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Abstract:　Vegetation spatial structure including plant height, biomass, vertical and horizontalheterogeneity, is an

important factor influencing the exchanges of matter and energy between the landscape and atmosphere, and the

biodiversity of ecosystem s. Most remote sensing system s, although providing images of the horizontal organization of

canopies, do not provide direct information on the vertical distribution of canopy elements. The lidar waveform

signature from a large-footprint lidar instrument, such as the Laser Vegetation Im aging Sensor(LVIS) has been

successfully used to estimate the tree height and forest above-ground biomass. But themost lidar instruments do not

have themapping capability, and provide only sample data in a region. O ther remote sensing data, such as amulti-
angle spectral, a hyper-spectral, a temporal spectral radiometer, or radar data, w ill be needed to extrapo late the

GLAS samplemeasurements into continuous regional coverage for forest structure parameters.

The ability to im age the surface through various ang les by theM ulti-ang le Imaging Spectrom eter(M ISR)
instrum ent provides canopy structure information through the anisotropy of the BRDF. Combining the vertical

sampling of lidarw ithM ISR’ sm apping capability provides a possibility o fm apping forest spatial parame ters in

regiona l, even globa l sca les. The data from the Geoscience Laser A ltim eter System(GLAS) on ICESa t, and

data from M ISR on Terra are potential dataset fo r regional or global forest structure parameter m apping. The

objectives of this study are to evaluate theGLAS data and to inves tigate the ability ofM ISR-like data for forest

structura l param eter estim ation. The LVIS, A irM ISR, andGLAS data were used in this study. The com parisons

between GLAS tree heightmeasurem ent and the average tree height from LV IS w ithin theGLAS footprint show

the high corre lations. The s tudy also show s the capability of multi-angle im aging spectrom eter data to predict

tree height inform ation, which w ill be further explored for reg ional forest structura l parametersm apping.

K ey　word s:　L idar;GLAS;multi-angle im aging spectrom eter;fores t;tree height
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摘　要:　植被的结构参数如植被高度 、生物量 、水平和垂直分布等 , 是影响陆地与大气能量交换乃至生物圈多样
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性的重要因素。多数遥感系统虽然可以提供植被水平结构的图像 ,但是不能提供植被成分垂直分布的信息。大尺

度激光雷达仪器如 LV IS产生的激光雷达信号 , 已成功地用于估计树高和森林生物量 , 然而大多数激光雷达仪器不

具备图像能力 , 只能提供一个区域内的采样数据。其他的遥感数据如多角度高光谱 、多频率多时相辐射计或雷达

数据 , 可根据 GLAS(Geoscience Lase rA ltim eter Sy stem)采样的测量用来推断出连续的森林结构区域覆盖参数。

M ISR(M ulti-ang le Im ag ing Spectrom e ter)对陆表多角度的成像能力 , 可以通过 BRDF的各向异性提供植被的结

构信息。结合激光雷达的垂直采样和 M ISR的图像 , 区域内乃至全球性的森林空间参数的成像是可能的。 ICESa t

卫星上的 GLAS数据 、Te rra卫星上的 M ISR数据为区域或全球性森林结构参数提供了可能 。本文的研究目的是评

估 GLAS数据 ,分析类似于 M ISR的数据对森林结构参数的估计能力。本文中使用了 LV IS、A irM ISR和 GLAS数据。

通过对 GLAS树高的测量与 GLAS像元内来自 LVIS的平均树高对比 , 发现它们是高度相关的。同时还探讨了多角

度频谱成像仪数据预测树高信息的能力 ,这将在今后区域内森林结构参数映射加以研究。

关键词:　激光雷达;GLAS;多角度频谱成像仪;森林;树高

1　INTRODUCT ION

V egeta tion spa tial struc ture must be known to

adequately monito r and mode l the carbon cycle and

forest ecosy stem dynam ics. M ost remo te sensing

sy stems, a lthough p roviding images of the ho rizontal

organization of canopies(e. g. , Landsat, MOD IS), do

not provide direc t info rm ation on the vertical

distribution o f canopy e lements. The lidar w ave form

signa tu re from a large-footprin t airbo rne lidar

instrument, such as the Lase r V egeta tion Im aging

Senso r ( LV IS )
[ 1]

has been successfully used to

estima te tree heights and above-ground forest

biomass
[ 2— 6]

.

L idar de rived forest vertica l parame te rs are being

used w ith eco logica l mode l to mode l fo rest ca rbon

sto rage and flux
[ 7]

. In a study by Lefsky et a l.
[ 8]
,

stand age mapped by iterative unsupe rv ised

classification o f a multi-tempo ral sequence of Landsat

TM im ages w as cross-tabu lated w ith estimates of stand

height and aboveground biomass from lidar remo te

sensing to estim ate the aboveground net primary

production o f w ood(NPPAW ). These studies showed

the pow e r o f combining vegeta tion heigh t informa tion

from lidar data w ith ecosy stem models or o ther data for

estima tes o f carbon stocks and net carbon fluxes.

Ex tending these ana ly ses to large r sca les w ill require

the deve lopmen t of reg ional and g lobal lidar data sets,

and the con tinued deve lopment and applica tion of

height structured ecosystem mode ls
[ 7]

.

NASA and othe r agencies a re inte rested in using

spaceborne, large foo tp rint lidars ( .i e. , laser

illum ina ted ground a reas on the o rde r o f 10— 100m).

How ever, current and proposed space lidar sy stems do

no t have m apping capab ility. A European m ission

concept, Carbon 3-D , proposed to use a mu lti-ang le

imager in combination w ith a vege tation canopy lidar to

extend the lidar-derived info rmation to broade r spa tia l

coverage. The ab ility to image the Ea rth’ s surface

through various ang les by new instrumen ts such as the

M u ltiang le Imag ing Spectrorad iometer(M ISR) provides

inform ation through the anisotropy o f the b i-directiona l

reflectance d istribu tion function (BRDF ). Studies

using M ISR data ind ica te the usefu lness o f o ff-nadir

data fo r surface he terogene ity and vege tation

structure
[ 10, 11]

. B i-d irectional reflectance distribution

functions ( BRDF ) observed from d ifferen t

landcover
[ 12, 13]

are re lated to structural diffe rences.

C omb in ing the ve rtical sampling of lida r w ith

mu ltiang le mapping capab ility prov ides a possibility o f

mapping forest spatia l parameters in regiona l and even

g lobal sca les. A problem tha t lim its the effective use o f

mu ltiang le data is the difficulty in acqu iring sufficien t

g round truth over the large areas in question. L ida r can

prov ide a dense netwo rk o f measu rements tha t can

supp ly forest structural charac te ristics such as

max imum canopy heigh t, mean canopy he ights, crown

shape
[ 14]
, and o ther ve rtical canopy struc ture

[ 3]
.

In this study, The GLAS data w as eva luated by

comparison w ith the LV IS height measuremen ts. Then

the GLAS data w ere used as g round re ference

inform ation to estab lish a re lationship between mu lti-

ang le spectrome ter re flec tance from A irM ISR and fo rest

he igh.t The A irM ISR data w ere aggrega ted in to M ISR

reso lu tion to exam ine data from spaceborne system s.
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2　STUDY S ITE AND DATA

2. 1　Study Site

　　The test site for th is study is the fo restsw ithin the

Be ltsv ille Ag ricu ltura l Research C enter, USDA , just

the North to the NASA ’ s Goddad Space F light C enter

(GSFC) in M ary land, loca ted at 39°N , 76°50′W.

Fig. 1 show s the A irM ISR images o f the nadir camera

( left:IR, R, and G bands as RGB), and LV IS top

tree heigh t ( dark-wh ite: 0— 38m ). The yellow

e llipso id ind ica tes the location o fGSFC. The tw o lines

o f cro sses are the tw o o rbits of GLAS footprints. The

o rbit from northw est to southeast w as taken on Oc.t

11, 2003, and the othe r one w as on O c.t 24, 2003.

The fo rests in the area are m ixed fo rests dom inated by

pines and oaks. Ta llest trees can reach a heigh t o f

abou t 40m. Some of the GLAS foo tprints w ere located

using GPS , and dom inate trees w ithin the footprin t

w eremeasured.

2. 2　LVIS Data

NASA ’ s Lase rVege tation Imag ing Sensor(LV IS)

is an airborne lase r altime ter system designed,

deve loped and ope rated by the Lase r Remote Sensing

Labora to ry, Goddard Space F light Cen te r. In 2003,

LV IS ob tained sub-canopy and canopy-top topography

data asw ell as canopy ve rtical structure info rmation for

forested sites in N ew Eng land to generate the most

detailed forest structural data se ts currently availab le

for these reg ions. The data used in this study is the

N om inal 20m-spaced LV IS G round E leva tion Da ta
[ 15]

obtained onAugust 14, 2003.

M easu rements de rived from the lidar w aveform s

w ere used to characterize the canopy vertica l structu re.

F irst, various rang ing po ints w ere extrac ted inc luding

the e levations o f the low est and h ighest detectab le

re tu rns(above a thresho ld noise leve l) and the mean

ground e levation and various energy qua rtile he ights

(Fig. 2)
[ 1]

. H25 is the 25% quartile heigh t and is

ca lculated by sub tracting the e levation atwh ich 25% o f

the returned energy occurs from the g round e levation.

H100 is the canopy top he ight and is ca lcula ted by

subtracting the eleva tion of the highest de tec table

return from the ground eleva tion.

F ig. 2　A typ ica l LV IS wavefo rm and

the defin itions of energy% qua rtile s

A typical fo re st w ave fo rm and the definition o f
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these canopy structu re measures are show n in Fig. 2.

These quartile he ights are a rela tively direc tmeasure of

the vertical pro file of canopy components. In add ition,

wave form measures are a function of the comp lex and

variab le 3-D structure o f canopy components and the ir

spectra l properties including the spectral p roperties of

the ground /litter. Th is 3-D structu re defines the gap

distribution as a func tion of canopy heigh tw hich large ly

dete rm ines the p roportion o f energy reaching a g iven

heigh.t This gap distribu tion, a long w ith the spectral

properties of the components, de term ines the

proportion of energy scatte red at a g iven heigh.t

2. 3　GLAS Data

The Geo science Lase r A ltimete r System (GLAS)

instrument aboard the Ice, C loud, and land E leva tion

( ICESa t) sate llite, launched on 12 January

2003
[ 16, 17]

. Because of the reduced life time o f the laser

sy stem , GLAS started to use a 91-day repea t o rbit to

comp le te a g loba l cove rage. From early Oc tobe r to

N ovember 19 , 2003, GLAS comp le ted a 33-day sub-

cyc le of the 91-day repea t o rb its. S ince then several

33-day sub-cycle da ta has been acquired in February-

M arch, M ay-June, O ctobe r-N ovember, 2004 , and

February-March 2005, andM ay-June 2005. These 33-

day sub-cycles are nearly the repea t-pass of the

O ctober-Novembe r 2003 da ta, prov id ing a capability

for seasona l and in te r-annua l change mon ito ring. The

O ct-Nov, 2003 da ta is a good da taset acqu ired using

the second laser on ICESa.t The th ird laser has been

tu rned on fo r seve ral data-take periods since O c.t

2004, and continues wo rking.

The GLAS is the first lida r instrument for

continuous g loba l observa tion of Earth. GLAS records

the returned laser energy from an ellipsoidal foo tprin.t

The nom ina l foo tprint diame ter is abou t 80m in

diameter, bu t its size and ellipticity have varied

th rough the cou rse of the m ission. The GLAS da ta

products, such as leve l-2 product GLA14 (Land /

Canopy E leva tion), are intended for use by the GLAS

Science Team , and by the EOSD IS data user

community. TheGLA14 are generated using a lgorithm s

and paramete rs w hich are more appropriate for

comp lex, multi-peaked w aveform s (such as for rugged

and /or vege tated landscapes). The orig ina lw avefo rms

w ere smoothed using filte rs, and the signal beg inning

and ending w e re identified by no ise thresho ld. The

smoo thed w aveform w as initia lly fitted using m any

Gaussian peaks at diffe rent he ights, then the peaks

w ere reduced to six by iteration. Assum ing tha t the last

peak near the g round is from su rface reflection, the

distance from the signal beginning and this ground peak

w ill be the heigh t o f top canopy. The w aveform can be

extracted from GLA01 produc.t For th is study,

waveform s of a ll footprin ts shown on Fig.1 w ere

extracted and processed to estimate the ene rgy quartile

he igh ts as those from LV IS p roduc.t

2. 4　A irM ISR Data

The A irborne M ulti-Ang le Imaging Spectrome ter

(A irM ISR) is a fou r channe l dig ital camera that f lies

on the high altitude ER-2 a ircraf.t The four channe ls

employed on A irM ISR are 446.4nm (b lue), 557.5nm

(g reen), 671.7nm (red), 866.4nm(near-IR), w ith

bandw id ths of 41.9nm , 28.6nm , 21.9nm , 39.7nm ,

respectively. The A irM ISR camera uses a M ISR

brassboard lens and a M ISR eng ineering model foca l

p lane; g iving the airbo rne sensor spectra l and

radiome tric characteristics very sim ila r to the sate llite

instrumen.t A irM ISR is a “pushb room” senso r, which

images a cross-track slit beneath the aircraft during

each scan. A two d imensiona l scene is bu ilt up by

succe ssive scans as the spacecra ft o r aircra ft moves

ove r the scene. The Satellite instrument, M ISR , has

nine cameras which image the ea rth continuously,

howeve r, A irM ISR has a sing le camera that is sw iveled

to 9 successive look ang les from 70.5°looking fo rw ard

o f the aircraft through nad ir then out 70.5°look ing aft

o f the aircraft as the aircraft passes over the site o f

interes.t

The A irM ISR da ta used here w as acqu ired

be tw een on Ju ly 21, 2001. F ig. 1 show s a nadir co lor

composite image of the site. The forw ard looking

camera acqu ires backscattered radiance and the aft

looking came ra acquires fo rw ard scattered rad iance.

The aircra ft flew at about 20km a ltitude providing v iew

ang le dependent variable g round spatial reso lutions and

sw ath w idths. The data w e re no rmalized to a common
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resolution of 27.5 m and co-reg istered to a common

sw a th w id th o f 11km (h ttp:/ /eosw eb. larc. nasa. gov /

PRODOCS /airm isr /tab le_airm isr. h tm l).

3　DATA PROCESSING METHOD

The height of 100% energy level(H100) of LV IS

data fo r the study areaw as g ridded to 27.5m ×27.5m

pixe ls co rresponding to the pixel size of the A irM ISR

data using linear inte rpo lation in ENV I. A sub-region

w as displayed in Fig. 1. The common area cove red by

LV IS , A irM ISR were identified(Fig. 1). The GLAS

data ava ilable w ithin this area w ere searched from

GLA14 da ta, and the lase r sho t index, location( lat /

lon), e leva tion, signa l beg inning, wave fo rm centro id,

fitted G aussian peaks, etc. we re retrieved, and the top

tree he ight w as ca lcula ted for each o f the foo tprints

falling in to the area. GLAS w aveform o f these foo tprints

in the a reaw ere ex tracted from GLA 01 according to the

laser shot index. F ig. 3 show s a GLAS w aveform w ith

signa l beginn ing and end, and sixG aussian peaks used

to fit the w avefo rm.

F ig. 3　A GLAS w ave form ex tracted from GLA01 da ta produc t,

and the signal beg inning and end, six Gaussian peaks used

to fit thew avefo rm ex tracted from GLA14 data produc t

In order to calcu late the he ight of% quartile from

GLAS w ave fo rm , a softw are w as deve loped. The

w ave form w as first smoo thed by a G aussian filte r w ith

the sim ilar w id th o f the transm itted lase r pu lse. It w as

found tha t a 12-b in( ～ 1.8m)w idth w as adequa te for

the smoo thing. The GLA01 g ives the estima ted no ise

leve l, .i e. the mean and standard devia tion o f

background va lues in the w aveform. Bu t it w as found

tha t fo rmany cases, the no ise level befo re the signa l

beginn ing w as low er than the noise after the signa l

ending. Instead, we estima ted the no ise levels before

the signal beg inning and after the signal ending from

the orig ina lw aveform sepa ra tely using a method based

on the histog ram.

U sing three standard devia tions as a thresho ld

above the noise leve l, the signal beg inning and ending

then can be loca ted. The to tal w aveform ene rgy w as

ca lculated firs.t S tarting from the signa l ending, the

po sition of the 25%, 50%, 75% of ene rgy can be

loca ted by comparing the cumu lated energy w ith tota l

energy. S ince the heigh ts of these quartiles w ere

referred to the g round surface, not the signa l ending,

the g round peak in the w ave fo rm needs to be loca ted.

Search ing backw ard from the signal ending, find the

first peak. If the peak is too close to the signal ending,

.i e. the distance from signal ending to the peak is less

than the ha lf w idth o f the transm itted lase r pulse,

searching w ill con tinue. The tree heigh t w as the

distance from signal begg ing to the g round peak.

Because of slope, the ground peak of the w avefo rm

becomes w ide r, and the signal beg inning appears

earlie r by the sim ilar distance. The top tree height can

be ad justed by this d istance.

A ll LV IS shots w ith in a 120m circle cen tered a t

eachGLAS foo tprintw ere ex tracted, and themean and

max imum of the quartile heights(H25, H50 , H75, and

H100) we re calcu lated. The he ight indices derived

from GLAS w ave form and LV IS data w ere compared,

and the corre lations we re ca lcula ted.

For each GLAS foo tp rint, the lat / lon info rmation

w as used to located the center pixel on A irM ISR

images, and both 3 ×3 w indow , and 9 ×9 w indow

w ere used to ge t average mu lti-angle, spectra l

reflectance corresponding to theGLAS footprin.t A 3×

3 w indow represents an area sim ila r to a GLAS

footprin t, and a 9×9 w indow is used tom im ic aM ISR

275m pixe.l Then the corre lation be tw een GLAS

de rived tree he igh t and A irM ISR reflectance w as

investigated using step-w ise reg ression analyses.
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4　RESULTS

Table 1 lists the tree heights from field

measurements, LV IS and GLAS. It can be seen that

the M ax imum heigh ts from fie ld measurements, and

LV IS data, and the H100, H14 from GLAS data are

sim ilar. The co rrela tions betw een tree heigh t indices

derived from LV IS and GLAS we re listed in Table 2 for

theGLAS da ta of O ct 12, 2003. It can be seen that

the ave raged LV IS indices have much higher

corre lations w ith indices derived from the GLAS

w aveform s. The GLASH75 andH50, instead ofH100

have the highe st corre lations w ith the mean LV IS tree

he igh t indices. F ig. 4 show s the comparison of GLAS

H75 w ith the LV IS H75 averaged w ithin the GLAS

footprin.t The GLASH75 is sy stematically higher than

the averaged LV IS H75. F ig. 5 show s the compa rison

o fGLASH75 w ith the LV ISH100 averaged w ithin the

GLAS footprin.t These tw o ind ices a re very sim ilar.

Tab le 1　Tree heigh t ind ices from f ie ld m easurem ents, GLAS and LV IS. H 14 is the tree heigh t from GLA14 product.

H tad j, H50 and H100 were estim ated d irec tly from GLAS waveform

Rec_ndx-shot
F ie ld Data GLAS LV ISH 100

M axh M eanh H100 H tad j H14 H 50 M ax M ean

246268022-10 29. 72 24. 37 33. 73 31. 93 31. 26 17. 39 27. 10 24. 46

246268022-11 35. 68 28. 82 32. 83 30. 88 36. 13 15. 44 33. 62 23. 42

246268022-12 20. 68 18. 05 34. 78 32. 83 30. 66 8. 99 33. 70 22. 57

246268022-13 41. 68 33. 42 38. 07 36. 20 31. 02 21. 59 33. 16 25. 24

246268022-14 29. 85 24. 11 39. 27 37. 32 32. 64 17. 99 32. 26 23. 66

257070723-15 32. 06 23. 33 35. 23 33. 43 33. 14 16. 64 27. 42 20. 67

Tab le 2　Corre lation s(R 2) between the tree he ight ind ices derived from GLAS waveform s and aggregated

LVIS data w ith in the footpr in ts. TheR 2 >0. 5 are in bold

LV IS
D erived from GLAS w aveform s

H 100 H75 H50 H tad j M eanh M edh QMCH

M axH100 0. 1233 0. 3745 0. 2916 0. 1233 0. 3176 0. 3266 0. 3369

M axH75 0. 242 0. 5354 0. 4084 0. 2417 0. 4714 0. 4791 0. 489

M axH50 0. 2741 0. 5359 0. 3836 0. 2761 0. 5062 0. 5019 0. 5214

M eanH100 0. 5692 0. 8906 0. 837 0. 5697 0. 7095 0. 7559 0. 7262

M eanH75 0. 5729 0. 9088 0. 8643 0. 5736 0. 7111 0. 7673 0. 7277

M eanH50 0. 5811 0. 9195 0. 8965 0. 5819 0. 697 0. 7637 0. 7115

F ig. 4　Com pa rison o fGLAS de rivedH75 w ith

the LVIS H75 averaged w ithin the GLAS footprint

F ig. 5　C om pa rison o fGLAS de rivedH75 w ith

the LV ISH100 averaged w ithin the GLAS foo tprin t
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　　Fig. 6 compares the top tree he ight derived from

GLAS w avefo rm w ith those pred icted by A irM ISR

da ta. For F ig.6(a), a 3 by 3 w indow w as used to get

ave rageA irM ISR signature, and a 9 by 9 w indow w as

used in Fig.6(b). It seems thatw hen da ta reso lu tion

w as low e r( from w indow size 3 to 9), and mu lti-date

GLAS da ta w as used , the co rrela tions betw een GLAS

derived tree he igh t and predic ted by multi-ang le

spectrome ter da ta is low er. But the correla tion is still

significan.t

(a) (b)

F ig. 6　T ree he igh t derived from GLAS w ave form and predicted by A irM ISR:A-w indow size 3, and B -w indow size 9

5　CONCLUS IONS

The Geo science Lase r A ltimete r System (GLAS)

is the first lidar instrument for continuous g lobal

obse rvation of the Ea rth. It samples the earth surface

every 175m along track w ith an e llipso id foo tprin.t The

airborne Lase rV egeta tion Imaging Sensor(LV IS) w ith

scanning capability and smaller foo tprint providesmuch

mo re samp les of the surface. It is difficult if not

impossib le to know if the footprin ts from GLAS and

LV IS cover the exac t same canopy. But in term s of

samp ling techniques, this study show s tha t bo th

instruments g ive reasonab le measurements of canopy

ve rtical structure, and that the measurements from

these tw o instrumen ts a re h ighly co rrela ted. A irbo rne

lidar data has been proved to be a good index of forest

biomass, the GLAS data therefo re w ill be useful for

biomass sampling in regiona l to g lobal scales. Though

caution shou ld be taken in te rms of the da ta

acquisitions season as w ell as o ther facto rs such as the

terrain slope and forest types. This study has a lso

brie fly demonstrated thatmulti-ang le spectrometer da ta

may be used to predict the tree height measurements

from GLAS , so a reg iona l estimation o f forest vertical

parame ters may be ob tained.
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