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Abstract Vegetation spatial stmcture including plant height biamass vertical and horizontal hetewgeneity is an
mportant facor inflencing the exchanges of matier and eneigy beween the landscape and amosphew and the
biodiversity of ecosystans Most mnote sensing systans although pwviding images of the horizontal oganizaton of
canopies do not povide direct mbmation on the vertical distrbution of canopy ekments The lidar wavefom
signature fran a lae fooprint lidar instrment sich as he Laser Vegettbn M aging Sensor( LVIS) has been
successfilly used to estinate the tree height and forest above ground bimass But the most lilar instnments do not
have the mapping capability and provile mly sanple dan n a ®egim Other ranote sensing data such as amult
angle spectral a hyper spectral a tenporal spectial radiometer or radar data will be needed to extrapo hte the
GIAS sanpk measurenents inb continuous regbnal cverage for brest stucuie paraneters

The abilily to image the surface hwough various anglks by the M ulti angle Inaging Spectran eter(M ISR)
instrun ent pwovides canopy stmucture infomation thwugh the anisotopy of he BRDE. Canbining he vertical
sampling of Idarw ithM ISR’ sm apping capability provides a possibility o fm apping forest spatial paame lers in
regional even global scaks The data fiom the Geoscience Laser A ltin eter System (GLAS) on ICESat and
data fim M ISR on Terra are potential dataset br regional or global forest stucture pammetermapping The
objectives of his study are b evaluate the GIAS data and to nvestigae the aility of M ISR lke data for forest
stuctuml paran eter estm aton The LVIS A iM SR and GIAS datawere used in this study The can parisons
betwveen GLAS tree heightmeasurem ent and the average tree height fran IV Swithin the GIAS footprint show
the high corehtions The sudy also shows the capability of multi angle i aging spectiom eter data to predict
tree heght nfom ation which will be further explored for regbnal forest stuctumal parameters m apping
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1 INTRODUCT DN

V egetation spatial strucure must be known ©

adequately monior and model the caibon cycle and
Most
albhough pwviding mages of the horizontal

forest ecosystem dynam ics ranote  sensing

sy stem s
organization of canopies (e g, Landsat MODIS), do

not povide direct infomation on the vertical

distrbution of canopy elments The lidar wavefom

sgnature fran  a lage footprnt aibome lidar

nstrunent such as the Laser Vegetaton In aging
Sensor ( IV )" has been successfully used o
estinate tree heights and above ground forest
bianass” 9.

Lidar derived forest vertical paraneters are being
used with ecobgical model b model forest cabon
I a study by Lefsky et al 'V,

mapped by

sbrage and flux .

stand  age iterative  unsupe vised
classification of a multi emporal sequence of Landsat
™ m ageswas cross tabu lated w ith estmates of stand
height and aboveground bimnass fran liar mmolte
sensing to estmate the aboveground net primary
poduction of wood (NPPAW ). These studies showed
he power of canbining vegetation height infomaton
fran lidar data with ecosysteam models or oher data for
estinates of caibon sbcks and net carbon flixes
Extending these analyses © larger scaks will require
the development of regional and global lidar data sets
and he conthued development and applicatbn of
height stuctured ecosystem model”.

NASA and other agencies are interesed n using
large  fooprint lidars ( i e, laser

spacebome

ilkm inated ground awas on the owder of 10— 100m ).

Hovever curent and proposed space lidar systems do
not have mapping capability A KEuropean m ission
concept Caibon 3D, proposed to use a mulii angle
mager in canbination w ith a vegetation canopy ltar to
extend the lidar derived nfomation to broader spatial
coverage The ability b mage the Earth’ s surface
through various angles by new instnments such as the
M u ltiangle Inaging Spectrorad bmeter(M BR) provides
mnfom ation though he anisotropy of he bidirectbnal
reflectance distrbution function ( BRDF ).  Studies
using MISR data indicate the usefuhess of offnadir

data Dbr surface
[10 11

hetewgeneity and  vegetation

stucture Bidirectional reflectance distribution

functions ( BRDF ) observed fiom  different
213 )

landcover > ar wmlated 1o stmctural diffeences

Canbnig the vertical sanplng of lidar wih
mu ltiang k mapping capab ility povides a possibility of
mapping forest spatial paraneters in regional and even
global scales A pwoblean that lim its he effective use of
mu ltangk data is he difficuly n acquiring sufficien t
gwound twth over he lage areas in queston Lidar can
provide a dense netwoik of measumments that can
supp i stuctural

maxmum canopy height mean canopy heights crown

forest characeristics such as
shapem], and oter vertical canopy stucure .

In this study The GLAS data was evaliated by
canparison with he LV S height measuranents Then
the GIAS data were used as ground rwference
infom ation to establish a relationship between mu lti
angk spectumeter eflectance fran A iM BR and forest
height The AiM BR data were aggregated ino M SR

resolition to exam ine data frm  spaceborne systen s
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2 STUDY SITE AND DATA

2 1 Study Site

The test site for his sudy is the forestsw ithin he
Belisville Agriculural Research Centey USDA, st
the Norh b the NASA’ s Goddad Space F lght Center
(GSFC) in M aiyland locaed at 39°N, 7650 W.
Fig 1 shows the AiM SR mages of the nadir canera
(left R R andG bands as RGB), and IVES bp

tree height ( dakkwhie 0—38m ).
ellipsoid indicates the location of GSFC. The wo lines

The yellw

of cosses are the wo oibits of GLAS footprints The
obit fran nortwest b southeast was taken on Oct

11 2003 and the other one was on Oct 24 2003

The forests in the area are m ixed forests danmnated by
pines and oaks Tallest trees can reach a height of
about40m. Same of he GIAS footprints were beated
using GPS  and dan nate trees within he foolprint

w ere m easured

19°3'N

39°2'N
9N

39°I'N
39°1I'N

39N
10°N

38°S9'N 38°59'N

76°52’'W 76°'51'W 76°50'W 76°'49'W T6'52'W 76°51'W 76°50'W 76°49'W
Fig.1 Left-AirMISR images of Nadir camera: IR, Red and Green bands as RGB colors. Yellow ellipsoid indicates
the location of Goddard Space Flight Center; right-Top tree height from LVIS. The white
crosses at left and red crosses at right are GLAS footprints used in this study
. ] . 0 . . .

(Fig 2)'"'. H25 is he 25% quartile height and is

22 LVISData

NASA’ s Laser Vegetation Inaging Sensor(LV IS)

is an ailborne laser altineter sysem desined

devebped and operated by the Laser Remote Sensing
Laborabty Goddard Space Flght Center In 2003
LV obtained sub-canopy and canopy top bpography
data aswell as canopy vertical stmucture nfomation for
forested sies in New England © generate he most
detailed forest stuctural data sets curently available
for hese regions The data used in this sudy is he
N aninal 20m- spaced LV S G round Elevaton Datd H
obtained on August 14 2003

M easurements derived fum the lidar wavefom s
were used to characterize the canopy vertical stuctu e
First various ranging points were extraced inchding
the elevations of the lowest and highest detectable
reums( above a hreshold noise kvel) and the mean

ground elkvation and varbus energy quartile heights

calculated by sub tracting the elevation atwhich 25%5 of
the returned energy occurs fum the gwound ekvation

H100 is the canopy top height and is calculated by
subtracting the elevation of the highest detectable

retum fran the ground elevation

A ypical forest wavebm and the definition of
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Fig 2 A ypical LV IS wavefom and

the defin itions of enewy % quartiks
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these canopy stmciie measures are shown n Fig 2

These quartile he ghts ar a relatively directm easure of
the vertical pofik of canopy canponents In add ition

wavefom measures are a functbn of he canpkx and
variable 3D stmcture of canopy canponents and their
spectial poperties ncluding the spectral poperties of
the ground /litter This 3D stucue defines the gap
distrbution asa function of canopy heigh twhich lagely
detem nes he pwportion of energy reaching a given
height This gap distrbuton along with he spectral
of the

poportion of energy scatered at a given height

poperties canponents  detem ines  te

2 3 GLASData

The Geoscience Laser A ltimeter System (GLAS)
nstrunent aboard the Iee Cbud and land Elevation
( CESat) satellite  hunched on 12 January
2003 """, Because of the educed lifetine of the laser
systam, GLAS staried to use a 9F day repeat otbit o
canpkte a gbbal coverage Fran early Ocober o
Novenber 19 2003 GLAS compkted a 33 day sub
cyck of he 9Fday repeat otbits Sice hen several
33-day sub cycle data has been acquired n February
M arch M ay June O cobberNovenbey 2004 and
FebmaryM arch 2005 and M ay June 2003 These 33
day sub cycles are nearly the repeatpass of the
O ctoberNovember 2003 data providng a capabiliy
for seasonal and nerannual change monioring The
OctNov 2003 data is a good dataset acquired using
he second hser on ICESat The hird laser has been
umed on br several data take periods snce Oct
2004 and contnues woiking

The GIAS is the first ldar instmment for
continuous gbbal observaton of Earh. GLAS records
he returned laser energy fran an ellipsoidal fooprint
The nan nal boprint diameter is about 80m in
dianetes but its size and ellipticity have varied
thwugh he course of the mission The GIAS data
poducts  such as kvel2 product GIA14 ( Land/
Canopy Elevation), are intended for use by the GLAS
and by he EOSDB data user

canmunil. The GLA 14 are generated using akorihm s

Science T eam,

and paranelers which awre more appropriate for

comp bx multi peaked wavefom s ( such as for mgged

and /or vegetated hndscapes). The originalwavefoms
were snoothed using filers and the signal beginning
and ending wer dentified by noise threshold The
snoothed wavefom was mitialy fitted using m any
Gaussian peaks at different heghts then the peaks
were reduced to six by iteration Assum ing that he last
peak near the gound is fum surface reflection the
distance fum the signal beginning and this ground peak
w ill be the heightof top canopy. The waveforn can be
extracted fran GIAOl poduct

wavefoms of all foolprnts shown on Fig.1 were

For this sudy

extracted and pwocessed lo estinate the enewy quartile
heigh s as those fium LV S p wduct

24 AIMIR Data

The Aibome MulttAngle laging Spectmeter
(AiM BR) is a four channel digital camera hat flies
on he high alitude ER-2 aircraft The four channels
employed on AiM SR awre 446.4m (ble), 557.5mm
(green), 671.7m (red), 866.4m ( near IR ), wih
bandw d hs of 41.9nm, 28. 6nm, 21.9nm, 39. 71m,
respectively The AIM BR canera uses a M BR
brassboard kns and a M BR engineerng model focal
phne giving the aibome sensor spectml and
radiam e tric characteristics very smihr to the satellite
instiment AiM SR is a “pushbwan” sensor which
mages a cross tiack slit beneah the aircraft during
each scan A two dmensional scene is built up by
successive scans as he spacecmft or aircmft moves
over he scene The Satellite instument M SR, has
nine cameras which mage the earth continuously
however AiM ISR has a singk canera hat is sw iveled
10 9 successive look angks fran 70.5° looking fom axl
of the aircraft through nadir hen out 70.5" look ing aft
of the aircraft as he aircraft passes over the site of
interest

The AiM BR data used here was acquired
beween on July 21 2001 Fig 1 shows a nadir color
The foward looking

canera acquires backscattered radiance and the aft

canposite mage of the site

looking canem acquires fowamd scattered radiance
The aircraft flew at about 20km altitude providing view
angk dependent variable gwound spatial resolutions and

svathw idths The datawer nomalized to a comm on
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esolution of 27.5 m and co registered © a canmon
svah wilh of 11km (htpp //eosveh larc nasa gov/
PRODOCS /aim isr /table_aim ist hin I).

3 DATA PROCESSING M ETHOD

The height of 10004 energy level(H100) of LV IS
data for the study areawas gridded to 27. 5m X 27. 5m
pixels corresponding to the pixel size of the A iM ISR
datausng linear intewpolation in ENVI A sub region
was displayed n Fig 1 The canmon awra coverd by
LVE A iM R were identified( Fig 1). The GLAS
data available within this area were searched fium
GLA14 data and he laser shot index bcation( lat/
lon), elevation sinalbeginning wavebm centoid
fitted G aussian peaks etc wemr retrieved and he bp
tree height was calculaied for each of he footprints
fallng no the area GIAS wavefom of these footprints
n the areawere extracted fum GIA 01 according to the
laser shot index Fig 3 shows a GIAS wavefom with
sinal beginn ng and end and six G aussian peaks used

to fit the wavefom

600 — T
E rec_ndx: 246268022 shot: 12 ]
E " Lat: 39.016922 lon: 283.156250 elev: 12.519 {
500 I" GPks: 6 E
E .—'—17 Signal Beginning 3
400 L 3
‘_% § Trs?e i
E 300 height E
ED E | fae R
Ak LR 3
200F — * .. .+~ Ground peak 3
: i :
E —Jmt——— Signal End ]
100 = =
ot H | | 3
0 50 100 150

Lidar Return

Fig 3 A GLASwavefom extracted from GLAOI data product

and the signal beginning and end six Gaussian peaks used

b fit hewavefom extracted fiom GLA 14 data product

In order to calculate the height of %) quartile fiom
GLAS wavebm,
wavefom was first snoohed by a G aussian filer with
he smilarw dh of he transn itted laser pulse Itwas
found that a 12-bn( ~1.8m) width was adequake for
the smoothing The GLAO1 gives the estmated noise

a sofwware was developed The

level i e the mean and standard deviatbn of
background valies in the wavefom. But itwas found
that formany cases te noise level before the sinal
beginning was lwer than the noise after the sgnal
ending Instead we estinaled he noise levels before
the signal beginning and after he signal ending fran
the originalwavefom sepamtely usng a method based
on he histog ram.

Using hree standadd deviations as a threshoHd
above the noise kvel the signal beginning and ending
then can be locaked The total wavefom eneigy was
calculated first Starting fran the sgnal ending the
position of the 25%5, 5009, 75% of enemy can be
located by camparng the cunulated energy with total
energy. Since the heights of these quartiles were
referred to the ground surface mnot he signal endng
the ground peak n the wavebm needs o be located
Searching backward fran the sknal ending find the
first peak If the peak is too close to the sgnal ending
i e the distance fran signal ending to the peak is kss
than he half widh of the transnitied laser pulse
The tree height was the

signal begging to the gound peak

searching will contnue
distance fran
Because of slope the ground peak of the wavefom
becanes wider and te signal beginning appears
earler by the s ilar distance The bp tree height can
be ad psted by this distance

AIILVE shots wihin a 120m circle centered at
each GLAS fooprintwere extracted and hemean and
maxmum of he quartile heights(H25 H50 H75 and
H100) wemw calculated The height indices derived
frim GLAS wavefom and LV data were canpared
and he corelations were calculated

For each GLAS fooiprint
was used to located the center pixel on AiM ISR

and 9X 9 wndow

the lat/bn infom ation

mages and both 3 X 3 w indow,
were used to get average multi angle spectml
reflectance coresponding to the GLAS footprnt A 3X
3 window represents an area smihr to a GIAS
footprnt and a9X9w indow isused tom mic aM ISR
275m pixel Then te corelation beween GIAS
derived tree height and AiM BR

investigated using sepw ise regression analyses

reflectance was
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the averaged IVIS indices have mudi higher
4 RESULTS coree lations wih indices derived from the GIAS
wavefoms The GIASH75 and H50 instead of H100
Table 1 lists the tee heights fiom field have the highest corelations wih the mean LV IS tre
measuranents LVIS and GLAS It can be seen that height indices Fig 4 shows he canparison of GIAS

the M axinun heights fran fied measuranents and
LVE data and he H100 H14 fum GIAS data are
smilar The comelatons betwveen tree height indices
derived frun LV IS and GIAS wew listed in Table 2 for
he GLAS data of Oct 12 2003

It can be seen hat

H75 wih the IVIS H75 averaged wihin he GIAS
footprnt The GTIAS H75 is systematically higher han
the averaged IVIS H73 Fig 5 shows the camparison
of GIAS H75 w ith the LV H100 averaged within the
GIAS footprint These wo indices ar very sin ilar

Tablel Treeheight indices from field measuranents GLAS and LVIS H 14 is the tree height fron GLA14 product
Htadj HS0 and H100 were estin ated directly from GLAS waveform
FieldDaa GLAS LV ISH 100
Rec_ndx shot
M axh M eanh H100 Hadj Hl14 HX M ax M ean

246268022 10 29 72 24. 37 3373 31. 93 31 26 17 39 27. 10 24 46
246268022 11 35 68 28 82 32 83 30. 88 36 13 15 44 3362 23 &
246268022 12 20 68 18 05 34 78 3283 30 66 8 99 33.70 22 57
246268022 13 41 68 33. 42 38 07 36. 20 3102 21 59 33. 16 25 4
246268022 14 29 85 24. 11 39 27 37. 32 32 64 17 99 32.26 23 6
257070723 15 32 06 23. 33 3523 33. 43 33 14 16 64 27. 42 20 67

Table2 Correhtions(R?) between the tree height indices derived from GLAS waveform s and aggregated
LVIS data within the footprints TheR>>> 0. 5 are in bold

D erived fran GLAS wavefom s

IV IS
H 100 H75 H50 H tadj M eanh M edh QM CH
M ax H100 0. 1233 Q 3745 0 2916 0. 1233 0. 3176 0 3266 0 3369
M ax H75 0. 242 0 354 0 4084 0. 2417 0. 4714 0 4791 0 489
M ax H50 0. 2741 0 359 0 383 0. 2761 0. 5062 0 5019 0 5214
M ean H100 0. 5692 0 8906 0 837 0. 5697 0. 7095 0 7559 0 7262
M ean H75 0. 5729 Q 9088 0 8643 0. 5736 0. 7111 Q 7673 a 7277
M ean H50 0. 5811 0 9195 0 8965 0. 5819 0. 697 0 7637 Q 7115
Orbit1 Oct. 12, 2003, n =35 ° Orbit1 Oct. 12,2003, n=35 °
251 Y=1.8903 + 1.1029x 251 ¥=0.1925+0.9256x :
R2=0.9088 RSE =2.289 R?=0.8906 RSE =2.507 ° Il
o 3 o
20 204 . 7 o
S
wvy
515 215 o ° o
n — o
< o o o
310 10 o
° 0o©° °
51 5
o
(o]
0 5 10 15 20 5 10 15 20 25
LVIS mean H75 LIVS mean H100

Fig 4 Comparison of GLAS derved H75 with
the, LVIS H75 averaged w ithin -the,G LAS footprint

Fig 5 Canparison of GLAS derved H75 w ih
the LV ISH 100 averaged w ithin the GLAS footprint
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Fig 6 canpares he top tree height derived fran
GLAS waveforn with those predicted by A iM SR
data ForFig.6(a), a3by3window wasused to get
average A iM BR sgnature and a 9 by 9 w indow w as
used n Fig. 6(b). Itseems thatwhen data reso ki tion

] Orbitl wsize=3 n=44
35 ) o
Y=2.9879 + 0.8899x o
R?>=0.8899 RSE =2.228 ° °
§ 30 o
kS 0 s °
5 o ° [}
o
i: 25 4 Ao
& o
17} Zo %o
% 20 >
<
o o
[
15 A °
o
15 20 25 30 35
GLAS HT

(a)

was lower( fran wndow size 3 to 9), and mult date
GIAS datawas used the correlatbns between GLAS
derved tree height and prdicted by multt angle
spectraneter data is lover But the correlation is still

significant
354 .
obl & ob2 wsize=9 n=82 o
Y=19.8966 + 0.6185x °
30| R=06185 RSE=3201
o
8 o
g 25 0
S
A~
&
2 204
S 0
15 4

T T
10 15 20 25 30 35
GLAS HT

(b)

Fig 6 Tree heightderived fran GLAS wavefom and predicted by AiM ISR A-window size 3 and B-windov size 9

5 CONCIUSDNS

The Geoscience Laser A ltimeter System (GLAS)
is the first lidar instument for continuous global
obsewation of the Earth
every 175m along track w ih an ellipsod footprint The

It samples the earth surface

aibome LaserV egetaton aging Sensor( IVIS) with
scanning capability and smaller footprint providesmuch
motwe samples of the surface It is difficult if not
mpossibk © know if the footprints fiom GLAS and
LV cover the exact sane canopy. But n tems of

shows that both

nstrunents give reasonable measurments of canopy

sanp ling techniques  this study
vertical stmctumw and hat the measuraments from
these o instuments are highly correlaied A ibome
Idar data has been poved to be a good index of forest
the GLAS data therefore will be useful for
biamass sampling n regional b global scales Though
tak en of the data
acquisitions season aswell as oher factors such as the
This study has also
briefly demonstrated thatmulti angle spectram eter data

biam ass
caution should be in ems

terrain slope and forest types

may be used to predict he tree height measurements
from GLAS

so a regbnal estimation of forest vertical

paraneters may be ob tained
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