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I. INTRODUCTION

D ATA acquiral by the Geosciene Lase Altimeter System
(GLAS) on boad the Ice, Cloud, and Land Eleva-
tion Satellie (ICESa) between 2003 ard 2009 have been
successfull usal to estmate tree heighs and aboveyround
fores biomass (e.g, [1] 413]). GLAS 1064-nm waveforms
correspod to backscatte enggy as a function of time. They
are digitized in 544 or 1000 bins with a bin size of 1 ns for
land (15 cm verticd resolution) correspading to 816 and
150 m height ranges respectively The GLAS lase footprints
haw anea circula shag of abou 60 m in diameter and a
footprint spacing of about 170 m along the track For forest
applications the dat useal consis of the GLAO1 and GLA14
products Thes product provide the full receivel waveforms
ard the land surfa@ elevation data respectivey [14]. The
horizontd geolocatim errar of the ground footprints is lower
than 5 m on avera@ for all ICESd missions ard lower than
5 m in stendad deviation, except for the L2C, L2D L2E, and
L2F missions wher the standad deviation is between 7.4
and 15.6 m for L2D and L2F missiors, respectivey [14]. The
verticd geolocatimm accurag range betwea 0 and 3.2 cm on
averag with a standad deviation unde 3.3 cm for all missions
excet for the L2C, L2D, L2E, and L2F missians (between 5.1
and 109 cm) [14].

The accurag obtainel on the fored height estmates in
numeraus studies using the GLAS dat has varied between 2
ard 10 m accordirg to the fored type ard the characteristics
of the study site (mainly the topography of the terrain) (e.g.,
[3] 4£5], [7], [8], [10], [11], ard [13]). GLAS dat are often
usal togethe with auxiliary dataset to estmate abovegrownd
biomass The auwxiliary data is mainly composel of airborne
lase datg a digital elevation model| ard opticd ard radar
images The recen pape& by Saatch et al. [12] provides the
spatia distribution of aboveground foreg biomass in tropical
regons over three continens (Latin America subSaharan
Africa, and Southeas Asia) using GLAS, MODIS, QSCAT
(spacebore scattermetes at 12 GHz), the SRTM digital
elevation model and ground dat with an overal accurag of
+23.8%. Using only the fores height estimate from GLAS
data Lefsky et al. [6] obtainal a biomass estimate accuray of
58.3 Mg/ha for biomass values lower than 350 Mg/ha Nelson
et al. [9] estmated Siberian timber volume using MODIS and
GLAS data with a biomass standad error of 36 Mg/ha.



Howeva, three main limitations have been pointed out by re-
seartiers 1) the low density of the GLAS footprint count and
the ladk of data over wide are& of the world; 2) the high sensi
tivity of GLAS returrs to terran topograply due to the large
footprint size of GLAS impacs on fores height estmations
[10]; 3) for dense and highe canopis, lase penetratio is re-
duced and, consequetly, the grourd retum needel to estimate
canojy heigh is nat detectale or has alow intensity.

The objective of this pape was to ted the bes known models
usal for estimating cany height using full waveform LiDAR
data Studies to estmate fored heights from LIDAR data have
highlighted that the fitting coéficient of developd modek are
strorgly deperdert on envionmentd factors such as the re-
gion of the study site terran topograpghy, and fored type In
this pape, we evaluaé the main modek developé to predict
canopy heigh using acombination of parametes extractel from
GLAS waveforns (GLA14 and GLAOL productg ard a digital
elevation model in orde to explore which combination of pa-
rametes yields the bed fored heigh estmates In addition a
modd to estimate aboveground biomass from dominant height
was calibrated Caropy height and abovegraund biomass estk
mates derived from GLAS dat were comparé with inventory
measurenents.

A descriptim of the datasé used in this study is given
in Section I, followed by the presentatio of method for
fored heigh amd abovegraund biomas estimatims using
ICESat/GLAS in Section Ill. The resuls are shown and dis-
cussd in Section 1V, ard finally Sectilm V presernd the main
conclusions.

Il. DATASET DESCRPTION

A. Sudy Area

The study area was locatel in Brazil, rangirg from 47'31 9
to 47"'38" longitude Weg and from 21'29 to 21'39 latitude
Souh (Fig. 1). The area was mainly coveed with indugrial,
fast-growing Eucalygus plantatiors manayed for pulpwood by
the Internationnh Pape do Brasil compary [15]. Seedling or
clones of E. grandis (W. Hill ex Maider) x E. urophylla (S. T.
Blake) hybrids were plantal in rows a a densiy of appro-
imately 1300 trees/la and were being harvestd ever six to
sevenyeas, with very little ree mortality (under 7%). The an-
nual productivity of the plantations depermed on the growth
stage soi type fertilization climate etc, but was generally
abowe 30 m-/halyea, sometimes reachimy values as high as
60 m-/halyear At harves time, the stard volume was there
fore abaut 250 8300 m+/ha, and the dominart height was abaut
20 80 m. Thes plantaticns were manayed locally by stand units
of variabke area (1150 ha on averag for the studial stands).
Managenent practices were uniform within ead stard (e.g.,
harvestilg and weedirg dates genetc material soi prepara
tion, ard fertilization). Chemicd weedirg was carried out in
the first yea after planting, reaulting in a very spare unde-
stoly ard herbaceosistrat in thes plantations A few Euca
lyptus trees were dominated from the early growth stage and
remainel small throughout the whole rotation but their leaf area
ard biomass were very low comparel with regula trees (see
[16, Fig. 1]). The stands were therefore rathe simply structured

21°31'S§  21°30°S
»

21°33'S

21°34'S

21°36'S

21°38'S

@ ICESat footprints
Plots \d
4A7T°38'W  47°36'W  47°348'W  4T°3FW  47T°31TW

Fig. 1. GLAS/ICESd tracksover our study site.

Fig.2. Eucalyptusstandduring harvestillustratingthe clearly separatedcrown
and trurk strat (dominart heigtt of 1130 m).

understoriesln the study area the stand were establified in a
low to moderat topographc relief (slope unde 7).

B. In Situ Measurements

A tota of 114 Eucdyptus stand were selected corre
sponding to the stands where GLAS footprints were totally
included with an additiond 10-m buffer strip from the stand
bordes to accoun for any footprint geolocatim errors This
selection was als intendel to avoid mixing effects within
a GLAS footprint. In thee 114 Eucalyptus stands two to
eight pemanent inventory plots were measired regularly
by the compary betwe& November 2002 ard May 2009.
During arotation, three inventries were generaly carried out:
arownd the age of two years four years and before harvesting

with a crown layer of 3 to 10 m in width above a 3 Whkl by H U (approximate} six years) Pemanen inventoly plots had an

of 0 (in thefirst months) to 20 min height (Fig. 2) with very few

area of approximately 400 to 600 n¥ and were systematically
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Fig. 3. Dominant heght _H,,___ cdculated on the ICESa footprint acqusi-
tion date using neighboring data (linearintempadation of H, __ measued on
inventory plotsin the stand including ICESat footprint).

distributed throughout the stand with a density of one plot per

12 ha. They included 30 to 100 trees (averag@ of 58 trees).
During afield inventoy, the diamete a breas height (DBH,

1.3 m abo\e the ground of ead tree in the inventoy plot, the
height of a centrd subsampm of 10 trees and the height of

the 10% of largegs DBH (dominant tree§ were measured The
mean height of the 10% of the larged trees defined the domi-

nant height of the plot _H-,,,,-, while the mea height of the

10 centrd trees defined the avera@ height of the plot “"H,,,, wu- -

The H ,,,., , basé area ard age on the inventorly dae were then
usa in a compary-calibratel volume equatia, spedfic to the
genetic material to estimaé the plot stan volume (wood and
bak of the merchantald part of the stan tha has a diameter
of more than 2 cm). Trunk biomas was then estimaté from
the trunk volume using agedepermert estimates of wood
biomass densiy (see [17] for more details). Plotscale H-,,,,,

ard biomass were then averagd on a stard scale for each
inventory date.

Asthe dates of the grourd measuementswere differert from
the GLAS acquiition dates plantation dominart height and
stam biomas for the GLAS acqukition dates were estimated
using linea interpdations of the inventol plot measureents
betweea thetwo dateseithe side of ead GLA Sacquisition date
(Fig. 3). This simpe linea interpolation gave fairly goad estk
mates since fored invenbries were regularly carried out.

Note that thes estmates of H_,,,, ard biomass gawe alarge
ard unique datase for testing methods of height estmations
from GLAS dat since the measurements of the variables is
precie compard to naturd forests: uniform stards with rela-
tively low dispersia of tree sizes araund the averag values,
accurae allometric equations large number of inventory plots
within a stand, short intervals (<= yeard betwee inventory
dates a relatively gentle slope and a simple canopy with a

Fig.4. Typicd GLASwaveform acqured over aforeg stand, on relatively flat
terrain and the assaiated main metrics (1 15 cm).

clearly separatd crown layer and the very spare understoy
and herbaceos strata.

C. GLASICESat Data

A datase of LiDAR data acqured by the Geosciene Laser
Altimete System (GLAS) was used In total, 1387 recoded
signds (wavdorms) were acqured ove our study site between
Februay 2003 and March 2009 (Table I, Fig. 1). Fig. 4 shows
atypicd wavefom over aforeg stard on relatively flat terrain.
For our fored stands the GLAS waveforms were generaly bi-
modd distributions resulting from scatteing within the cangy
and the grourd surface Of the 15 ICESa dat products only
products GLAO1 ard GLA14 in releag 33 were useal in this
research For ead ICESa footprint, thes product provided
araw wavefom, an acquisition dae and time, the preci®e ge-
olocatian of the footprint cente, wavefom paraneters derived
fromthe Gausian decompositionthe estimate noissleveli.e,
the mean and standad deviation of backgraind noise valuesin
the waveform etc. Each receival wavefom was decomposed
into a maximum of six Gaussia functions correspading to re-
turns from differert layers betwea the top of the fore¢ and
the ground. Over flat terrain the first Gaussian correponds to
areflection from the top of the canogy while the lag Gausian
mostly refersto theloweg point in the footprint, i.e, the ground
surface.

In orde to use only the reliable ICESd datg severd filters
were applial to the wavefoms to remove ICESd data contan-
inated by the clouds and other atmospherc artefacs (e.g., [2],
[4],]18]): 1) waveformswith | CES4 centrod elevations signifi-
cantl highe than the correspanding Shuttle Rada Topography
Mission (SRTM) elevatia (resolution of 90 m x 90 m) were
exclude (|ICESat-SRTM| > 100 m; 2) wavefoms with low
signal-to-noise ratios (SNR) were also removed _ZSNR < B__; 3)
satrated waveforms were renoved (GLAS detedor saturatbn
index--ENd1 / _); ard 4) only the cloud-free waveforns were



kept “cloud detectiom flag FRi-_q-Fl-g 1_° . FRir_gaHag
ard satNd are both indices recordel in the GLA14 product.

The application of differert filters on the ICESd dataset
showed tha anmong the 1387 waveforms acquirel over our
study site, the numbe of usabk wavefoms respectig the filter
condition was 800 (57.®%6 of wavefoms), of which 306 had
correspondig grourd measurenents.

For comparismm betwveen ICESat SRTM DEM, and in situ
datg dataset needel to be availabk in the same coordinate
systen. The ICESa ellipsoida heights (TOPEX/Poseien
ellipsoid) were first transbrmed to the WGS8& ellipsoid by
subtractig 70 cm, then orthametric heighs from ICESd& were
delived with resped to the WGS& refeene sysem ard the
EGM9% geod mode.

I11. MATERIALS AND METHODS

A. Fored Height Egimation

1) Dired Method: The mog commonly used method to estr
mate the maximum canoyy height “H-,,,,,- from aGLAS wave
form over foreg stand with a gently sloping terran uses the
differen@ betwveen the signd begn “H-" and the ground peak
_H-T[19]:

| H_IIIII HE_H:- | (1)

The signd begin and the signd end correspond respectively
to the higheg ard lowest detectd surface within the lase foot-
print. They are defined by the first and lag bins a which the
wavefom intensily exceed a certain threshotl abowe the mean
badground noise Different thresholds have been used in pre-
vious studies Their levels correpond to the mean background
noise plus 3 to 4.5 timesthe standad deviation (3 timesin Sun
et al. [20]; 3.5 times in Hilbert and Schmullius [4]; 4 times in
Lefsky et al. [6] and Xing et al. [13]; 4.5 timesin Lefsky et al.
[7]). Chen [2] examinad severd threshold betwea 0.5 ard 5
times the stendard deviation He demonstratel that the optimal
threshotl depend on the study site (betwee 3 and 4.5 times the
stendad deviaton). The badkground noise statistic are avail
able in the GLAO1 produd.

The grourd pe& is assuned to be eithe the lad pe& (e.g.,
[3], [13], [20]) or one of the lag two Gaussia peals with the
greates amplitude (e.g., [4] ard [11]). Harding and Carabgal
[19] specify that, in the caseof alow amplitudefinal pe&, the
bette representatioof the grourd surfaceis probaby the peak
close to the lag one with areldively high anplitude. Chen [2]
found for his conifer sites tha the ground elevation corre-
sponded bette to the stronge ped of the lag two, wherea for
his woodland site the strangeg pe& of the lag five matched
beg with the grourd elevation.

2) Regessimn Models Over sloping terrain the grourd peak
bemmeswider, ard the returrs from ground ard vegetatbn can
be mixed in the ca% of large footprints making the idenifica-
tion of ground pe&k returrs difficult and the estimatia of forest
heigh inaccurag [6], [19]. To remove or minimize the terrain
slope effect on the wavefoims, statistich approachghawe been
devdoped and usal in sewerd studies to predct canogpy height
from GLAS daa (e.g.,[2], [6], [7], [10], [11], and[13]). These
approaches proposeal regressio modek base eithe on only

waveform metics or on both waveform metrics ard terrain in-
formation derived from DEMs.

The main wavefom metrics usal in these modek are the
waveform extert defined as the height differene betveen the
signd begin and the signd end of awaveform (17, .4 , in metes),
the leadirg edge extert (L_=d, 4, in meter$ calculate as the
elevation differene between the elevation of the signd begin
ard the first elevation tha is at haf maximum intensity above
the badkground noise value (highest detectal# return) and the
trailing edge extert (T==il, 4 , in meterd determine as the dif -
ferene betweea the signd end ard the lowed bin at which the
waveform is half of the maximum intensity (lowed detectdle
return) [7] (Fig. 4).

The terran information use in the regressio models is the
terran index (TN, in meterd derived from aDEM (from SRTM
or airborne sensors) TN is defined as the differene between
maximum and minimum terran elevatiors in a given window
centere on eadh GLAS footprint The size of the window which
depends on the spatid resoltion of the DEM is generally 7x 7
for a10-m resoldion DEM (airborne) ard 3x 3 for a90-m res
olution DEM (SRTM) (e.g.,[6], [7], and [11]).

The first staisticd modd was devebped by Lefsky et al. [6]
to estimae the maximum canogy height “H ,,,,. from GLAS
waveforms:

| H:lllu “I/Vl i ETI | (2)

This modd is basel on the waveform extent and terran index
calaulated from a high quality DEM. The coefficients n and=
are fitted using leas squars regression _H-,,,,, given by ground
measurenents or estimatel from airborre LIDAR data W, 4 is
deiived from the GLAS wavdorm, and Thiscalculatel from the
DEM). For our data set, Tl values were calculatel from SRTM
DEM range from 0 ard 40 m. The incorporation by Lefsky et
al. [6] of the wavefom leadirg edge extent in the (2) shows a
slight improvemert in canopy height estimation:

(©)

Xing et al. [13] observe alogarithmic behavia betwea the
caropy height and the waveform extent Thus they proposeal an
adapted versim of Lefsky$§ model:

| Hyw uW,a—"Th+-L=d 4 |

| H:lull ”L“:VI/I |l:_ETI_:- | (4)

Lefsky et al. [7] ard Parg et al. [10] proposel regressin
modds with metrics derived only from waveforms. Lefsky et
al. [7] observe that on sloping terrain the waveform extent is
insufficient for estimating canogy height Hence a new model
basel on the wavefom extent leading edge extent ard trailing
edge extent was proposed However, Parg et al. [10] obseved
inaccurae estimates of canopy heighs with this new Lefsky
model especiay for small wavefom extents and thus pro-
posel a simple modé to estimae canoyy height using the fol-
lowing equation:

(5)

Chen [2] proposed a linear model from Pang§ nonlinear
modd (5):

| -H_IIIII IIVVl 1 B =::L—Ed~l s T:Eill |l:=I - |

nw, w—
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(6)
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Lefsky [8] proposeda modification of Lefsky§ 2007 model
for a bette estimation when the leadirg and trailing edges are
small:

[ How oWim—TL=d = -T—il' y+d |

(7
"

where L==d"., and T--il"., correspord to the tenh percentile
of wavefom enegy.

The fitting coefficiens _n,—, - d_ of ead of thes different
statistich models (they differ from one modd to another) are de-
pendert on vegetatin type and terran topographc conditions,
ard it is therefoe necessar to recalibraé them ([2], [7], [10]).

Hilbert and Schmullius[4] proposeal amodified leadirg edge
ard trailing edge The first new metic is defined as the ele-
vation differen@ betwea signd begn ard the canopy peak$
cente, ard the secoml metric as the differene betwee signal
erd ard the grourd peak§ cente (Fig. 4). These modfied met
rics more effectively representhe characteristis of the top of
the canopy ard the grourd surface especialy for waveforms
with alarge differen@ in the intensity between the canopy and
grourd peaks The resuls shaw that in the ca® of a low in-
tensity return from the ground peakanda high intensty retun
from the cangy peak an overestimation of the trailing edge
might be obsered using Lefsky § metrics For a low-intensity
return from the canofy pe& ard a high-intensty retumn from
the ground peak an overestmation of the leading edge might
be obsewed usirg Lefsky § metrics (Fig. 5). In this study, the
maodifi ed leadirg ard trailing edges were used.

The differert regressia modek defined in equatios (2) £7)
to estimate forest height were evaluate in this work, except
for (7) where L_=d",, and T=il";, were replace by L_=d, ,

and T—il, 4, respectively In fact, Lefsky [8] propose using
L_zd,',—. T:zilhmlinsteai of, and in orde to obtain amore
stabk regressia modd betveen the canopy heigh and the
waveform metics. The use in this study of, and as defined
by, Hilbert ard Schmullius [4] makes the use of L=-d";, and
T-=il",; unjustfied (Hilbert and Schmullius [4] metrics are
more stabk than thoe defined in Lefsky [8]).

In addition, to quantify the contribution of L==d, ,, and
T==il 4 in the height edimation models, four other modds
were analyzed modd 3 by replacig L==d, ,» by T=il, ,a,
ard modek 5, 6, and 7 by removing L==d, ,4 (Table Il). The
beg regression modd was selecte from the sd of thes ten
modeds using the Akaike information criterion (AIC), the mean
differen@ between the fores height predictel from GLAS
ard DEM metrics and the measired fored height (Bias), the
codficient of determinatim “R--, ard the oot meanrsquare
erra (RMSE). The Akaike information criterion proposel by
Akaike [21] is a measirement of the relative goodnes of fit
of a statistich model to the truth. By calcdating AlIC values
for each model the acceptal® regressia modek based on
lowed AIC values were identified. Indeed, the bes modd is the
one that minimizes the Kullback# eibler distane betwea the
model and the truth. In this analysis, a terfold crossvalidation
with ten replicatons was used. Lower AIC values indicate
modd parsimony, i.e, a balane betwe& modd performance
(explaina variability) and coefficiernt numbe in the model.

B. Abovegourd Biomass Estimation

Severd studies hawe shown tha foreg canopy metrics cak
culatal from GLAS wavefoms can be used to estimae above
ground biomass [1], [6], [12]. Lefsky et al. [6] proposé alinear
relationshp between the aboveground biomass (B in Mg/Ha)
and the foreg maximum height squared (height H-,,,,, isin me-
ters):

n+nH-=

| B —n” | (8)

Boudrea et al. [1] develope a modé to estmate B for the
entire forestel region of the Province of Quebecbasel on wave
form extert (in meters) terran index (in meters) and the slope
betwea signd beghn ard the first Gausian canopy pe& (= in

radars):

| B (9)

The slope = depends on the canopy density ard the vertical
variability of the uppe caropy. For agiven study site with only
afew variatiorsin Tl and =, the biomassin Boudreau§ model
follows a se@nd-orde polynomial relaionshp with the forest
heigh becaue the wavefom extert is expressdin Fig. 6(a) as
proportional to H,,, .

Saatchet al. [12] usel a power law relationshp betwea the
abovegroud biomass and Lorey § height calibratel on in situ
fored plots and GLAS daia collected over Latin America sub
Sahara Africaand Southeas Asia:

W+ 2+ Th+ |

3 nH; (20)
where H; isLorey$§ height which weights the contribution of
trees (all trees > 10 cm in diamete)) to the stard height by their
bas# area The mean exponem _ of the combined relation from



TABLE Il
REGRESSION MODEL FTTING STATISTICS CALCULATED WITH TEN-FOLD CROSS VALIDATION FOR ESTIMATING FOREST HEIGHT.

Bim

Eliinn® = Hiis 8 — Minon = Hiio—8, RM=-E
AIC  AKAIKE INFORMATION CRITERION, I 1

Roor MEAN-SQUARE ERROR
CROSS VALIDATION

Model Id | Bias.cv | R.ev | RMSE.cv | AIC.cv
(m) (m)
H,,, =0.8238W,,-0.0912 T/ 2 -0.06 | 0.66 3.82 1525
H,, =0.969W, +0.0146 TI 12321 Lead,, 3 026 | 076 3.16 1421
H,,, =13.462 Ln(W, )+ 0.0883 71 +22.174 4 -0.01 0.63 3.97 1546
H,, =09858W, —{0.3052(Lead,, +Trail,, )} "*** 5 -0.10 | 091 1.99 1167
i, =1.0563 W, —0.7534(Lead, + Trail,,) 6 -0.27 0.89 2.16 1211
H,,, =0.9445 W, —~0.5669 Lead,,—0.9616 Trail,,+32179 | 7 0.00 0.92 1.89 1138
H,, =1.0055W, —0.003771 —1.1076Trail,, 3a -0.15 0.90 2.10 1198
H,,, =09759 W, —{0.7373(Trail,, )}' '™ Sa | -0.09 | 090 2.07 1191
H,,, =1.0036 W, ~1.1093 Trail,, 6a -0.15 0.90 2.09 1196
H,, =0.9371 W, ~1.1419 Trail,, +1.9009 Ta 0.00 0.90 2.04 1180

the three continens isnea 2.02 (with n  —.=Z==) [12]. In this
study, the relationshp defined in (10) was useal by redadng
Lorey§ heiglt with the dominant height B uH-,,, . In-
deed in thee Eucalygus plantatons Lorey § height was very
close to dominart height (H; was lower than H-,,,,, by amax-
imum of 0.9 m at the end of the rotation of the Eucalygus plan-
tation). To illustrate this, Fig. 7 stows the ewolution of the dif-
ferert stend height metrics on an experimental stard during a
full rotation (height daa of the Eucalyptus monoculture tred-
mert describé in [22]). Note also tha the crown area weighted
versian of Lorey§ height gives values very close to Hy, [10].

The codficiens n and~ were fitted using the in situ measure
ment of dominart height and aboveground biomass The fitted
codficients (n and Z) were usel to estimate the biomass based
on the dominart height predictel from GLAS footprints by the
dired metha (modd 1).

IV. RESULTS AND DISCUSSIONS

A. Foreg Height Edimation

First, both the optimum thresold levels above the mean
badground noise and the mog relevar location of the ground
pe& tha gawe the beg estimates of canopy height were
detemined The two thredolds of 3.5 and 4.5 times the noise
standad deviatiln were evalated and the grourd pes&k was
derived from the Gaussia with the higher anplitude of the
lag two. The difference betveen the canopy heigh estimated
from GLAS waveforns usng the dired methal ard in situ
measurenent shaved bette result with a noise threshotl of
4.5 ard when choosing the Gaussian with the greate amplitude
of the lag two as the grourd peak The bias and standad devi
ation of the differen@ betwe@ dominar heigh estimates and
measurenents decrease from 2 to 1.5 m when the Gausian
with the higher amplitude of the lag two was usel as the ground
retum instead of the lag one (Fig. 8). Howeve, the resuts

were similar with thresolds of 3.5 and 45 (similar standad
deviation but bias lower by 0.5 m with athreshodl of 4.5). With
the optimum configuration (threstold of 4.5 and the highest
Gausian), the mean differene betveen height estimates using
the direct method (model 1) and in situ measurments was
0.33 m with a standad deviation of 2.2 m.

The regressia modek fitting the statitics calculate with
tenfold cross validation for estmating fores height shoved
that the modek using the trailing edge extert (models 5 to
7a Table IlI) provided a good estmation of canopy height.
For thee modds, RMSE-cv (crossvalidation RMSE) was
betweea 1.89 m ard 2.16 m, AIC cv (crossvalidation AIC)
was betwveen 1138 ard 1211, ard R= - _u (crossvalidation
R") was betveen 0.89 and 0.92. The beg fitting results for
estmaing forest height were obtained with model 7 (lowest
AlC.cv and RMSE .cv and highest R=, ; values 1138, 1.89 m,
ard 0.92, respectively). Fig. 9 compars the canopy height
estimates obtained with modd 7 in comparisa to measured
canopy heighs (field measurementsY he resuls also shaved
that the contribution of the leading edge extert in the regressin
modek was we& for heigh estimation accuracy Indeed the
fitting statistics obtained with modek5, 6, and 7 (including the
leading edge extent) shaved a slight improvemert over those
obtained with modek 5a, 63 and 7a (Table I1). For example,
RMSE-cv was betta than 15 cm at bes when the leadirg edge
extert was used Hence using the leadirg edge extert in the
regressio modek was not necessarily justified.

Moreove, use of information in the modd calibratin cal
culata from an insuficiently accura¢ DEM (terrain index)
led to poor estimatian of the canopy height (models 2, 3, and
4) excet for modd 3a where the use of T--il, ,y instea of
L_=d, 4 led to good modd fitting staistics (for modd 3a,
AIC-cv and RMSE-cv were 1198 ard 2.10 m, respectivey,
instea of 1421 and 3.16 m for modd 3). Models 2, 3, ard 4
provided a lower R= - _1 (betwea 0.63 ard 0.76) a higher
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the observe improvements with this model in comparison
to model 6 (linear brm) were weak Lastly, the logarittmic
relation between cangy height and wavefom extent did not
appeato be relevart (modd 4).

For our study sitewheretheterrain wasflat or slightly sloping
(slope unda 7'), the resuls showed tha the accurag of the
canopy heigh estimates was similar betwee the dired method
ard the beg statisticd models (RMSE about 2 m). Numerous
studies using GLAS dat over naturd fores ecosysters have
shown tha the estimatel foreg height accurag varied betveen
2 and 10 m (RMSE), depending on the foreg type (tropical,
borea) temperae deciduous temperat conifer, etc) ard the
characteristis of the study site (mainly the terrain slope) (e.g.,
[3]1 45, [7], [8], [10], [11], and[13]). Howeve, no studiesusing
GLAS daa (largerfootprint LIDAR) were found in the literature

(betveen 1421 and 1546). The resuls also shaved tha the over foress with intra-plot homogenety similar to tree planta
nonlinea form of modd 5 did not appea to be justified because tions (littl e variaton in tree heights same species etc.) and well
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canopy heght. Statisticsare given in Table I1.

documental (high quality in situ meauremens of fores height
ard biomass), ard with a gently sloping terrain.

The analyss of dependeng between the in situ canopy
height and the GLAS wavefom extert showed a linea re-
lationship betwveen the two parametes with an R= of 0.66
“H esi e M, + (. [Fig. 6(a). The codficient
B-H \ypman 1 — — = =BW, 4~ decrease with the trailing edge
extert and leadirg edge extert (Hilbert Gauwss) [Figs. 6(b) and
(c)]. Linea relationsips were found betveen 3 ard the trailing
extent leadirg extent and the sum of trailing ard leading ex-
tents [Fig. 6(d)]. This analyss corfirmed the gred importance
of the trailing edge extert in the regressia models for cangy
height estimatims. The importan@ of the leadirg extent was
lower (R= 44% with leading 75% with trailing, and 78%
with both trailing and leading). Fig. 6(e) also shows tha 3 was
almog constat with the terran index for the Tl values at our
study site under 40 m.

B. Abovegound Biomass Estimation

Abovegrounl biomas estimation using the modek defined
in (8) and (10) was inferred from the fored height In modd 9,
the biomasswas defined asthefores height squarel - H=_ with
theforeg height definedas H =~ p= ~~uW, g+ ==+ -Th+d" .
This equatia of foreg height was close to that given in model
2 (Table Il). Howevae, in the previous sectin (Secti 1V-A),
thedifferent regressio modelsfor estimating foreg height from
wavefomsand DEM metrics showel tha the modek using the
terran index (T1) gawe the poorest accuracie (modek 2, 3, 4).
Thisis probably due to the resoltion of the SRTM DEM used
(90 m x 90 m), which was not optimal for a study site with
gentleterran slopes For thisrea®n, only modek 8 ard 10 were
evaluate for the biomass estmation using the fored height es
timated by the diredt methal.

The in situ measurenents of fored height ard aboveground
biomass were not totally independent since H-,,,,, was used in
the calculation of tree volumes (Fig. 10, cf. Sectio 11-B). The
simple modd of (10) (B nH- H ,,, was estimated by

the direct method gaw a fairly goad estimate of standscale
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Fig. 10. Allometric relation between aboveground biomas and dominant
foresthaght fromin situ measirements (stand-scale biomassfrom stand-scale
Hy—)-

Fig. 11. Comparisa between estmated and measurd biomass.

biomass from stard-scaé H-,,,,, RM=-E 9.57 Mg/ha). The
mean differen@ betwea estimatel and measured biomas was
2.13 Mg/ha with aRM SE of 16.11 Mg/ha (the relative eror was
25.2% of the biomass averagg (Fig. 11).

The obtained exponert ~ for the planted Eucalyptus forests
we studied = =.B-—=_ was very close to tha found by Saatchi
etal. [12] ard Lefsky et al. [6] over naturd foress (C =._=and
=, respectively) In addition, the codficients i obtainezl in this
study and in Lefsky et al. [6] were very close (1 —.0_==
] . _=, respectively) Howeve, acomparisa with Saatchi§
reaults ([12]) showsthat our co€fficient was 3.5 times small er
thann in Saatchetal. [12] (1 Z.0_== again$y  _.===2):
For the same canopy height the biomassfor Eucalyptus planta
tions was 3.5 times smaler than the biomasin tropicd forests.
This differene is probaby due to 1) the metrics of the forest
heigh used in (10), which was the dominant height in this study
ard Lorey § height in Saatchet al. [12], and becaus 2) natural
tropicd foress hawe higher basd area than Eucalyptusforess.
Modd 8(B wn+uH=,, n —0=- amd- .0742)
ard modd 10 producel a similar performance with amean dif-
ferene® betveen estimated and measurd biomass of 2.17 Mg/ha
ard an RMSE of 16.26 Mg/ha (the relative errar was 25.5% of
the biomass average).

The United Natiors REDD Progranme on Reducing Emis
siors from Deforestatio and foreg Degradatioo (REDD) rec-
ommends biomass errors within 20 Mg/ha or 20% of fi eld esti
mates for evaluatirg fores carbon stocks but shout not exceed
errors of 50 Mg/ha for a globd biomas map at aresolution of
1 ha [23], [24].



Zolkos et al. [25] conducted a metaanalyss of reported
terrestrid abovegroud biomass accurag estmates from sewv
erd refereel articles using differert remote sensimy techniques
(optical rada, LIDAR). The residud standad erra (RSE)
showed higher values for the rada and opticd models (abaut
65 Mg/ha) in compariso to the modek using the GLAS space
borne LIDAR (abait 40 Mg/ha) The LiDAR-Biomass model
RSE increass with the mean of field-estimated Biomass (RSE
about 20 Mg/ha for B 50 Mg/ha ard 85 Mg/ha for B
450 Mg/ha) The LIDAR modd errors were also analyzed by
fored type The errors were lower for tropicd fored (relative
R-E 20.7%) than for temperat deciduous temperate
mixed, temperat conifer and borea foress (highe for boreal
forest with arelaive R-E 34.3%). The RSE of this study
on Eucdyptus plantations (25.2%) was within the lower range
of this meta-analysis.

V. CONCLUSION

The objective of this pape was to evaluae the mos common
modek for estimating foreg heighs ard abovegroud biomass
from GLAS waveforms. The evaluation of differert models was
basel on alarge datdbase consisting of GLAS data and ground
measurenents (fores height and abovegrownd biomass).

Regressin modek were constructd to estimaé maximum
fored height and aboveground biomas from a GLAS dataset.
For our study site defined by flat and gently sloping terrains
Ip_ < 7"), the dired methal estimated canopy heigh very
well with an accurag of abou 2.2 m. The use of statistical
modek bas& on wavefom metrics and digital elevation data
showel an accuray for fores heght estimates similar to that
obtained by the direct method (1.89 m). A correlation andysis
betwea plantation dominart heights measurd in the field and
those estmated by the most common stafsticd models shoved
that the mos relevart metrics for estimatirg fores height are
the wavefom extert ard the modified trailing edge extent ([4]).
The beg statsticd modd for estimaing fored height is de-
fined asalinea regressin of waveform extert and trailing edge
extent.

Abovegroun biomass was modelal following a powe law
withthe canogy height 28 uH_, - . Theresuls showed that
abovegroud biomass could be estimated with an accurag of
25.2% of the biomass average).

Our resuls (tree plantatian) showed that the precisian rec
ommenda by the UN-REDD progran is achievable with
spacebora LiDAR in the cas of gently sloping terrairs (the
biomass estmation error was lower than the maximum error
recanmended of 50 Mg/ha) For naturd foress with low to
moderaé terran slopes the relative errar of foreg height
estimatiors can read two or three times that obtained in this
study (eg., [2], [6], and [10]). As biomass is proportiond to
the foreg heigh square (8), (9), (10), the relative errar of the
estimate biomass is proportional to twice that of the relaive
errar of the estimated fored height Thereforg an increag in
the relative error of the estmated foreg height would greatly
affect the relative errar of the estmated biomass Research
perspective include 1) improvemert of the processig tech
niques for LIDAR wavefoms in the cas of a sloping terrain,
ard 2) the reconmendation to spa@ agencis of spaceborne

LiDAR specfications with higher transmitted energies in order
to more effectively read the grourd in forestel areas smaller
footprints to minimize the impad of the terran slope on forest
height estimatims, and a highe temporal reslution.
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