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Summary. A mcthod for 3-E)rcmote sensing of forcst canopics using high―resolution,

hclicoptcr―bornc scanning lidar is prcscntcd. The lidar dcvice can scan alinost ali the

ground surface 、vith high resolution because a laser beanl 、vith a smaH footprint and a

high scanning rate llluminates the ground surface from a slo、v‐1■OVing helicoptcr. Thc

mcthod pcr■lits thc generation of 3-D ilnagcs such as a Digital Elevation Model,Digital

Tcrrain Model,and Digital Canopy Height Model(DCHM)The validity of the method

was demonstratcd in two applications.First,we estimated tree height from a DCHM of a

f o r e s t  o n  a  s t e e p観o p e , a n d  f o u n d  t h a t  e r r o r s  w e r e  w i t h i n  O . 4 7  m  f o r  t r e c  h e i g h t ( 0・1 9 m

RMSE)ThcsC rcsults show that the estimahon of tree height was greany improved

compared、vith estilnates in previous studies. Second,、ve estimated carbon stocks in each

tree and in the stand as a、vhole.Frolll lidar―derived tree heights and a1lometric relation―

ships bct、vccn trcc hcight and carbon stocks,、ve accurately estilnated total carbon stocks

of cach tree in a coniferous Japancsc cedar(Cィンβわ材夕r筋ブαβο″たα)fOrcst as wcll as car―
bon stocks at the stand scalc.
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l口introduction

Accurate estiination of canopy structures and biomass in forests is crucial for studying

thc functioning of forests and in studies of the global carbon budget. Remote‐sensing

techniques have been proven to be reliablc tools for asscssing environmcntal changcs and

their impacts on forests in recent decades. Satellite‐based sensors, such as Landsat TM

a n d  N O A A  A V H R R , c a n  o b s c r v c  w i d e  a r e a s  e f f i c i e n t l y  a n d  h a v e  b e e n  s h o w n  t o  b e  e f‐

fcdive in many ecologic』 applications(Wadng引 】.1995;Goward and Williams 1997)

Ho、vever,thcse conventional sensors have significant lirnitations for forestry applications

because thctr scnsitivity and accuracy have repeatedly been sho、vn to decrease as above―

ground biomass increascs(Waring tt al.1995;Turner et】。1999)In additiOn,mey can_

not fully rcprcscnt thc 3-D spatial features of forests.

Lidar(light detection and ranging,a laser―based equivalent to radar)has become a

popular,activc rcmotc‐sensing technology,and its applications to 3‐D terrestrial observa―

tion havc been developing rapidly. Lidar offers many advantages in forestry compared
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、vith the abovementioned convcntional sensors; in Particular, it allows measurement of

thc 3-lD distribution of forest canopicse Since the Hlid-1980s,non―scanning airborne lidar

has been used to cstimate the average height of forest trees and forest biomass(Nelson at

al.1988).In thC mid-1990s,scanning lidar became available,and this technology was

s o o n  a p p l i e d  f o r  f o r e s t  m e a s u r e m e n t ( N l l s s o n  1 9 9 6 ; N t t s s e t  1 9 9 7 ; M e a n s  e tぶ. 1 9 9 9 ) .

Ho、vever,ordinary scanning lidar systems、vith small―footprint lasers、verc unable to il…

lurninatc the entire ground surfacc bccausc of thc high flight spced of the aircraft and thc

devicets low pulse frequency(Flood and Gutelius 1997;Nttsset andの kland 2002).As a

rcsult,tree tops are not captured exactly by using this syste■1,and tree heights are under…

estimated. Another airplane―based lidar systenl, which uses iarge―footprint lidar with a

largc scan width,has been used for remote sensing of forests on a regional scale(Nilsson

1996;Means et al.1999;Harding et al.2001).The large footpHnt Hdar can cover large

areas and fully illurninate the ground surface.Ho、vever,its spatial resolution is restricted

because of its large footprint.

Recently, spatial resolution has been ilnprovcd by the use of scanning lidar 、vith a

small footprint and a high pulsc frequency,rllounted on a helicopter,which can travel at

slower speeds than airplanes can(Omasa et al.2000,2003;Brandtberg et al.2003;Mal―

tamo ct al.2004).ThcSC SyStems are cxpccted to more completely illuminate the ground

surface and generate more accurate 3-D data,thereby enhancing the usefuiness of scan―

ning lidar.Work using conventional lldar systems has focused on FneaSuring forest attrib―

utes such as the mean tree height.Ho、vever,recent systems based on lidar with high spa―

tial resolution can measure individual trees rather than estilnating average values for the

stand(Brandtberg et al.2003).In thiS paper,remote sensing of forests using a high―

resolution,helicopter―borne scanning lidar is presented to reveal the technique's potential.

2.Measurement ofthe forest canopy

Fig. l sho、vs a schematic diagram of the hcticopter―borne scanning lidar systenn that、ve

uSed(Omasa ct al。2000)。The elapsed time between the emittcd and returned laser pulses

w a s  m e a s u r c d , a n d  w a s  u s e d  t o  c a l c u l a t e  t h e  d i s t a n c e  t o  t h e  o町ec t  r e t u r n i n g  t h e  s i g n a l .

This system offers two receiving modes:a nrst‐pulse mode(FP―modc)and a last―puise
modc(LP― modc).Laser pulses rctumed from the outermost canopy surfacc and from thc

ground surfacc、vcrc rcccived siFnultancously in FP-1■ode and LP―mode,respcctivcly,In

the expcrilnent,morc】しP―lllode beams reached the ground surface through forest canopies

bccause thc sctting of thc footprint for thc LP―mode beaIIl was smaner than that of the

FP―mode beam.Because of the helicopterts low flight speed(50 km h‐
1)and thC lidaris

high pulsc frcquency(25 kHz),each footprint interval neady equaled the footpttnt diame…

ter(abOut 30 cm),and as a rcsult,almost the entire ground surface could be illuminated.

We deterIIlined the 3-D geographic position of each data point using a helicopter―

bome intcmal measurcmcnt unit(IMU)COmbined with global pos並 loning system(GPS)

devices in thc helicoptcr and on the ground. We gcncrated a E)igital Elevation Wlodel

(DEM)with a highly precise grid(10× 10 cm)by interpolating the lidar data.The canopy

surfacc、vas described by a DEM created from the FP―mode data,and thc ground surface

was described as a Digital Terrain Model(DTM)by interpolating the LP― mode data for

the ground surface,We then produccd a Digital Canopy Hcight Model(DCHM),WhiCh
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Fig,1. A schematic diagra可1 0fthc 3-D rcmote―scnsing systcrn based on hclicopter―bornc scanning

lidar.

sho、vs the net tree height after accounting for variations in ground elevation,by subtract―

ing the LP―mode DTM values from the FP―mode DEM values.

3.Estimation of ground surface and woody canopy heights

We tested our system at a site located tt the foot of a mountain(in ShttuOka,Japan),

where thc ground surface slopes steeply(Omasa et al.2000).Fig。2A shows a 3-D view

of thc resulting FP―rnode DI]M. All trecs, buildings, and roads can be clearly distin…

guished.This image sho、vs that our inethod effectively generates a precise 3-D irnage of

the forest's woody canopy.The elevation of each point in this image is still influcnced by

thc slope of the ground,so tree height cannot be estimated directly from this image;only

diffcrences in canopy height can be estimated.In contrast,Fig.2B sho、vsthe DTM pro―

duccd fronl the LP―modc data. The ground surface obstructcd by thc presencc of trees

was interpolated relative to attacent ground points measured using the LP― mode.The

siope and undulations of the ground can be clearly recognized in this image. NItap data

and ground―truth measurements confirrlled that the E)TM 、vas accurate despite of the

presence of rnany trees,Fig.2C showsthe DC】IM used to estimate canopy height at the

study site atcr correction for the induence of the ground dope and undulation(i.e,ラ by

subtracting the DTM data from the corresponding DEM data)。 We eStimated the errors in

the lidar data by comparing the lidar―derived data、vith the ground―truthed data.The re…

、ults showed an error within O.47 m in trec height(0,19 m RMSE;Table l).
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Fig.2. 3-D vicws of thc study sitc:(A)thc DEM creatcd from the FP― modc data;(B)thC DTM

crcated from thc LP― mode data;(C)the DCHM crcated by corrccting thc DEM using thc DTM data

(OmaSa ct al.2000)々

Table l.Mcasurcmcnts ofthc hcight ofthc forcst canopyt

Trec species Ground‐ truthed trec heitthts Error in the lidar data

Range(m)   Mean(m) Rantte(m) RMSE(m)

Conifcrous

trccs

Broadicaved

trccs

11.20 to 19.65

1.95 to 10.40

15.05

6.58

-0。47 to O,19

-0。40 to O。13

0 . 1 9

0。12

4,Estimation of the forestls carbon stock

Accuratc cstimation of thc carbon stocks of forcsts is crucial for understanding thc global

carbon budget and climatc changc, The height data for a forest canopy obtained from

hclicoptcr―borne lidar can bc used to accurately cstilnatc forcst carbon stocks, For exam―

plc,Omasa et al。 (2003)and PatCnaudc ct al,(2004)succeSSfully used smfal卜 footprint li―
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dar to cstimate forest carbon stocks,In our study(OmaSa et al.2003),the CarbOn stocks

of cach trce in a conifcrous Japanesc ccdar(Cりβ″οtt βr'αれpθ″'Cα)foreSt Werc cstimated
by using allometric relationships bet、veen lidar―derived tree heights and the correspond―

ing carbon stocks,

We generated the DCHM by subtracting the DTM created from the LP―mode values

from thc DEM created from the FP―mode values as shown in Fig.3.Each tree height at

the site was automatically detcrmincd from the DCHM image by means of filtering to

idcntify the highest point in thc canopy surface for each tree.Fig.4 shows the resulting

irnaBc for the highest point of trees in the lDCHM irllagc.Thc trees in this image are all

Japanesc ccdars. The position of the highest point of a given tree corresponds with the

position of its stem.Thcrefore,Fig,4 identifies the position of each tree stem.The error
in trcc hcight ranged fronl-0,25 to-0,42 rn,、vith an RMSE ofO。381m,compared with the

groundtttruthed data. Fig.5 shows the tree height distribution of the study site obtained
from the DCHWI.Tree heights range from 6.O to 27.Om,with an average hcight of 21.3

m,and most heights(90%)range between 18.5 and 26.Om.
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We dcvclopcd a regression equation for estimating the stem carbon stocks fronn trcc

height,using both field data for our study site and all other available data oR Japanese cc‐

dar in Japan(212 datasets)(Cannell 1982).We eSdmated the carbon stocks of a tree ttem

(Csにm,kg C trcび
1)aS f01lows:

Cstcm=0.01 19Fr2 9696(/2=0.933)

whereガ is tree height(m)・We deVe10ped another

the carbon stocks of branchcs,foliage,and roots from

over Japan(53 datasets)(Cannell 1982).The CarbOn

trce~1 )were esdmated as fo1lowsi

rcgresslon cquation for estimating

tree height using data collectcd aH

stocks of these parts(C8FR,kg C

CBFR=0・0075rr2 9516(/2=0.864).

Using thesc two equations,we obtained the spatial distribution of carbon stock for each

trcc at thc study site shown in Fig. 6.The gray lcvel inside each outlinc rcprescnts the
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total carbon stock of that tree and covers the area occupied by that tree's canopy,「Fhe

maxilnum carbon storage per tree was less than 300 kg,、vith most values between l10

and 300 kgo Total carbon storage at the site was estimated at 69 300 kg C,and the aver―

age carbon storage、vas estirllated at 175.9 kg{]tree~1.The results reveal that 3-】D remote

sensing using helicopter―borne lidar accurately estimated carbon stocks at the stand scale.

5B Conclusions

ln this paper, 、ve demonstrated t、vo applications of 3-lD remote sensing using a high―

resolution,helicopter―borne scanning lidar systemo ln the lidar syste■1,a laser bearll、vith

a small footprint and a high pulse frequency lllurrlinates the ground surface from a slo、v一

flying hclicopter,and alrllost aH of the ground surface can be scanned at high resolution.

The lidar was proven to be effective for obtaining accurate measurements of canopy

height and for crcating a DTM. Using a1lometric relationships combined 、vith lidar―

dcrived data,、vc could also estilnate carbon stocks both for individual trecs and for the

stand as a、vhole.The 3-D lidar remote―sensing technique thus represents additional pro―

gress in the use of remotc sensing tO accurately estilnate various forest properties.
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