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Abstract—A coherent scattering model for tree canopies is exceeds the number of radar-observation parameters. For this
employed in order to characterize the sensitivity of an inter- reason, the application of a multifrequency and multipolariza-
ferometric SAR (INSAR) response to the physical parameters o raqar system was proposed, and such a system was flown
of forest stands. The concept of an equivalent scatterer for a board the S Shuttle End in April and Octob f
collection of scatterers within a pixel, representing the vegetation aboar € .pa}ce uttle 'n .eavor In April an " C_O ero
particles of tree structures, is used for identifying the scattering 1994 [8]. Preliminary results indicate that the classification and
phase center of the pixel whose height is measured by an INSAR. retrieval of vegetation-biophysical parameters indeed require
Combining the recently developed coherent scattering model for many simultaneous radar channels. However, free-flight of

tree canopies and the INSARAK-radar-equivalence algorithm, ¢,ch gystems is not practical due to the exorbitant power
accurate statistics of the scattering phase-center location of forest requirements

stands are obtained numerically for the first time. The scattering ) . .
model is based on a Monte Carlo simulation of scattering from Recent advancements in the field of radar |nterfer0metry have

fractal-generated tree structures, and therefore is capable of opened a new door to the radar remote sensing of vegetation.
preserving the absolute phase of the backscatter. The model can|n addition to the backscattering coefficient, radar interferom-
also account for coherent effects due to the relative position of in- aters measure two additional quantities that contain target in-
dividual scatterers and the |nhomogeneous extinction exper!enced formation [9]. These quantities are the correlation coefficient
by a coherent wave propagating through the random collection of . : - .
vegetation particles. The location of the scattering phase center and the interferogram phase. To interpret these quantities and to
and the correlation coefficient are computed using theAk-radar ~ characterize their dependency on the physical parameters of the
equivalence simply by simulating the backscatter response at two target, a thorough understanding of the coherent interaction of
slnghtlyhdlfferent fr((ajq;etnues. _Thg tr)nonF?ll_ '_? Sgcs‘fésm"y vah(lnlattedd electromagnetic waves with vegetation particles is required. The
gisrzggstt:nrdnei:r? SFl;;eCO, ?\A?.azqggﬁsiti\%ty analysis is %\(Ieerfroe;r?fag Ctg premise of this investigation with regard to retrieving vegetation
characterize the response of coniferous and deciduous forestparameters from INSAR data stems from the fact that the loca-
stands to a multifrequency and multipolarization INSAR in order  tion of the scattering-phase center of a target is a strong function
to determine an optimum system configuration for remote sensing of the target structure. For example, the scattering-phase centers
of forest parameters. of nonvegetated terrain are located at or slightly below the sur-
Index Terms—Forest scattering, SAR interferometry, radar veg- face, depending upon the wavelength and the dielectric proper-
etation model. ties of the surface media, whereas for vegetated terrain, these
scattering phase centers lie at or above the surface, depending
upon the wavelength of the SAR and the vegetation attributes. It
o also must be recognized that the vegetation cover adds noise in
A CCURATE estimation of gross forest parameters sugRany interferometric SAR applications in which the vegetation
as total vegetation biomass, total leaf-area index, agdelf is not the primary target, such as geological field mapping
tree height in global scale has long been an important gQglsyrface-change monitoring. In these cases, itis also important
within the remote sensing community. Over the past tWg jdentify and characterize the effect of vegetation on the topo-
decades, much effort has been devoted to the developmeng@fphic information obtained from the interferometric SAR.
scattering models [1]-[6] for understanding the interaction of | recent years, some experimental and theoretical studies
electromagnetic waves with vegetation, and to the constructiiye peen carried out to demonstrate the potential INSAR’s
and development of advanced-imaging radars for acquiriigretrieving forest parameters. For example, in [10]-[12], ex-
test data and examining the feasibility of the remote Se”SiB@rimental data using ERS-1 SAR repeat-pass and TOPSAR
problem [7], [8]. In most practical situations, the number afjngle-pass are employed to show the applications of SAR inter-
vegetation parameters influencing the radar response usugdidometry for classification of forest types and retrieval of tree
heights. Also, theoretical models have been developed to estab-
lish relationships between the interferogram phase and corre-
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are not accurate enough for most practical applications. For
ample, the shape, size, number density, and orientation dis #
butions of vegetation in forest stands are nonuniform along tl
vertical direction. The nonuniform distributions of physical pa
rameters of vegetation particles (such as leaves and branct
give rise to inhomogeneous scattering and extinction, which s
nificantly affects the correlation coefficient and the location
the vegetation-scattering phase center.

The purpose of this investigation is to develop a robust sc
tering model for forest canopies capable of predicting the
sponse of INSAR’s. Although there are a number of EM sc
tering models available for vegetation canopies [1]-[3], [5], [6
they are of little use with regard to INSAR applications due
their inability to predict the absolute phase of the scattered fie
The absolute phase of the scattered field is the fundamen...
quantity from which the |nte-rfero-gram ImageS, are CQnStrUCteIQQ. 1. Photograph of a red pine stand (Stand 22) and the simulated tree
The proposed model described in Section Il is basically corgructure using the fractal model.
posed of two recently developed algorithms: a fully coherent
scattering model for tree canopies based on a Monte Carlo si
ulation of scattering from fractal-generated trees [16], and
extraction of the scattering-phase center based dk-aadar
equivalence relationship with INSAR [13]. In Section Il the :
validity of the model in predicting the backscatter coefficient -
and the location of the scattering phase center of forest canog.
is demonstrated by comparing the simulated results with tho
measured by JPL TOPSAR [17]. Finally a sensitivity study i
conducted to demonstrate the variations of the scattering phi ;
center of a forest stand in terms of target parameters such as
density, soil moisture, tree type, and ground tilt angle, as we §
as INSAR parameters such as polarization, frequency, and in
dence angle.

In this section, an overview is given of the approaches th §
are employed to extract statistics of the scattering phase cer
of forest canopies. Three tasks must be undertaken for the cal !
lation of the correlation coefficient and the location of the sca
tering phase center. These include: 1) accurate simulation of tt 2
structures; 2) deveIOpment of the chttermg model; ,and 3) %g_ 2. Photograph of a red maple stand (Stand 31) and the simulated tree
velopment of an algorithm for evaluation of the location of theructure using the fractal model.
scattering phase center.

SRR

section, leaf placement, and randomizing the fractal parameters
Il. M ODEL DESCRIPTION according to some prescribed probability-density functions.

The botanical features and the probability-density functions

A. Fractal Model must be characterized accordingitositu measurements of a
It will be shown that the location of the scattering phasgiven stand.

center of a tree is a strong function of the tree structure. ForAlthough there are many computer graphics available for
an accurate estimation of the scattering phase center anddbkeerating tree-like structures, most are not appropriate for
backscattering coefficients, the algorithm for generating d#ie purpose of scientific modeling. At microwave frequencies,
sired tree structures must be capable of producing realistic tthe radar return and its statistics strongly depend on tree
structures and yet be as simple as possible. It has been shetmctures, which necessitate the application of realistic models
that geometrical features of most botanical structures can fbe generating accurate tree structures. Therefore, the final and
described by only a few parameters using fractal theory [18host important step in the fractal model is to incorporate the
[19]. A distinctive feature of fractal patterns is the self-simiinformation about the tree structure and its statistics obtained
larity that is maintained throughout the derivation process. Tiomm thein situ measurements of the ground truth. Figs. 1 and
generate fractal patterns, we use Lindenmayer systems [ZD;ompare the simulated trees produced by the fractal model
which are versatile tools for implementing the self-similaritgleveloped in this paper with the photographs of the actual forest
throughout a so-called rewriting process. For a tree-like strustands. These simulated structures are generated according to
ture, some essential botanical features must be added to ithsitu measurements collected from two test sites denoted by
fractal process, including branch tapering in length and croSsand 22 (red pine) and Stand 31 (red maple) in Raco, MI. The
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fractal pine shown in Fig. 1(b) consists of 792 branch segmenisgth k. = k; — 274(1g - ];i) andr,, = 2ko(ry, - 7iy) (7 - l%,,). In

391 end-needle clusters, and 747 needle-covered stems. ff@eabove expressiofi, is the unit vector normal to the ground
fractal maple in Fig. 2(b) comprises 7494 branch segments grldne, which in general is tilted with respect to the horizontal
14 818 leaves, consistent with the ground-truth data [16]. Pdane of the global-coordinate system. The optical lengtac-
visualize the generated three-dimensional (3-D) tree structuceunts for the extra path length experienced by the ground-scat-
the fractal model is equipped with a fast algorithm that displaysrer or the scatterer-ground scattering components compared
the real-time projected tree image with arbitrary scaling ard the direct-scattering componeS{ is the scattering matrix

perspective view. of the nth scatterer isolated in free spad®.is the reflection
matrix of the ground plane, which includes the surface-reflec-
B. Scattering Model tion coefficient and the polarization transformation due to the

tilted ground planeT¢, andT", are transmissivity matrices ac-

In contrast to the existing scattering models for tree canopiegunting for the attenuation and phase change of the mean-field
the coherent model used in this investigation is capable of pfgsm the canopy top and the ground to the scatterer respectively,
serving the absolute phase of the backscatter as well as the 84T is the total canopy transmissivity (see Fig. 3).
ative phases of individual scatterers, which giveS rise to CO-A forest stand with a closed canopy can be regarded as a mul-
herent effects. Once a tree structure is generated, the scattg[ggered random medium, in which the properties of each layer
field is computed by considering the tree structure as a clusiin be characterized according to the particle distribution along
of scatterers composed of cylinders (trunks and branches) aRé vertical extent of the forest canopy. The particle size, shape,
disks/needles (leaves) with specified position, orientation, ap@sition, and orientation distributions are obtained directly from
size. The attenuation and phase shift due to the scattering gl fractal model. A continuous multilayer random medium is
absorption losses of vegetation particles within the tree canogyt an accurate representation for the discontinuous canopies
are taken into account in the computation of the scattered figydch as coniferous forest stands. In these cases, the mean field
from individual particles. To the first order of scattering approxXyithin the canopy is a function of both the vertical and hori-
imation, the backscatter from the entire tree is calculated frosgntal positions, as shown in Fig. 4. The scattering model de-
the coherent addition of the individual scattering terms. HenGgsloped for this study has the ability to keep track of the at-
neglecting the multiple scattering among the scatterers, the tauation and phase shift of the incident and reflected rays as
scattered field can be written as they traverse the discontinuous canopies. This is accomplished

by defining an envelope obtained from the fractal model for the
tree canopy. Depending on the incidence angle, the incident or

gk N ‘ reflected rays may traverse the neighboring trees [23]. In the
E = , Z S, - K (1) Monte Carlo simulation, the position of the neighboring trees is
n=1 chosen randomly according to the tree density and plantation.

where N is the total number of the scatteref, is the indi-
vidual scattering matrix of_thath scatterer, wh|_ch may be aC‘ Algorithms for Evaluating the Location of the
tree trunk [21] or a vegetation needle [22], afidis the phase :
) ) o Scattering-Phase Center

compensation accounting for the shifting of the phase reference
from the local to the global phase reference. This is given by

n = ko(k; — ks) - rn, Wherer,, is the position vector of the
nth scatterer in the global-coordinate system.

In order to compute the scattering matrix of thih particle

As mentioned earlier, the overall objective of this investi-
gation is to study the relationship between the phase and cor-
relation coefficient of an INSAR interferogram and the phys-

S,., consider a single particle above a ground plane. Ignoring t gel E:éig::?t(ta: g; :;2;5; :iat\r/]v% ;Al\in Lﬁsﬁiiesr)éittelrgo?gisllgs
multiple scattering between the scatterer and its mirror ima eH d the phase difference between tﬁe t?//vo backscattere dgfield's
the scattering matrix is composed of four components: P

is used to derive the elevation information. In a recent study

1) direct componen;; [13], it has been established that similar information can be ob-
2) ground-scatterer componesfy; tained by measuring the backscatter of the scene at two slightly
3) scatterer-ground componesy’; different frequencies provided the look angle is known. For an

4) ground-scatterer ground compon&te. INSAR system with known baseline distandg)(and anglex

Therefore, the individual scattering matSx, can be written as operating at frequencg, the frequency shift4 f) of an equiv-
alentAk-radar is given by

S, = S! + 89" + S!v + §9'9 (2) foB
. . Af = W Sin(Oé — 9) (7)
S, =T, - S)(~ki, k) - T, () whered is the looking angleyn = 1, 2 for repeat-pass and
two-antenna INSAR configurations, respectively, ani$ the
where ; s ; distance between the antenna and the scatterer. This equivalence
S9' =T R T - 80—k, ) - T, @) : q

te _ imaei O/ B G . : relationship is specifically useful for numerical simulations and
Sy = "L, - Sp(=kis k) - Tn R T ()  controlled experiments using stepped-frequency scatterometer
S99 =™ T . R -T% - S°(—k,, k,) - T- -R-T" (6) systems. In Monte Carlo simulations, once the tree structure and
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Fig. 3. (a) Propagation of a coherent wave in a continuous canopy and (b) an example of extinction profile calculated for Stand 31.
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Fig. 4. Position dependence of the transmissivity for coniferous trees and the shadow effect caused by neighboring trees.

the scattering configuration are determined, the backscatter sifnere Ak = 2xAf/c and A® = /(EfE,) represents the
nals are calculated twice at two slightly different frequenciephase difference betwedry and F». Note that the equivalent
The backscatter gf, = fo and f; = fo + Af are represented frequency shift for most practical INSAR configurations is only
by E; and E,, respectively, which are computed from a small fraction of the center frequengx f/fo < 0.1%) and
N i therefore, the far-field amplitudes of individual isolated scat-
Ey =Y ePokimg, (ko) - EL, (8) terers 69) do not change when the frequency is changed from
n=1 foto fo+ Af, thatis,SO (ko) = S°(ko + Ak). This approxi-
mation speeds up the Monte Carlo simulation without compro-

mising the overall accuracy of scattering-phase center-height es-
timation.
Itis also shown that the height of the equivalent scatterer aboveror a random medium like a forest stand, the scattering-phase

the z—y plane of the global-coordinate system can be detefenter-heightz.) is a random variable whose statistics are of
mined from interest. Usually, the mean value and the second moment of this

—AD random variable are sought. Based on a rigorous statistical anal-
= SAkcosf (10) ysis [13], it is shown that the statistics &f® can be obtained

By =y ot aWhing, (b + Ak)-EL.  (9)

n=1

Ze
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from the frequency correlation function of the target by corr
puting

(IEL[2)(| E2?)

where « is the correlation coefficient, and is the coherent
phase difference. In (11};) denotes the ensemble averaging. (a)
which is evaluated approximately using a sufficiently larg
number of realizations through the Monte Carlo simulatiol
When the backscatter statistics are Gaussiaand  provide
a complete description of the statistics Afb. The apparent
height of the scattering phase center of a forest stand is prog
tional to¢ and can be obtained from
—<

"~ 2Akcosf’ (12) L
Note that¢ is not the statistical mean ak®, but rather the
phase value at which the probability-density function/od © (@
assumes its maximum. In fact, using the mean value may result
in a significant error for calculating the apparent heightTo Fig. 5. Four configurations for a cylinder above a ground plane with
demonstrate this, two cases may be considered. In one cgg@tation angles: (&. = 60°, 6. = 180°, (b)#. = 0°, . = 0°, (c)

. 6. = 60°, ¢. = 0°, and (d)8. = 45°, ¢. = 150° and their principal
¢=0, and in the other case= 180°. In both cases, the meanscattering mechanisms, respectively. The center of the scatterer is denoted by
value of A® is zero, whereas the apparent heights calculateéfland equivalent scattering phase centerly. (

from (12) are obviously different.
In order to develop some intuition about the scattering phase
center and to examine the validity of the above equivalence
algorithms, let us consider a simple case, in which the target TABLE |
is a single scatterer above a ground plane. Through this NORMALIZED HEIGHT OF THE SCATTERING

illustrative case, the relationship between the location of the PHASE CENTER THE NORMALIZED-SCATTERING COMPONENTS AND
THE RADAR CROSSSECTION FORFOUR DIFFERENT SCATTERING

Ze

scattering phase center and_the s_catter_ing mechan_isms can be CONFIGURATIONS, AS SHOWN IN FIG. 5.
demonstrated. Consider a dielectric cylinder of radius- 5

cm, lengthb = 3 m, and dielectric constart = 22 + ¢10,  Configuration (a) (b) (c) (d)
which is located at heigtit = 6 m above a ground plane having Polarization | vv| hh| wv| hh| wve| hh| wvo| hh
a complex permittivitye, = 9.7 + ¢1.6. Suppose the target is if/h 1001 0.99 § 0.01}-0.01 | -1.06 ) -0.96 | 0.49 043
iumi db | h directi ¢ ) [5°/5] 0.99[0.97 | 0.02] 0.01 | 0.05] 0.05| 0.62| 0.42
illuminated by a plane wave whose direction of propagatic —zz73 0.03 1002 099 101 0131 0.08 | 062 | 0.50
is determined by the incident anglés = 30°, ¢; = 180°, [S## /5] 0.00{0.00] 0.00] 0.00 | 1.10] 1.03] 0.00 | 0.00
as shown in Fig. 5. As mentioned previously, the backsce ECS (dBsin) [8.06 | 5.19 | -0.46 | 6.16 | -6.05 | -5.23 | -17.2 | -15.1

tered field is mainly composed of four scattering components
with different path lengths. In general, it is quite difficult to
characterize the location of the scattering phase center obackscatter is dominated by the direct componety § =
scatterer analytically when multipath scattering mechanis$9), the location of the scattering phase center appears at the
are involved. However, in cases where a single scatteripbysical location of the scatterer above the ground/ ~ 1).
mechanism is dominant, it is found that the location of th8imilarly, in scattering configurations (b) and (c), where the
scattering center is strongly dependent upon the path lengtthatkscatter is dominated by the single ground bounce compo-
the dominant scattering component. nent and the double ground bounce component, the locations of
Here we illustrate this fact through an experimental studie scattering phase center appear on the ground surface and at
in which the orientation of the cylinder is properly arrangethe mirror-image point as shown in Fig. 5. In scattering config-
in four configurations, as shown in Fig. 5(a)—(d), such that theation (d), the direct and the single ground bounce components
total backscatter is dominated by (&), (b) S9°, (c) S99, and of the backscatter are comparable in magnitude, and as shown
(d) St + S9°, respectively. Note tha§9” is the combination in Table I, the location of the scattering phase center in this case
of the reciprocal pairS¢t and S*¢. The simulation results at appears at a point between the physical location of the scatterer
fo =1.25 GHz are shown in Table | and include the scatterirand the ground surface. When the number of scatterers is large,
phase-center height normalized to the physical height, the the location of the scattering phase center is a convoluted func-
ratio of the amplitude of individual scattering components tiion of physical locations of the constituent scatterers and the
the total backscattered fieJd( /S|, and the overall radar crossrelative magnitudes and phases of the scattering components.
section (RCS) of the target for each orientation configuratidote that|z. /2| and|S() /S| in Table | may exceed 1 since the
and for both polarizations. It is obvious from the results reetal backscattered fielfl is the superposition of four scattering
ported in Table | that in scattering configuration (a), where ttmmponents that are not necessarily in phase.
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TABLE I Runway
GROUND-TRUTH DATA OF STAND 22

Tree Density : 11424 /Hectare

Tree Height : 89m

Trunk Diameter (DBH) : 14.6 cm Stand 22
Dry Biomass : 53 (tons/ha)

Needle Length : 10 em

Needle Diameter : 1.2 mm

Needle Moisture (mg) :  0.62

Wood Moisture (my) : 0.42

Soil Moisture (m,) : 0.18

I1l. COMPARISON WITH MEASURED DATA AND

SENSITIVITY STUDY
) . ] ] ) Fig. 6. Portion of a TOPSAR C-band image)(,), indicating Stand 22 at an
In this section, full simulations of forest stands are carried owidirport near Raco, M.

As afirst step, the model predictions are compared with the JPL
TOPSAR measurements over a selected pine stand, denoted as
Stand 22. Then a sensitivity study is conducted to characteriz=

the variations of the scattering phase-center height and correl 10 ' ' ' ' '

tion coefficient as a function of both forest and INSAR param- *  TOPSAR

eters. T 8 —— Model 7
Stand 22 is a statistically uniform red pine forest locatec 7,

within Raco Airport, Raco, MI. This scene was selected for ™ [ =~ Model (ih-poD) o« o]

this study, because the stand is over a large flat terrain, whic
reduces the errors in the measured tree height due to possil
surface-topographic effects. In addition, the nearby runwa
provides a reference target at the ground level. Ground-trut
data for this stand have been collected since 1991 [24], ar
careful in situ measurements were conducted by the author
during the overflights of TOPSAR in late April 1995. The 0 s ' : : :
relevant physical parameters of this stand are summarized
Table Il. The vegetation and soil dielectric constants are derive
from the measured moisture contents using the empirice
models described in .[25] aqd [26] . Fig. 7. Estimated height of scattering phase center of Stand 22, compared with
The JPL TOPSAR is an airborne two-antenna 'nterferome@{g.déta extracted from two TOPSAR images of the same stand.
operating at C-band (5.3 GHz) withy-polarization configura-
tion [17]. During this experiment, Stand 22 was imaged twice
at two different incidence angles: 38nd 53. Fig. 6 shows a
portion of the 39 radar image, which includes the test standient is at the air—ground interface, the location of the scattering
Each side of the dark triangle in this image is a runway aboufpbase center of trees fa-polarization is lower than that for
mi long. The measured height of the stand is obtained from the-polarization.
elevation difference between the stand and the nearby runwayThe comparison between the simulatd and the measured
Using the ground truth reported in Table Il, the backscattering, acquired by TOPSAR as a function of the incidence angle
coefficient and the location of the scattering phase center asahown in Fig. 8. Also shown in this figure is the contribution
function of the incidence angle were simulated at 5.3 GHz. A&d each scattering component (the direct backscattand the
shown in Figs. 7 and 8, excellent agreement between the mogielund-bounce backscattef®) to the overall backscattering
predictions and TOPSAR measurements is achieved. The sirmaefficient. It was found that the contribution of the double
lated height of the scattering phase center of the same forestdosund-bounce component’*y was relatively small and for
anhh-polarized INSAR having the same antenna configuratianost practical cases can be ignored. In this case, atlow incidence
and operating at the same frequency, is also shown in Fig. 7. laisgles#; < 30°) the ground-bounce backscatter is the domi-
shown that the estimated height at fife-polarization configu- nant component, whereas at higher incidence angles, the direct
ration is lower than that obtained from the-polarization con- backscatter becomes the dominant factor. This trend is the cause
figuration. This resultis usually true for most forest stands, sinéer the increasing behavior of the scattering phase-center height
the ground-trunk backscatter fbh-polarization is much higher as a function of the incidence angle found in Fig. 7. It is worth
than that forsu-polarization. Also noting that the location of thementioning that the contribution of pine needles to the overall
scattering phase center for a ground-trunk backscatter compaekscattering coefficientwas foundtobe negligible compared

d Height
N
T
t
1

imate
i
£
"
1

Est
S

Incidence Angle 6, (Degrees)



SARABANDI AND LIN: SIMULATION OF INTERFEROMETRIC SAR RESPONSE 121

— (0] T T T T T 6 T T T T T T
g st ]
ov : E N —
o -10F 1 < 4F ]
%’ ~ I e "
S I 1 —— ¢
C 20F e  TOPSAR o i 5 S — C,
él) RN o) 7L T SO emmn - ]
£ , ~ =2 @ o G
) —i— Model (total) N, 2]
% N S T e va
9  30p e Component &' N - E tr e g p G e ] .
= N ) e ‘hh
2 --=<--- Component ¢*° N, = 0 L L L L L L
[aa] h 600 700 800 900 1000 1100 1200 1300
40 — L 1 1 | I
10 20 30 40 50 60 70 Tree Density, (#/Hectare)
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tree density, simulated &t = 45°.

Fig. 8. Simulated backscattering coefficient of Stand 22, compared with the
measure@’  extracted from two TOPSAR images of the same stand.

scattering phase-center height decreases with soil moisture, as

6 . . . 1 . shown in Fig. 9. This effect is more pronounced for L-band
vv-polarization than other INSAR configurations, suggesting

~ 5F — . a practical method for monitoring the soil moisture using the
= a TTTe——, apparent height of the forest stand. This high sensitivitg at
N4y E is achieved because of the existence of competitive scattering
Z 3t - ‘& 3 components. Basically, at low soil moisture, the direct
E Tl ‘u\ — G backscatter component is comparable with the ground-bounce
= 2 B e @ 4 --=-- ¢,  component and the scattering phase center lies amidst the
fa' N j canopy. As the soil moisture increases, the ground-bounce
= R T U L scattering component becomes more dominant, which results
By ; L ! L | ' " in lowering the apparent height of the stand. On the other hand,

0.0 01 02 03 04 05 06 the least sensitive configuration &;,;,, since the dominant

scattering component, independent of the soil moisture, is
the ground-bounce component.

Fig. 10 shows the effect of the tree density on the estimated
Fig. 9. _ Estimqted scattering phase-center height of Stand 22 as afunctiorh%fight of a red pine stand having a similar structure to that of
soil moisture, simulated & = 45°. L

Stand 22 a¥; = 45°. As the tree density increases, the ex-

tinction within the canopy increases, which reduces the ground-

bounce component. Increasing the tree density would also in-
to the contribution from the branches and tree trunks. Howevergase the direct backscatter component. As a result of these
inclusion ofthe needlesinthe scattering simulationwas necessavg processes, the apparent height of the canopy increases with
because oftheir significanteffectonthe extinction. increasing tree density, as demonstrated in Fig. 10. As before,

With some confidence in the scattering model and thhe apparent height fak;; configuration does not show any
algorithm for evaluation of the scattering phase-center heigbgnsitivity to the tree density, indicating that the ground-bounce
further simulation can be performed to characterize tlmwmponent remains dominant over the entire simulation range
dependence of the scattering phase-center height of a fois700-1200 trees per Hectare. This lack of sensitivity to the
stand on the system parameters such as frequency, polarizatmparent height of coniferous stands 1gy, suggests that this
and incidence angle, and the forest parameters such as treefiguration is most suitable for mapping the surface height of
density, soil moisture, and tree types. In addition, weoniferous forest stands.
demonstrate the capability of the present model as a tool forNow let us examine the response of INSAR when mapping
determining an optimum system configuration for retrievingeciduous forest stands. For this study, a red maple stand (Stand
physical parameters of forest canopies. Fig. 9 shows tBg) is selected, whose structure and scatterers are different from
estimated height of Stand 22 for two principal polarizationthe previous example. A fractal-generated red maple tree and a
at C-band (5.3 GHz) and L-band (1.25 GHz) as a functigpicture of the stand are shown in Fig. 2. This stand was selected
of the ground’s soil moisture, simulated &t= 45°. As the asateststand to validate the previously developed coherent scat-
soil moisture increases, the ground-plane reflection will algering model [16], using the SIR-C data. The average tree height
increase, which in turn causes the ground-bounce scatterargl tree-number density were measured to be 16.8 m and 1700
component to increase. As a result of this phenomenon, tinees per Hectare, respectively. Table Il provides the detailed

Soil Moisture, m,
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TABLE 11l 20 , . , ‘
GROUND TRUTH OF STAND 31

Tree Density : 1700/Hectare E 15k 1. .

Tree Height : 16.8 m N w

Trunk Diameter (DBH) : 14 em = = Ly

Dry Biomass : 140 (tons/ha) 5 or 1 e L,

Leaf Density : 382 #/m3 5 e

Leaf Area : 50 ecm?/# £ 5k . "

Leaf Thickness : 0.2 mm g G

Leaf Moisture (m,) : 0.51 M | | | ‘ e G

Wood Moisture (m,) :  0.60 Y T o 3w w1

Soil Moisture (m,) : 0.18

Azimuthal Look Angle, ¢; (Degrees)
Fig. 12. Estimated scattering phase-center height of Stand 31 over a tilted
20 T T T T T ground with tilt angled, = 10° até; = 25.4°.

5 st {1 — L,
N @- Ly, . ) .
2 b . | as a seml—l_nflnllte medium, and as shown in [13], the knowl-
= T b edge of extinction would reveal the distance between the loca-
5 ” v-- Gy tion of the scattering phase center and the canopyAad (sing
g sr 1 - gy, Ad = cos 8/(2k). If an average extinction coefficient) of
g . CV 0.2N,/mis used in the above equation, a distafeg= 1.77
Ry ) . ) \ A i m is obtained aff = 45°. However, a simple relation for evalu-

10 20 30 40 50 60 70 ating the apparent height fdr,;, does not exist yet.

Fig. 12 shows the effect of the ground-tilt angle on the es-
timated scattering phase-center height. This simulation is ob-
tained by setting a ground-tilt angl, = 10° for a forest
8find similar to Stand 31 and calculating the estimated scat-
tering phase-center height as a function of the azimuthal inci-
dence angle); atd;, = 25.4°. As mentioned in [16], there is a
strong ground-trunk backscatter around= 70°, particularly
ground-truth data from Stand 31. The simulations for estimatifigr L;,;, andL.,;,. This accounts for the dip in the apparent height
the scattering phase-center height are performed fully-polasimulations forL,;, andL.,; configurations at); = 70° shown
metrically at L-band and C-band. Fig. 11 shows the variation Fig. 12.
of the apparent height of Stand 31 as a function of the incidenceSo far, only the behavior of the mean value of the scattering
angles for co-polarized and cross-polarized L-Band and C-bapithse-center height has been investigated. However, the model
INSAR configurations. Simulation results at C-band show thags the ability to provide an approximate probability-distri-
except at very low angles of incidence, the scattering phasation function of the scattering phase-center height. The
center is near the top of the canopy. In this case, the backscaltistograms of the scattering phase-center height can be con-
in all three polarizations is dominated by the direct-backscattgructed by recording the simulated results for each scattering
components of particles near the canopy top. The same is tsimulation. Fig. 13 shows the simulated probability-density
for L,, and L,;, configurations. However, since penetratiofiunction (PDF) of the scattering phase-center height of Stand
depth at L-band is higher than C-band, the location of the sc@g até = 45° for the three principal polarizations and for both
tering phase center appears about 1-3 m below the appateBand and C-Band. At L-Band, the scattering phase-center
height at C-band. The scattering phase-center heighLfgr height has a narrow distribution fé#:-polarization, indicating
configuration, on the other hand, is a strong function of the indhat a relatively small number of independent samples are
dence angle where it appears near the ground surface at low iscifficient for estimating the apparent height. At C-band, the
dence angles and increases to a saturation point near grazingsaattering phase-center height of the cross-polarized backscatter
gles. Atlow incidence angles, the ground-trunk interaction is tlexhibits a narrower PDF.
dominant scattering mechanism for hh polarization and sinceAs mentioned earlier, the correlation coefficient) (is
the location of the scattering phase for all single ground-bounae independent parameter provided by INSAR’s which,
terms is on the ground, the overall scattering phase-center heightprinciple, may be used for inversion and classification
appears close to the ground. Close examination of this figure processes. The measured correlation coefficient is a function
dicates that a pair af,, andL;,;, INSAR data at low incidence of INSAR parameters such as look angle, baseline distance
angles can be used to estimate the tree height of deciduous foaest angle, radar range to target, and target parameters. To
stands with closed canopies. A C-band foliated canopy behaesamine the behavior af as a function of target parameters,

Incidence Angle 9, (Degrees)

Fig. 11. Estimated scattering phase-center height of Stand 31 as a functio
incidence angle, with fully-polarimetric L-Band and C-band response.
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Fig. 13. PDF of the scattering phase-center height of Stand 22-at45° as a function of frequency and polarization.

the Ak-radar-equivalence relationship given by (7) is used, end 3) temporal decorrelation, which a function of target change
which the dependence on INSAR parameters are lumped ihi@ween the two backscatter measurements. Unfortunately, the
one parameter, namely, the frequency shift. Fig. 14 showscorrelation caused by the target is far less than those caused
the calculated correlation coefficientsy)(as a function of by the other two factors. This puts a serious limitation on the
the normalized-frequency shiftA(f/fo) (corresponding to applicability of «« for inversion and classification algorithms,
the baseline distance in an INSAR), simulated for Stand 2ihce accurate measurementofvith three significant digits is
and Stand 31 af; = 45°. As shown in [13], the correlation not practical even with two antenna INSAR’s. For repeat-pass
coefficient is inversely proportional to the width of the PDRnterferometry, thex values reported for forest stands is below
(that is, a high value ofy indicates a narrow distribution). A 0.7, which is caused mostly by the temporal decorrelation of the
comparison between the histograms shown in Fig. 13 and tiaeget. Therefore, it does not seem logical to ass a param-
values ofa shown in Fig. 14(a) demonstrates this relationshigter for classifying forest types. The TOPSAR measursdor
It is interesting to note that simulated for Stand 31 at/.;;, Stand 22 atincidence angles’@hd 53 are, respectively, 0.935
is significantly smaller than the correlation coefficients and 0.943, which are below the calculated values of 0.998 and
other polarizations [see Fig. 14(b)]. This behavior is a res@t999. This discrepancy can be attributed to processing errors
of the fact that the direct-backscatter and ground-bounaad thermal noise.
backscatter components are comparable.

Itis shown that for the same baseline-to-distance raio-{,
which corresponds to a constakyf/ fo, o at C-band is smaller
thana at L-band independent of polarization. It should be men- In this paper, a scattering model capable of predicting the re-
tioned here that for most practical situationsf/ f, is of the sponse of interferometric SAR’s when mapping forest stands
order of 16—4 or smaller, which renders a value femear unity is described. The model is constructed by combining a first-
(e > 0.99). That is, for practical INSAR configurations, the ef-order scattering model applied to fractal-generated tree struc-
fect of forest parameters on the correlation coefficient appednses and a recently developed equivalence relation between an
on the third digit after the decimal point. It can be shown th&iNSAR and aAk-radar. Using this model, accurate statistics
the measured correlation coefficient is a product of three faof the scattering phase-center height and the correlation coef-
tors: 1) target decorrelation, which is a function of target pararficient of forest stands are calculated numerically for the first
eters only and is proportional t8/r; 2) system decorrelation, time. The validity and accuracy of the model are demonstrated
which is a function of system slant-range resolution @&htt; by comparing the measured-backscattering coefficient and the

IV. CONCLUSIONS
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