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Thispaper describestheretrieva of 3-dimensiond vegetation dengity profiles
frominterferometric synthetic gpertureradar (INSAR) using physical models.
INSAR’ssensitivity to vertical structureisgenerally regarded aslessdirect
and moredifficult to understand than that of lidar. But INSAR’scoverageis
superior tothat of lidar, suggesting INSAR ismore promising asanimportant
component of aglobal 3-dimensiona forest monitoring technique. Thegoa
of thispaper istointroduce, s mplify and demystify theuseof smplephysica
models to understand INSAR. A general equation expressing the INSAR
observation in terms of density isdescribed heuristically, along with the
approximationsin itsdevelopment. Theinformation content of the equation
leadsto the estimation of density parameters. Preliminary resultsare shown
from amultibaseline C-band (wavel ength=0.056 m) vertical-polarization
interferometer, reaized withAirSAR flown at multi pledtitudesover primary,
secondary, and selectively logged tropical forests, aswell as abandoned
pasturesat LaSelvaBiologica Stationin CostaRica
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Resumo

Este trabalho descreve o procedimento de recuperagéo do perfil tri-
dimensional dadens dade devegetacéo, apartir de dadosinterferométricos
de radar de abertura sintética (INSAR), utilizando modelos fisicos. A
sensbilidade datécnicalnSAR paradetectar estruturasverticaisdevegetacéo
€ geralmente considerada menos direta e mais dificil de entender se
comparado com dadosde LIDAR (técnicautilizando laser). A utilizacgo da
técnica INSAR permiteumacoberturasuperior a0 LIDAR eépotencia mente
mai s promissoracomo técnica de monitoramento global paraadeteccéo da
estrutura tri-dimensional de florestas. O objetivo deste trabalho € o de
smplificar edesmidtificar o uso demode osfisicoss mplesno entendimento
datécnicalnSAR. A equacéo geral que expressaaobservacdo INSAR em
termos de densi dade € escrita heuristicamente, bem como as aproximacoes
feitas no seu desenvolvimento. O contetido de informac&o daequagéo nos
possi bilitaaestimacdo dos paréametros de densi dade davegetacao.

Palavraschaves: perfil defloresta; radar interferométrico; INSAR; densidade
davegetacao.

I ntroduction

Thereisagrowinginterestinthe3“dimension (3D) of forest structure, because
itisanindicator of the state of the ecosystem, for examplesusceptibility tofire. Interest in
3D structurea so stemsfrom its potential to beagood indicator of biomass (DRAKE et
al., 2002, TREUHAFT et al., 2003). Radar interferometry is sensitive to the vertical
dimension, the3“ directionmissing fromamost al terrestria remotesensing (TREUHAFT
eta., 2004). Lidar isdso sengtivetothevertical dimension (LEFSKY etal., 2002). Lidar
estimatesthevertical structureof forestsby measuring thetime delay betweentransmisson
and reception of laser pulses. A singletransmission with multiple receptionscan be used to
infer apower-return profile (e.g. DRAKE et d., 2002) or, with modeling, can beinterpreted
asavegetation density profile(HARDING et al., 2001). To date, lidar’snarrow beam, a
direct result of itsoptica wavelength—and adesired onefor thehigher spatia resolution it
enables—rendersit most useful for few-100-square-kilometer research (e.g. DRAKE et
al., 2002), and probably less useful for global monitoring (HOFTON et al., 2002) by
itself. The production of vertical-profileinformation from InSAR resultsfrom multiple
transmi ssionsand/or multiplereceptionsof microwavesignals. Likelidar, INSAR cannot
produce profileinformation with asingletransmission and reception, but iscurrently being
tested for itsprofiling capabilitieswith multipletransmitted and/or received Sgnas. INSAR's
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few-meter verticd resolution may well dwayslaglidar’ sfew-cmresolution, butitscoverage,
demonstrated by the Shuttle Radar Topography Mission’s(SRTM) global coveragein 11
days, suggestsInSAR hasanimportant roleto play ingloba or regiond 3D characterization
of forests. INSAR’s sensitivity to vertical structure is more abstract and less easy to
understand than lidar’s. Lidar measuresthe height of aforest component by thesimple
ball-throwing distance from the transmitter to the component in question. Each InNSAR
measurement ismorelikeameasurement of thevertica granularity of theforest at agiven
verticd spatia scde. Many such granularity measurementsat different scalescan beinverted
to estimatetheactua densty distribution asafunction of height abovetheforest floor. This
more abstract information content and theway it can be used to estimate profilesisthe
subject of thispaper. Themethods discussed herearepart of theandysisof tropical-forest
datafromLaSedvaBiologica Sationin CostaRicaand TapajosNational Forestin Brazil.
Preliminary resultsfrom the CostaRican forest will be shown.

The Sensitivity of INSAR to Vertical Forest Vegetation Density

ThelInSAR observation, called the complex crosscorrelation, consists of 2
parts, aphaseand amagnitude. The phasefrom asingle scatterer, such asscatterer “a’ in
figure 1, isproportional to the differencein the pathlengthsto the 1 and 2 ends of the
interferometer—in the picture thelength of the black lineminusthelength of theredline.
For scatterer b, thisdistance differenceisgrester and the corresponding interferometric
phaseisgreater. The phase of each contribution istherefore proportional to the height of
each scatterer above the ground surface. A “ scatterer” isacomponent of the vegetation
which sendsthetransmitted signal back tothereceiver.
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Figure 1. The Shuttle Radar Topography Mission interferometer, showing the path lengths
from two scatterers, a and b, to the two ends of the interferometer. The scatterers
could be leaves, branches, parts of the trunk, or anything in the forest scene

Thesgnasfromthesetwo hypothetica scatterersinfigure1 add vectoridly if
they areinthe sameresolution cell, asshowninfigure 2. Each signal contributesavector
withlength proportional to the backscattering strength, f2, and {2 for scatterersaandb,
respectively, with aphase, asalready noted, proportional to the scatters’ height.

Figure2. Vectorial addition of the signalsfrom scattersaand b to form thetotal cross correlation.
The lengths of each component vector a and b is shown next to the vector, asis the
length |g| of the total cross correlation coherence. “Re” isthereal part of the INSAR
cross correlation, “Im” is the imaginary part

Im -

Re
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Thereal part (Re) infigure 2 isthe backscattering strength x cos(InSAR
phase) for each vegetation component aand b, and the imaginary part (Im) is the
backscattering strength x SN(INSAR phase).

ThelnSAR observation arising from these two vegetation componentsisthe
complex coherence, givenintermsof theelectricfieldsE, and E, received at the ends of
theinterferometer as:

R E E, .
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wheretheensembleaveragebrackets<> literdly mean averaging over different
ensemblemembersof Satistically smilar terrain. In other words, each ensemble member
isadifferent realization of the same parent statistical population of vegetation cover. On
theright sideof (1), thepractical redlization of theensembleaveraging isshown asradar
“look” averaging. A “look” isone, usually few-m x few-m, sample of theterrain. The
electric fields are averaged over looks, from afew to many hundreds, to produce the
INSAR crosscorrelation. Thevector sum of figure 2 becomesanintegral for areal forest’s
continuoudy varying vegetation distribution. Thecrasscorrdation, whichisthenumerator
of (1), for avegetation volume, explicitly written asfunction of baseline B, wavelengthl,
andincidenceangleq,, dependson vegetation density asfollows:
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Thisequation, from Treuhaft et a. 1996, isnormalized by crosscor (B=0,1,0,)
to calculatethe complex coherence of (1). Thebracketsindicate an average over scatterer
type—branches, leaves, trunks—signifying an average scatterer strength asafunction of
height abovetheground. In(2), azisthederivativeof interferometric phasewith respect
to height abovetheground. Theinterferometric phaseat agiven height abovetheground,
the arctangent of thefirst termintheintegrand of (2), isproportional to the pathlength
difference of scatterersat that height. Thenext 2 termsr(z) < f>> determinethe brightness
of thevegetation at height z, withr(z) beingthenumber of scatterersper unit volumeat z
and < f2>theaveragebrightness of ascatterer. Thelast exponentia accountsfor attenuation
of thewaves propagating forward or backward inthemedium. o (z) istheextinction
coefficient at zand isalso proportional tor(z). Themain physical assumptionin (2) is
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wavesintheforest propagate similarly to thosein auniform slab of material, without
multiple complex interactions between thevariousforest components.

Estimating and Validating Forest Vegetation Profiles from the InSAR
Cross Correlation

Intheestimation of vegetation dengty profiles, whichisusually takento mean
leaf areadensity, three assumptionsare made. Thefirst regardsthe quantity r(z) <f3(z)>.
We have madethe assumptionthat 1) itisthevariationin the scatterer number density with
height, r(z), that isdirectly proportiona to vegetation density profiles. Thesecond assumption
isthat 2) the brightness per scatterer < f2(z)> does not depend significantly on height.
Biophysically, thisassumptionimpliesthat the averagetype of scatterer, for examplethe
averagesizeof leaves, doesnot appreciably changeasafunction of height. Mathematicaly,
thismeansthat the brightness of the vegetation at height z can bewritten asr(z) <f>>,
varying proportional only tothenumber of scatterersper unit volume. Finaly, itisassumed
that 3) thevertical dependence of theextinction coefficient, oy (z), inthelast exponential
in (2) also dependsonly onr(z). Theseassumptionshavenever beenrigoroudy justified
through cal culationsrel ating biophysical forest featuresto el ectromagnetic scatterer
characteristics. Instead relative vertical profilesestimated with the above 3 assumptions
have been compared to fiel d-measured leaf areadensity in Central Oregon, United States
(TREUHAFT et al., 2002). Further assumptionsof vegetation homogeneity, i.e. uniform
density, have been used to estimate tree height from polarimetric interferometry
(PAPATHANASSIOU and CLOUDE, 2001).

Inorder to apply (2) to the estimation of profilesinthetropical forestsof La
SelvaBiological Station, CostaRica, r(z) was considered to be composed of 8 layers,
each with uniform density, from 0to 50 m height. Eight val ues of the extinction coefficient
were chosen, determining relative va uesof r(z), and both extinction and relative densities
wereinserted into (2). These 8 values of extinction and corresponding rel ative values of
the scatterer number density arevaried until the coherences and phases of (2), with many
different baselines, match those of the dataasclosely aspossible. Theresulting relative
valuesof r(z) aretakento bethereative vegetation dengity profile. 18 effectivebaselines
were used at La Selvaby varying the altitude of the AirSAR airborne radar. Because
INSAR sensitivity isproportiond tothebasdinelength over theradar dtitude, themultiatitude
approach is equivalent to a multibaseline approach. The data were taken at C-band
(wavelength=0.056 m) and at vertical (V) polarization.

Field-measured vegetation dengity profileswereobtained asillugtratedin Figure
3tovalidate InSAR profileestimates. Thetotal height of each tree dong 100-m transects,
within 10 mof thetransect line, was measured along with thecommercia height (wherethe
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trunk first forks), yieding thelength of theline® ¢’ inthefigure. Thex- and y-axesof theleaf
canopy wereaso measured, yiddingthelines“a’ and“b” inthefigure. Thetotal volumeof
theresulting dlipsesfor each treelying within 1-mvertica bins, oneof whichisshownasa
dashedlineinfigure 3, wastakento bethefiel d-measured vegetation density for each binat
z. Explicitly, thevegetation density isderived fromthefield measurementsas
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wherez isthe center of eachtreewith any partinsidethebinat z, and a and b. arethe x-
andy-axesof thedlipsesdescribing treei. Theintegration limitsare between thelowest and
highest pointsfor each treewithinthebin Dz thick.

Fgure4 showsprdiminary resultsfor the8extinction coefficients, or equivaently
the8redativevauesof r(z) asafunction of height estimated for aprimary forest tandat La
Selvain black. Thefield-estimated density, asdescribed above, isin green, and alidar
profile(BLAIR et d., 2004) isshowningreen. Thereisreasonable agreement betweenthe
INSAR profileand those of thefield and lidar, inthat the error barsof theINSAR areclose
tothefield and lidar profiles. Meansof reducing theInSAR error barsincludeusingal 18
baselines—only 9 were used for Figure 4—and improving the calibration of noiseand
range decorrelation aswell asimproving parameter estimation procedures. Error barsfor
thefield and lidar measurementswill aso hel pto determinethesignificance of theagreement
of al threeprofiling measurements.

Figure 3. Each elipse corresponds to a tree canopy. The total height, commercia height, and the
x- and y-extents of each tree were measured to obtain the height, ¢, and the ellipse axes
aand b for calculation of the elipse volume inside the dashed lines indicating one
vertical bin. Theheight “z” of the bin isindicated by the aternate dashed line, and the
top and bottom of the bin of thickness Dz bin are shown with dashed lines
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Figure4. Extinction coefficient, or vegetation relative density, as afunction of forest height for
primary forest at La Selva Biological Station, Costa Rica. The black line with error
barsisthe INSAR determination using parameter estimation and (2). Thered lineis
determined from the field measurementsindicated in Figure 3, and the greenlineisa
lidar power profile from Blair et al., 2004

Conclusions

INSAR has potential asavegetation profiling remote sensing technique. A
single INSAR cross correlation essentially sumsthe contributions of each vegetation
componentinavectorial way. Anintegra expressonformally describesthisvectorial sum
and depends on aquantity called the“ vegetation number density” or r(z). Thisdensity,
whichisthenumber of vegetation scatterersper unit volume, isassumed to be proportiona
to both the vegetation density—e.g. leaf areadensity—and the extinction coefficient. Field
measurementsof dendity are derived fromthecommercia height, thetotal height, andthe
x andy axes of the canopy of each tree, assumed to beellipsoids. First INSAR profiles
from9basdinesover LaSavaBiologicd Stationin CostaRicahavereasonableagreement
with field and lidar measurements, but theformal errors(theerror bars) arelarge. Future
work will include reducing errors by using acomplete set of observations, 18 baselines
instead of 9, and more accurate INSAR calibration procedures. We will aso produce
INSAR profilesfor 30stesmeasured inthefield, including primary, secondary and selectively
logged tropical forests, along with abandoned pastures.
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