MCH).

lso declined as the categories included increasingly steep slopes,
ut nevertheless, the regression model explained 68%, 61% and 56%
f the variation of maximum forest canopy height for cumulative
lope categories of 0–20◦, 0–25◦ and 0–30◦ respectively.

Compared to Lefsky’s model, adjusted R2 of improved model
ncreased by 2%, 17%, 23%, 32%, 42% and 47% for the terrain slope cat-
gories of 0–5◦, 0–10◦, 0–15◦, 0–20◦, 0–25◦ and 0–30◦, respectively
Table 1). Difference tests of correlation coefficients derived from
djusted R2 for pairs of regressions between Lefsky’s model and our
mproved model (Table 1) indicated that there was no significant
ifference (p = 0.05) between the improved model and the Lef-
ky’s model for cumulative slope categories of 0–5◦ and 0–10◦, but
he improved model differed significantly (p = 0.05) from Lefsky’s

odel for the cumulative slope categories of 0–15◦, 0–20◦, 0–25◦

nd 0–30◦. This confirmed that the improved model performed
uch better than Lefsky’s model over sloping terrain. Moreover,

he RMSEs of the improved model were lower than those of Lefsky’s

odel, indicating that the improved model also achieved higher

stimation accuracies than Lefsky’s model.
Using the same validation data subset as did for Lefsky’s regres-

ion model, the validation results (Fig. 5) for the improved model

ig. 5. Scatter plots of the field-measured maximum canopy height (m) against the predi
–10◦ , (c) 0–15◦ , (d) 0–20◦ , (e) 0–25◦ and (f) 0–30◦ . The horizontal and vertical axes repre

nterval, and the dot line is a 1:1 line.
Fig. 6. Plot of standardized residual against predicted maximum canopy height
(MCH) for the improved model in 0–15◦ slope category.

showed strong correlations between the measured and predicted
values for all cumulative slope categories (p = 0.01). The adjusted
R2 between the measured and predicted values is 0.82, 0.71, 0.63,
0.60, 0.52 and 0.49 for the terrain slope categories of 0–5◦, 0–10◦,
0–15◦, 0–20◦, 0–25◦ and 0–30◦, respectively, and declined with cat-
egories that included increasingly steep slopes. The adjusted R2

of the improved model for all cumulative slope categories, except
those of 0–5◦ and 0–10◦, were higher than those of Lefsky’s model,
which indicates again that the improved model performed better
than Lefsky’s model, especially over sloping terrain.

The standardized residual plot of the improved model for the
0–15◦ slope category (Fig. 6) shows that all points are within [−2,
2], which indicates there are no outliers influencing the regres-
sion model. The plot does not display a trend, which indicates that
the improved model properly represents the relationship between
maximum forest canopy height and waveform extent and terrain
index.
As shown in Fig. 5, the independent model validation indicates
for some plots a broadening of the waveform extent in sloping ter-
rain. We also observed a few plots where the predicted values were
less than the field-measured ones. The possible cause for the latter

cted (m) using the improved model for cumulative slope categories of (a) 0–5◦ , (b)
sent measured and predicted values respectively. The dash curve is 95% confidence
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henomenon could be insufficient laser energy reflected from the
op of the tallest tree within the waveform footprint which may not
ave been detected as signal start and thus lead to a smaller wave-

orm extent, and consequently to a lower maximum forest canopy
eight. The time interval between the ICESat data acquisition and
he field survey may also have contributed to this situation. Most
f the ICESat data for our plots were acquired in 2003 and 2004,
hile the fieldwork was carried out in the year 2006 or 2007. Tree

rowth during 2–4 years interval may have lead to inaccuracies in
stimating maximum forest canopy height.

The results show that both Lefsky’s model and the improved
odel can provide estimates with high accuracy for maximum for-

st canopy height within the 0–5◦ terrain slope category, while the
mproved model performs better than Lefsky’s model in complex
elief when slopes over 10◦ are included. The ground information
rovides the evidences for understanding thus results. In plots with

ess than 5◦ slope, the land surface are relatively flat and smooth
ith very few litters, tufts/trunks dispersed, and accordingly the
LAS waveform distortion caused by the terrain relief is minor.
s the result, the maximum forest canopy height can be accu-
ately derived from both Lefsky’s model and the improved model.
owever, when slopes over 10◦ are included, the land surface is

elatively steep and rough with tufts/trunks and composed of solid
urface components (e.g. rocks, sand), which could seriously impact
he LiDAR return pulse and consequently the shape of waveform. In
his case, the improved model might reduce these complex terrain
nfluences through the logarithmic components in the equation and
erforms better than Lefsky’s model. We therefore suggest that, it

s important to evaluate the combined effect of slope and ground
urface roughness for estimating maximum forest canopy height
hrough GLAS full waveform.

. Conclusions

In this study, we developed a method to improve the estima-
ion accuracy of the maximum forest canopy height, using GLAS
aveforms on sloping terrain. The principal results obtained can

e summarized as follows:
The improved model performed better than Lefsky’s model. The

atter explained 89%, 62%, 50%, 35%, 18% and 8% of the variation
f maximum canopy height for the cumulative terrain slope cate-
ories of 0–5◦, 0–10◦, 0–15◦, 0–20◦, 0–25◦ and 0–30◦, respectively.
he improved model explained 92%, 80%, 74%, 68%, 61% and 56% of
he variation of maximum canopy height for the same coincident
umulative terrain slope categories, respectively.

The results provide confidence that, the GLAS waveforms in
ombination with DEM data are capable to provide reasonable
stimates of the maximum forest canopy height in the cool tem-
erate forest of Northeast China. But more research is still needed
o further reduce the terrain effect on estimating maximum for-
st canopy height, using GLAS waveform data, especially in terrain
ith slopes larger than 15◦.

Although we make assumptions in the improved model for sep-
rately accounting effects of the slopping surface and the rough
and surface, the results indicate that it is hard to ascertain from
he shape of a returned pulse to what extent the pulse-broadening
ad been caused by the roughness and to what extent by the slope.
e therefore suggest for the further work to make an attempt to

eparately evaluate the two effects.
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