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ABSTRACT

Durirlg  several field campaigns in spring and summer of ’94, the NASA/JPL air-

borne synthetic aperture radar (AIRSAR) collected data over the southtm  and

northern study sites of BOREAS. Amollg the areas over which radar data were

collected was the young jack pine (YJP) tower site, which is generally characterized

as having short (2-4 m) but closely spaced trees with a dense crown layer. In this

work, the AIRSAR data over this YJI’ sta]ld from six different dates are used, and

the dielectric constant and hence the moisture content of its branch layer compo-

nents are estimated. This is accomplished by first deriving a parametric scattering

model from a numerical discrete-component forest model. This is possible if the

predominant scattering mechanism can bc identified. Here, a classification algo-

rithm is used for this purpose, concentrating on areas where the volume scattering

mechanism from. the branch layer dominates. Once the parametric model is derived,

a nonlinear estimation algorithm is emplc)yed  to retrieve the model parameters from

SAR data. This algorithm is iterative, alld takes the statistical properties of the

clata and unknown parameters into acccmllt. l’his inversion process is first verified

using synthetic data, after which it is appliccl  to AIRSAR  data of 130 REAS. The

results show how the environmental co]lditions afiected  the moisture state of this

forest stand over a period of six months. They arc also compared in detail to the

available ground-truth measurements from the area.
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1. 1NTRODUCTION

Boreal forests cover a large  area of tile Northerll  ~lemisphere  and have been

the subject of many investigations in ordel  to characterize their role in global bio-

geochemical cycles and climate studies. The area used for this work is part of a

larger region used in the boreal ecosystem atmosphere study (130 REAS)  project

[I]. During several focused and intensive field campaigns in 1994, the NASA/JPL

airborne synthetic aperture radar (AIRSAR) acquired images over BOREAS study

sites with the intention of mapping forest types and estimating parameters im-

portant in ecosystem modeling. The AIRSAR  measures polarirnetric  C-, L-, and

P-band radar backscattering  data. The ilmagcs chosen in this study were acquired

over an area containing primarily jack pine stands: young jack pine (YJP) at a

regeneration stage with average age of 10-15 years, and old jack pine (OJP)  with

average age of 65 years. These are located in the BOREAS Southern study area

(SSA),  near the Prince Albert National Park in Saskatchewan. :

In this work, data from six different days in 1994 were used: 17, 20, and 26

April, 11 June, 28 July, and 20 %ptembcr.  The three April data sets span the thaw

season. The remaining three data sets represent the state of the forest during the

spring and summer growing seasons.

The young jack pine (YJP) stand was well characterized by performing com-

prehensive ground truth measurements. The quantities measured are related to the

structure and architecture of the forest canopy, which are slowly varying functions

of time, and on small time scales (days, weeks, or even months), not dependent

on environmental conditions such as temperature and precipitation. To study the

interaction of the forest stand with the atmosphere, energy exchanges, and growth

rate, it is necessary to measure parameters which are more dynamically related

to changes in the environmental conditio]ls. One such parameter is the moisture

content of the canopy, which is directly related to the dielectric constant of the

forest canopy components, and hence cwl, in prixlciplc,  be obtained with scatter-

ing measurements using SAR. The SAR can provide such data on arbitrarily small

time scales from an airborne platform, and periodic coverage of the order of a few
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clays if operated from a spaceborne p]atfox  xn. It can also acquire data regardless of

cloud and smoke coverage or sun illumiliation.  It is hence the instrument of choice

fc)r quantitative retrieval of canopy moisture content if appropriate algorithms are

applied.

In this work, our goal is to determine the moisture content of the branch layer

components in the YJP forest by estimating dielectric constant values from SAR

data. Polarimetric AIRSAR data will be used here, but the methodology can also be

used with spaceborne SAR data if polarimetric measurements are available. Several

researchers in recent years have addressed the problem of relating radar observa-

tions to the bio- and geophysical parameters of forests, a few examples of which

are given in [2-1 1]. Their works can be grouped into two categories: one in which

t}le  interpretation is of a qualitative nature, as in classification algorithms, and the

other where an attempt is made to quantitatively estimate the parameters describ-

ing the forests. Among the former category are those of [2,3], with a comprehensive

account given in [4]. The latter group of works have concentrated on retrieval of

target parameters from radar scattering data using clnpirical and/or theoretical

methods. For example, biomass retrieval llM been addressed in many stuclies  [5-7]

usillg mainly  experimental data to obtain empirical regression models. These arc

highly useful, but are only accurate in specific areas for which the empirical relations

have been derived. Scattering models have been incorporated in another group of

methods to construct and train neural networks to estimate forest scattering param-

eters [9- 11].  These methods are more flexible and universal, but since they involve

many unknown parameters, training times are long and must be repeated for every

new scene. Here, a scheme is devised which utilizes many elements of the above

techniques: a classification algorithm is used to isolate appropriate scattering mech-

anisms and limit the number of unknowns; ground-truth information and theoretical

scattering models are used to obtain paralnetric  models relating a small number of

unknowns to radar measurements; an estimation algorithm is finally employed to

retrieve the unknowns. This approach yields specific quantitative estimates of forest

parameters, it is fast, and it provides physical insight into the retrieval problem. A

major application of this type of inversion algorithm, where one or two specific pa-

ralneters  can be retrieved assuming all others are known, is in monitoring temporal
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change in the canopy status with respect to that parameter. In the present case,

the parameters of interest are the real a]ld imaginary parts of dielectric constant of

branch-layer components, or the branch-layer moisture content. The algorithm can

be summarized as follows:

1.

2.

Derive parametric models that relate the radar backscatter  cross section for

multiple frequencies and polarizations to the complex dielectric constant of

branch layer components. In this paper, the focus is on cases where the radar

backscatter  is dominated by the branch layer volume scattering. The treatment

of the problem for situations where mixed scattering mechanisms are important

(for example trunk-ground double boullce in addition to branch layer volume

scattering) is left to a future paper. The YJP forest has a rather dense crown

layer, so that in fact at C- and L-bands, the backscattering  cross section is

almost entirely due to branch layer volume scattering (except for data from

the beginning of thaw season, as expkned  in 4,2.1). This has been verified by

using a classification algorithm [2] as well as with model calculations [12]. :

Given the parametric models, use a nonlinear optimization scheme to estinlate

the real and imaginary parts of the dielectric constant from SAR data [13,14].

The estimation algorithm used here is an iterative one, and includes provisions

for treating the statistical properties c]f the data and the unknowns, as well  as “

the ill-conditioned nature of the problem.

The above two steps will be discussed in Sections 2 and 3, respectively. The

results of application of this algorithm to synthetic data will be presented in Section

4 for verification. The algorithm is then applied to BOREAS AIRSAR data, from

which both the real and imaginary ”parts of the dielectric constant show an increasing

trend from April to September, although with varying rates. These results are then

compared to ground-truth measurements of dielectric constant and moisture content

where available.

2. PARAMETRIC SCATTERING MODELS

III what follows, dielectric constant refers to the relative dielectric constant. The

backscattered  field from a forest contains contributions from four major sources: for-

est floor, double-bounce between trunks and ground, double-bounce between crown
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and ground, and crown layer volume scattering. since only a limited number  of

measurements are available for each pixel of SAR data, it is not possible to retrieve

the parameters contributing to all the above mechanisms. Rather, cases where the

scattered fields are mainly due to a single lnechanism  are considered. Here, we will

focus on branch layer volume scattering, which can be shown (by a classification

algorithm and model calculations) to be the dominant contributor in the YJP forest

in the BOREAS southern study site for 1,- and C-bands, The P-band data were

excluded from this analysis, since at that frequency, in addition to the volume scat-

tering mechanism, the double-bounce scattering mechanisms have an important role

in the total radar backscatter. For a detailed discussion of scattering mechanisms

for this BOREAS site, see [12]. For the sake of brevity, further discussion of the

classification algorithm [2] will not be included here.

To derive a parametric model for volume scattering from branches, a number

of numerical forest scattering models could be used [15-20]. We have chosen to use :
the discrete component model developed at JPL by Durden  et al. [15-16], which

has been shown to produce backscatter values which are in very good agreenlent

with SAR mcamrremcnts.  This model takes the branch layer to consist of rarldornly

oriented finite dielectric cylinders with a sin4 o distribution, where a is the angle

about the mean orientation angle with respect to the vertical, the tree trunks to

be randomly located nearly vertical long dielectric cylinders, and the ground to be

a Bragg rough surface. The total radar backscatter is then calculated by adding

volume scat tering from the branch layer, double-bounce scattering between the

ground and the branch and/or trunk layers, and scattering off the rough ground.

Here, a forest W* characterized using the ground truth measurements of YJP, and

the radar backscatter  was calculated for L- and C-bands for all polarizations as the

real and imaginary parts of the dielectric constant of branch layer constituents were

varied. These are the primary and secorldary  branches and needles, all assumed

to have the same dielectric constant values. Although this is not entirely true

for trees in general, it is a good approxilnation. Furthermore, since ground-truth

measurements do not exist for dielectric constants of each of these components,

even if slightly different dielectric values are assumed, they cannot be compared to

measurements for verification. The range of variations of the real and imaginary
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parts of the dielectric constant was chosen to represent the ‘{typical” observed values.

It was assumed that the dielectric constants CIO not change significantly between L-

and C-bands. This assumption was based on the works described in [21-22], where

dielectric values for a conifer forest are observed not to vary significantly for L- and

C-bands. As mentioned previously, here oIdy the case where branch-layer volume

scattering is the only dominant scattering mechanism is considered. Table 1 gives

the ground-truth measurements of the YJP stand’s architectural parameters. These

were fixed in the scattering model. The synthetic data generated from the model

are shown in Figures l(a)-1  (b) and 2(a) -2(c), respectively, for L- and C-bands.

Incidence angle was set to 42 degrees, since for all the SAR data sets used here,

the YJP stand was located at incidence anglcx between 40 and 45 degrees. As

was shown in [12], the backscatter  cross section due to volume scattering does not

change significantly for this incidence angle range. We will exclude L-band HH’

polarization from our study, since it was found that fc]r this channel, the results

of the scattering model and the SAR data are not in sufficient agreement [12].

Furthermore, the L-HH backscattcr is sensitive to the trunk-ground double-bounce

mechanism, violating the assumption that volume scattering is predominant.

1x1 each graph, the horizontal axis represents the real part of the dielectric

constant, and the family of curves are generated by changing the imaginary part

of the dielectric constant. Note that for a given real part, the radar backscatter

decreases with increasing imaginary part. This is due to increased attenuation

within the canopy. On the other hand, for a given imaginary part, the backscat-

tered signal increases with increasing real part of the dielectric constant, since for a

sparse collection of dielectric cylinders with random radius distribution, the average

backscattering amplitude increases as the real part of dielectric increases. It has

also been assumed that the real and imaginary parts of the dielectric are indepen-

dent of each other. While this is true froln a scattering point of view, and although

the knowledge of one does not determine the other, in practice the knowledge of

one can put constraints on the value c)f the other [24-25, 27,29]. Here, this type of

constraint has not been imposed in the estimation problem, and the estimation is

carried out for the general case of two independent unknowns.



,

To obtain the parametric expressio]ls  for backscattering  cross section, two.

climcnsional  polynomials were used to fit the data. This was done by perforlning  a

X2 fit, first to each of the curves with constant imaginary part, ~i, m a function of

the real part, C,, to get expressions of the form

fJB’qp(C~,6i)  = a.m7P(,i) +

Here, qp represents HH, VV, or HV

a~’qp(c:) * c, + Uf’qp(C1)  * t: +- . . . (1)

polarizations, and B is one of L- or C-bands.

These in turn were used in another series of X2 fits to obtain a~’qp as

a~’’p(~i)  = bf)qp + bf)qp * ~i + bf)qp * Et + . . . (2)

Here, the b coefficients are in general dependent on all the other canopy parameters,

which are assumed known. It was found that polynomials of up to fourth order were

required to obtain X2 errors of less than O.1’ZO.  Once the a and b coefficients were

found, these closed-form parametric expressions were used in an iterative inversion :
algorithm, which is a nonlinear estimation procedure.

There are several benefits gained from using a polynomial fit to obtain the

parametric scattering expressions: Accurate fits can be obtained with only a few

terms in the polynomial. The degree of accuracy can be increased readily by sim-

ply adding more (higher-order) terms if necessary. The iterative inversion process

converges rapidly and is more robust than if more complicated functions were used,

since the partial derivatives of the parametric expressions are smooth and well de-

fined. The various orders of dependence of the data on the unknowns are separated

and expressed as independent functions (powers of E). By doing so, the degree  of

nonlinearity of the problem is explicitly described. In short, this choice provides

both mathematical ease and physical insight into the estimation problem.

3.  ESTIMATION ALGORITHM

The estimation technique (also loosely referred to as inversion technique) is a

nonlinear one, since the clata  and unknowns are related via nonlinear functions, in

this case polynomials of order up to 4. The parameter estimates are obtained by

defining a least squares criterion based on minimizing the distance between data and
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model calculations, which is carriecl  out in an iterative fmhion, each time updati~lg

the solution for the unknowns until an acceptably small error is reached.

Let us generically denote the nonlinear model of scattering by f~i(X), where X

is the vector containing the unknown parameters and f~l is a nonlinear (}lence the

subscript n]) functional of X. Here, the elements of X are the real and ilnaginary

parts of dielectric constant. Further, let dn,ca, be the vector of SAR measured data.

This vector contains the magnitude of L- and C-band multipolarized backscattering

cross sections in our case. The inverse problem then can be stated as the problem

of finding X such that f~l(X) and d“,Ca3  are “close.” Equivalently, an X must be

found such that a least-squares measure L(X) given by

{
L(X) = ; llf~l(X) - d,~,..llz + 11X - Xopll’

}
(3)

is minimized. Here, [1 “ II denotes the L’ norm, and X ap is an a priori estimate of

X, which could be arbitrarily different from the true solution for X. :

Since the variability of the scattering scene can be represented as a random

variable, and the SAR data are rancloni  processes, care must be taken in defining

the norms in Equation (3). We take the stochastic nature of the unknowxl  X and

data drneo~  into account by writing the above norms as

——
11X - X.,11’ =(x - x.,)’ . c~:, “(x - 

x.,), (5)

where cd and ~xoP are data and a priori  estimate covariance operators, respec-

tively. The data covariance  operator represents the statistics of the data including

noise. It can be thought of as a measure of “closeness” of dm~o~ to f~l. Similarly,

~XaP includes a priori information about the statistics of unknown parameters, and

is also a measure of reliability of the a priori estimates [23]. For example, if in a given

problem there is no reliable a priori estimates for the unknowns, it is advantageous

to minimize the role of the second ncmn in Equation (3). This is automatically

accomplished by observing that in such a. case, the elcrnents  of the covariance  oper-

ator will be large, and hence those of CX1 will be very small, rendering the norm
8P
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very small compared to the first term ixl Equation (3). If the data components are

statistically independent, the data covariallce  matrix will be diagonal. ‘1’he same

is true for the a priori covariance  matrix if the parameters to be estimated in each

pixel are independent. In addition to providing information about the statistics of

the problem, these covariances  allow the in elusion of weighting factors to improve

the ill-conclitioning  of the inverse problem. This can be accomplished by n~ultiply-

ing the diagonal elements of these operators by appropriate constants, which are

usually chosen such that the diagonal elermmts  are of the same order of magnitude.

Once the above norms, or distances, are defined properly, the least-squares

measure L(X) in Equation (3) can be minimized by carrying out the following

steps in an iterative fashion:

1.

2.

3.

4.

5.

6.

7.

Obtain an initial estimate for X. This is Xap, and can be found either from

previous measurements of X, or by simply assigning an arbitrary value to it.
k

Calculate an estimate to the data by using the latest estimate of X, i.e., find

fnl(x).

Find I,(X). This aSSUIIICS the knowledge of the covariance  operators. If L is

small enough, the solution has been found; terminate the iterations. Continue

otherwise.

Find the direction of update for X.

Find the step length in the direction of update.

Update the solution to X by moving in the direction found in 4 by the length

found in 5.

Go to step 2.

Several methods can be used in steps 4 and 5 to find the update direction and step

size for the unknown. We have used a preconditioned conjugate gradient method,

which has an improved convergence behavior over the conventional conjugate gr a-

dient solution. This algorithm is outlined in the Appendix.
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4. RNSIJ1.TS

4.1. Verification

This algorithm was first tested m fc)llows: Synthetic data were generated us-

ing the above-mentioned numerical forest scattering model with the parameters of

Table 1. The simulations were carried out for several different values of complex

dielectric constant. First, it was assumed that the imaginary part of the dielectric

constant is known and the value of the real part was estimated (Figure 3(a)). Next,

the real part was assumed known and the imaginary part was estimated (Figure

3(b)). Finally, both parameters were taken to be unknowns (Figure 3(c)). From

these Figures it is observed that the estimation error for “typical” values of the cli-

electric constant is generally less than 10Yo, and for all other cases is less than 25Y0.

Note that given the numerous uncertainties and errors in data measurement and

calibration, as well as in ground-truth measurements, a retrieval error bounded by

2570 is acceptable. It is also observed that the estimation error is larger for smaller :

values of imaginary part of dielectric, since in this case the parametric models are

more nonlinear than when they are larger, and hence t}le  estimation algorithm be-

comes less accurate as expected. Furthermore, the errors are smaller whell  only

one of the parameters is unknown; for the same values of the real and imaginary

parts of the dielectric constant, the error in inversion is larger if neither of them is

assumed known. In summary, the above tests verify the accuracy of the parametric

models and the inversion algorithm, indicating that with perfect data and for typi-

cal parameter ranges, the estimation errors committed will be no more than about

lo%.

4.2. BOFtEAS AIRSAR D a t a

We now turn to BOREAS AIRSAR data taken over the young jack pine (YJP)

stand in the Southern study area (SSA)  during the 1994 field campaigns. A sample

radar image is shown in Figure 4. This is an R-G-B overlay of P-band, L-band,

and C-band of total power radar backscatt  ering cross section, obtained on July’11,

1994. Figures 5 and 6 show, respectively, the variation in C- arid L-band radar

backscattcr over the chosen six data takes for this area. No P-band data were used
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throughout this work, since at P-band, tile  backscattering  from the YJP stancl  is no

longer dominated by branch layer volume  scattering, but includes significant effects

from the trunk-ground and branch-ground double-bounce mechanisms [12]. The

error bars in the figures show the stanc{ard  deviation of the backscatter  within the

canopy calculated using 30 different locations, each ccmsisting  of 25 pixels (5 x 5)

of 16-look SAR data, We observe that at each frequency, all polarizations show

similar trends with respect to the date of data take. From April to September,

L-band copolarized returns vary by as much as 5 dB and the crosspolarized return

by about 2.5 dB on the average. The range of variations for C-band is about 3.5

dB for copolarized and about 2 dB for crosspolarized returns. A common feature

is that for all channels, the backscattered  signal is at its lowest in the September

data take. This can be attributed to the low moisture in the canopy and the forest

floor at this time of the year.

4.2.1. Trends in estimated values
:

Figures 7(a)-(f) and 8(a)-(f) show the retrieval results for the real and imagi-

nary parts of the dielectric constant, respectively, for the YJP stand. The stand is

outlined in both figures. These are sunllllarized  in Figures 9(a) and 9(b), where it is

seen that the real and imaginary parts both show an increasing trend (except for the

real part in data take 6), although each at a different rate. Note that, from Figures

1 and 2, during the thaw season, especially for the 17 April data, the total radar

backscatter is larger than what could be predicted by just considering branch layer

volume scattering. This is because the imaginary part of the dielectric constant of

the layer is low, hence signals can more easily penetrate through the canopy to the

forest floor, which was at the time thawing and very wet, and scattered back from

the floor. In this case, although volume scattering constitutes most of the backscat-

tered  signal, there are significant contributions from other scattering mechanisms

as well. Hence the value of dielectric constant is overestimated to reflect a larger

contribution from volume scattering. Mole  work needs to be done in such cases to

include the effects of other scattering mechanisms in the estimation algorithm.

Figures 9(a) and 9(b) show the increasing trend in the real and imaginary

parts of the dielectric constant from A~n-il to August, followed by a small decrease
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in September (real part only). The variations ixi the real part show a more uni-

form and less pronounced incrczwe than the imaginary part. The “error bars” in

this case  show the range of variation in the retrieved values within the YJP stand;

they arc not meant to represent the statistical error associated with the retrieval of

the mean value of the dielectric constant. ~’hc generally increasing behavior of the

branch-layer dielectric constant agrees with the expectation that due to increasing

temperatures and thawing, the moisture content of the canopy increases. Air tem-

perature measurements for the months (or parts thereof) of April, May, June, July,

and September are plotted in Figure 10. These data were provided by BOREAS

AFM-7  group. In particular, Figure 10(a) shows the increasing temperatures in

April, which caused the thawing process. This led to an increase in the water con-

tent. As a. result, the dielectric constant also increasecl.  This effect is stronger in

the real part; the imaginary part also increased,  but the change is not as clearly

indicated in the scale of Figure 9(b). Moving from the thaw to the summer growing

season, the real part of the dielectric constant keeps increasing at a similar rate, :

with the imaginary part now showing an order of magnitude increase relative to the

thaw. The reason for this difference in variations of the real and imaginary parts of

tile clielectric  could be related to different temperature clependences  of the two [22].

It could also be related to the ion concentrations (in the sapwoocl  region), whictl

has been observed previously to cause different behaviors in the real and imaginary

parts of the dielectric [21,25-27]. This is especially true for the results obtained for

the September data (data take 6), where it is seen that the real dielectric decreases,

whereas the imaginary part increases significantly. Assuming the ion concentra-

tions are high due to the presence of certain minerals in the sapwood region, the

conductivity of the branches increases (resistivity  decreases), which manifests itself

in a higher imaginary dielectric constant. It is unclear how higher ion concentra-

tions affect the real part, nevertheless, the lower real part could be due to reduced

moisture in the branch layer in September (end of summer) as well as decreasing

temperatures (Figure 10(e)).
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4.2.2. Comparison with grouncl-truih

Having established that the temporal trend in the estimated values of dielectric

constant is as expected, the numerical accuracy of the respective values must be

verified. In doing so, we note the followil]g:

(1) No direct dielectric constant measurements are available for any of these data.

Measurements are available from August 1993, which will not be used here for

direct comparison, but to approximate the depth of penetration of electromagnetic

waves in the branches given the dielectric constant of the outer layer (Cambium).

Conclusions will be drawn as to what value of dielectric is seen by radar, given that

it varies as a function of radial depth into the branch.

(2) Water content measurements are available in 1994, but they are not given for

any particular data take date used here. The values given are obtained during the

summer time, and they will be assumed tc) approximately apply to the June and July :

AIRSAR data sets. These water content clata will be used along with existing mixing

formulas for homogeneous vegetation to obtain values for the dielectric constant of

the canopy’s branch layer components. Since the dielectric values thus obtainecl

arc effective values for the entire scatterer (e. g., a brallch), these values need to be

interpreted in terms of the dielectric constant that is actually seen by and retrieved

from the radar. The discussion to follow will reveal that this is best represented by

the dielectric constant of the outer layer.

Dielectric constant measurements

It has been shown in a previous work [21]

the moisture content and composition of the

that within tree trunks and branches,

woody tissue are often such that the

dielectric constant follows a profile similar to that of Figure 11. This figure is

taken from [21], and shows dielectric measurements as a function of radial distance

intc) tree trunks at C-band for a white pil~e stand in New Hampshire. The outer

layer;  containing a higher amount of water,  possesses ~ligher dielectric val~les than

the inner layers. This is true for both C- and L-bands. This variation is more

pronounced for the real part than the imaginary part. Similar behavior is true for
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branches. Table 2 shows the mcasuremcxjts available fc)r the IIOREAS YJP stand

ulldcr  study here from August 1993 (B OItEAS RSS-15 group). These are clielectric

values for C- and L-bands, taken at two lc)cations  within the branches: one frOIn the

outer layer, immediately under the bark (Cambium),  and one near the center of the

branch (ncmCambiunl).  The real part is ccmsiderably  larger in the Cambium case,

with the imaginary part also larger but to a smaller degree, These observations are

consistent with Figure 11. Table 2 also lists the needle dielectric constant values,

which are seen to be very similar to the Cambiurn branch dielectrics.

In radar measurements, the value of dielectric constant affecting the scattering

process is determined by the combined effects of the dielectric values of various

layers insicle  the scatterers (branches or trunks). To clarify this point, the values of

Table 2 will be used to estimate the penetration depth of radar signals into branches

with the given Cambium dielectric constant. It can then be concluded whether or

not the nonCambium values affect the backscattered signals at all. If the complex :
dielectric constant is represented as

(6)

t_i = U/W

where a is the conductivity and w is the radian frequency, then it can be shown [28]

that the penetration depth of signals is bounded by the two values

[“-”--dvtin = –~
Ll)po

d
{

2 i -“, az =: -- --
(r }1

(7)

(8)

for highly conductive and slightly conductive cases, respectively. The permeability

is represented by p and is usually that of free space. We note that these expressions

are derived for a homogeneous medium. In a forest canopy, a significant part of

attelluatiox)  is a result of scattering mld diffractioll.  Hence,  though the above ex-

pressions can give us an estimate of the depth of wave penetration, they should be

used cautiously, keeping in mind that the calculated depths will be overestimates.
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Table 3 shows d~l,,  and d,,,. = for C- and L-bands usil~g the Cambiurn clielectric

constants shown in Table  2. From Tables  1 and 3, the waves do not penetrate into

the branches beyond the outer layer at (:-band,  and hence, the Cambium nleasure-

ment can be taken to be the appropriate dielectric constant to use at C-band. At

L-band, the penetration depth is larger, and given the size of the branches, some

penetration into the inner layers can bc expected. This amount can be calculated,

but the steps are more involved and not in the scope of this paper. However, even if

a conservative linear approximation is made, the Cambium  and nonCambiurn  values

of dielectric constant can be averaged and used as the value seen and retrievable by

the radar. This would be very close to the Cambium dielectric constant at C-band.

Therefore, it can be stated that the effective dielectric constant seen by the radar at

either L- or C-bands is approximately equal to the outer-layer dielectric at C-band

in this case. Also, at L-band the effect of scattering from needles is very small, and

hence can be ignored when studying the branch-layer volume scattering [12].
:

Moi9iuTe  content mea9uTements

Table 4 lists the moisture content amounts measured by the 130REAS TE-6

group for the YJP stand in the summer of 1994. These are given for the top, middle,

and bottom portions of the canopy. Both the foliage and the branch moisture

contents are given. The values are percent ages as calculated from (1- dry weight/wet

weight)* 100 and are given for four different age classes within the same stand (the

values of 670 for F-age4 (top) and 22% for F-age3 (middle) were considered to be

abnormally low and hence not used here). Because of the dense branch layer for this

YJP stand, there is no significant contribution from the bottom layer of the canopy

[12]. Therefore, only the top and middle sections are considered. The foliage and

branch moisture contents are quite similar, hence the moisture content of the entire

branch layer is taken to be the average of these values, or about 41%.

There have been several p~evious  studies regarding the dependence of the veg-

etation dielectric constant on its rnoisturc content. For example, Table 5 shows

clielectric  values for several moisture contents as derived from the work of Hal-

likainen et al. [24]. These values are derived for crop-type vegetation (corn leaves),
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but in the absence of similar derived  relationships for trees, these provide, in the

least, a good estimate for branches. These are also in agreement with the results of

[29] derived for leaves, Also, C-band values have been measured by Salas et al. [21]

fcm three species of pines found in Durham, New Hampshire, as shown in Figure 12.

Note that the horizontal axis of Figure 12 is moisture content represented as the

percentage of dry weight (denote by mpd).  To convert these values to the moisture

content values of Table 5, the expression (1-1 /(7npd+  l))* 100 must be used. Also

note that there is a large spread around the regression lines in Figure 12. These

values are slightly larger than those in Table 5, as predicted above. Since these are

taken from actually measured data from conifer stands, and since to our knowledge,

specific measurements or models relating tl~e moisture content of the branch layer

components (branches and needles) to the ciielectric  constant of its components are

not available for the YJP forest, these data will be used in our analysis. The mea-

surements in Figure 12 were taken from different locations within the same tree,

i.e., dielectric vs. moisture measurements were performed as a function of radial ,,

distance. Hence, this graph cannot be used directly to relate the dielectric constants “

retrieved from radar to the moisture content of branches. As discussed earlier, the

value of dielectric inverted from the SAR is approximately that of the outer  layer

of the branch (or trunk, depending on the scattering lnechanisrn)  at C-band. If

t}~e regression of Figure 12 is used to obtaill a moisture content using this value of

dielectric constant, the result would merely  be the moisture content of the outer

layer. Therefore, the dielectric constants retrieved from SAR measurements would

first need to be interpreted in terms of an effective or average value, and then used

in Figure 12 to obtain the moisture content for the entire branch.

Using the data of Table 2 and Figure 11, it is seen that the real dielectric

constant of the inner layers of branches and trunks is about 30% of that for the

outer layer. Figure 11 also shows that this inner portion is about twice as thick

as the outer layer, i.e., 2/3 of the radial length. Using these values, an average

dielectric constant can be calculated based on the values retrieved from AIRSAR

data. Denoting the inverted dielectric constant by e~a.,  the average value, for the

purpose of relating to moisture content only, can be approximated as

1 2
lle[Eove]  = #Enl.x]  +- 3(o.3Rc[fn,  a.]) == o.53Re[6,,t.  z]. (7)
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F’01 the imaginary part, although a similar conclusion can bc made,  it will Ilot  bc

as accurate as for the real part from Figure 11. Also, note again that the value of

the imaginary part of dielectric is not only dependent on the water content, hut

also on the mobile ion concentrations within the woody tissue, Hence, it may not

be a unique indicator of moisture content. This can also be seen by comparing

Figures 11 and 12(b) for the same imaginary parts of dielectric constant. Here,

only the real part of the dielectric consta~lt  is used to infer moisture content of

branch layer components.

Figure 13(a) shows the results of applying Equation (7) .to the inverted values

of Figure 9(a). The percent moisture content corresponding to these dielectric

values is shown in Figure 13(b). These are taken from Figure 12(a) (after proper

conversion of horizontal axis), and are average values for three different species of

conifers. If these results are compared to the only moisture content measurement

available from the BOREAS 1994 campaign, it is seen that for the 11 June data take, :
where the effective single-branch dielectric was found to be 18.5 + 3.2, the moisture

content would be 51 Yo+670.  The measured value was 4170, which is a very good

agreement with the inversion results, considering the errc)rs  involved in ground-truth

measurements, SAR calibration, ancl the series of approximations made here. If the

same comparison is made with the values of Table 5 at C-band, the corresponding

moisture content would be close to 5870, which is still a good agreement.

4.2.3. Temperature dependence of cliclectric  constant

Experimental observation of vegetation has shown that temperature variations,

and in particular, temperature variations between freeze-thaw states, strongly af-

fect the dielectric constant of vegetation [25]. These variations follow a hysteresis

loop, i.e., depending on whether the tempel  ature  is increasing or decreasing., a dif-

ferent (but similar) path is followed. Here, we are interested in the transition from

frozen to thawed states. Measurements have shown that for frozen vegetation, the

imaginary part of the dielectric constant is nearly zero, with the real part being

very small, yet larger than that of air depending on the material that houses the

frozen moisture of vegetation (e.g., woody tissue). As the temperature increases,
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no change occurs until the point where t}lc moisture thaws. During this time, both

the real and imaginary parts demonstrate a rapid increase. For the imaginary part,

this transition occurs at a slightly higher temperature, hut is faster, than the real

part. The thawed value of dielectric coxmtant  is a function of the moisture content

in the vegetation and the measurement frecluency.

The above behavior is similar to our results from April-Septenlber radar data

inversions (Figures 9 and 13). During the April thaw season, the average daily

temperatures were near zero degrees Celsius. This” is the point where the rapid

transition in dielectric constant takes place. The few-degree variations from this

temperature will be dependent upon the water content and type of vegetation.

During this period, the real part of the dielectric constant was making the transition

from completely frozen values to the nearly thawed ones. That is why the increasing

trend during the three April data takes is observed. In particular, notice the large

range in the retrieved values of the real dielectric for the 17 April results as shown !
by the “error bar.” This is due to the fact that in various locations in the canopy,

the vegetation might be at slightly different temperatures, and the large variation

is a rnanifestation of the rapid freeze-to- thaw change in the dielectric constant. As

for the imaginary part, as mentioned above, the transition takes place at a slightly

higher temperature, but in a more rapicl  fashion. In April, our results suggest that

this transition had not yet taken place for the imaginary part, but the June and

July results obviously show the thawed values.

As shown in [25], as the temperatures decrease towards freezing (the other

branch of the hystersis  cycle), the imaginary. part actually increases up to the point

where freezing takes place. This could explain the increase in imaginary part of the

dielectric constant for our results from September, when the air temperatures in

fact decreased (Figure 10). The decrease in the real part during this time could be

due to reduced moisture levels, in addition to decreasing temperatures (opposite to

the imaginary part).

Besides the above-referenced work, we are not aware of other dielectric vs.

temperature measurements more relevant to the YJP scene of BOREAS. The above



cannot validate the accuracy of our nulnerical estimates, but certainly establishes

the integrity of the trends observed. Since  the numerical accuracy of at least one of

the inverted values was also determined in the previous subsectioll,  all the inverted

dielecric  values must therefore have good accuracy.

5. CONCLUIJING REMARKS

An inversion algorithm based on a nonlinear least-squares criterion was used

to invert a subset of forest parameters from a parametric model. This model was

clcrived  from a discrete component forest scattering model which included all the

major scattering contributions. The parametric model only included one of these

mechanisms, namely, volume scattering from the branch layer, The free param-

eters  were the real and imaginary part of the dielectric constant of branch layer

components. The algorithm was first tested and validated with synthetic data and

later applied to six data sets from the BOREAS YJP site. The results clearly il~- $
dicate  the distinct moisture states of the forest canopy at the dates of the data

takes. The estimated dielectric constallt  values were related to moisture content

of the branch-layer constituents. These values were in good agreement with the

ground-truth measurements performed cluring the summer of 1994 130REAS field

campaigns. The temperature dependence of dielectric constant was discussed and

the corresponding trend in the inversion results was explained,

Several previous studies were used in this paper to relate the inversion results

to ground-truth measurements. These were adequate as tools for initial validation

of this algorithm,  but more comprehe~lsive  and specific ground-truth information

regarding moisture content and dielectric constant of forest stands, especially as

functions of time and temperature, will be needed for more rigorous validations.

This inversion algorithm will later be extended to cases where a larger set

of forest  parameters will be treated as unknowns, using the same methodology as

described here. In its current form, this is a valuable tool for monitoring the change

in canopy moisture states for various forest stands over short- or long-term temporal

scales.
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APPENDIX

To solve the nonlinear estimation problem, a number of iterative techniclues  can

be used. Among these are the steepest descent algorithm (gradient method), conju-

gate gradient method, Davidon-Fletcher- Powell method, and many other Ncwton-

type algorithms. To improve the convergexlce  and robustness characteristics, these

algorithms could be “preconditioned,” For example, here we have implemented a

preconditioned version of the conjugate gradient method, in which the conjugate ~

directions are premultiplied  by a conditiox~ing  operator, The resulting algorithm

is summarized below for the n-th iteration, with the variable designations used

throughout this paper:

(i) d~ = f~l(X)

( i i )  gn = ~~ . ~~’ . (dn -- do)+@ . (Xn -- Xc,)

g: .-C} . (gn  – 
gn-1) . ~ -1

(iii) c. = ~~ . g. -+ ---– —.-zr———— n

g~”cx”gn

(iv) crn = c~”gn _— .— ____

c:. F:. c;l.l~n .cn+-c:. cxl. cn
——

(v) Xn = Xn - clncrl
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Figure Captions

Figure 1. C-band synthetic data generated from the forest scattering model using

ground-truth given in Table 1.

Figure 2. L-band synthetic data generated from the forest scattering model using

ground-truth given in Table 1. ‘

Figure  3. Error estimates for the retrieval of dielectric constant from the parametric

modek.  (a) Imaginary part assumed known. (b) Real part assumed known. (c)

Both real and imaginary parts are allowed to be unknowns.

Figure 4. L-band AIRSAR backscattering  data from six different dates in 1994: 1.

17 April, 2. 20 April, 3. 26 April, 4. 11 June, 5. 28 July, 6. 20 September.

Figure 5. C-band AIRSAR backscatteril]g  data from six different dates in 1.994, 1:

17 April, 2: 20 April, 3: 26 April, 4: 11 June, 5: 28 July, 6: 20 September. :

Figure 6. Total power R- G-B overlay of P-L-C bands for the 130REAS jack pine

scene in the southern study area. This image was acquired on 28 July 1994. The

young jack pine site is shown in white outline.

Figure 7. (a)-(f) Estimated values of the real part of branch- layer component dielec-

tric constant for the six datatake dates. The YJP area is showll in yellow outline.

Figure 8. (a)-(f) Estimated values of the imaginary part of branch-layer component

dielectric constant for the six datatake dates. The YJP area is shown in yellow

outline.

Figure 9. (a) Real and (b) imaginary parts of estimated dielectric, taken from

Figures 7 and 8, for the YJP stand.

Figure 10. (a)-(e) Hourly air temperature measurements near the YJP site for

several days before and after each datatake. Data provided by BOREAS AFM-7.

k’igure  11. Radial C-band dielectrics ancl moisture content for a white pine from

l)urham,  NH, 27 September 1991. (Courtesy Salas et al. [20].)



Figure 12. (a) Real and (b) inlaginaly part of C-bancl dielectric constant ve] sus ,

moisture content for low resistance levels (high ion concentration) with regression

line (T2 = 0.46). (Courtesy Salas ct al. [20]. )

Figure 13. (a) Average, or equivalent, real dielectric and (b) moisture content for

the YJP branch-layer components for each of the sic datatakes.  Figures 1 I and 12

were used to obtain these results from Figure  9,
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Table 1. Forest parameters from ground-truth mcasurwmcnts

——— ___________  _ . ___ ___
YJP

——.——..—. . __ __ ._ ______ .
tree density (#/m2 )
canopy thickmss (m)

trunk height (In)
dbh (Cm)

primary branch density (#./m3  )
primary branch orientation (degrees)

primary branch length (m)
primary branch diaxncter  (cm)

secondary branch density (#/rn3)
secondary branch diameter (cm)

needle length (cm)
needle diameter (Inm)
needle density (#/m3 )
soil dielectric constant

1.0
2.8

3.8+0.8
4.0+1.4

30
80

0.8+0.22
1.0~0.36

300
0.4+0.09
2.3+0.8

1.1
5000

_ (8,1).——

Table 2. Dielectric constant measurements in the YJP forest, August ’93, RSS 15

——  .. —.— _

L-balld

C-baIld

——

——.

- 1.. ‘-- ._
. .— .——. — .——. ——— —__

Branch, Cambium Branch, nonCamhium
—.—.— . —  .————. —

29.2+i9.O 10.7+23,9

19.6+i8.l 5.9+-i3.o

— — — .

needle

29.24i 8.7

20.3+i9.l

Table 3. Penetration depth limits for YJP branches
given Cambium dielectric. constants given in Table 3.

r--L-band

C-band

L — – — . - – .  . _

U!,~,i,,(CIll)

. . . . ...11....
‘ d ‘(mar cII~)

— . —  .— _ _ _ _  .

1.8 4.0

0.4 1.0

?6
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Table 4. Measured moisture content from the top, middle, and bottom sections
of the YJP stand, summer ’94, TE-??. Values arc given in

(l-dry weight/fresh weight)* 100 for foliage (F) and branch (B).
The foliage measurements are given for 4 age classes.

rTop

Middle

Bottom

. . .——.  ——. -—

F.9,1
—.—

38

34

25

..— ——

41

40

39

——— ..-. —

“-Fag,3. .

61

22

42

B

42

35

36

..1

‘~ablc 5. Complex dielectric constant as a function of vegetation moisture conte)!t  [?~].  :

-—. —
% moisture content—— .—. ——_. —— _______

22
24
26
28
30
32
34
36
38. .
40
42
44
46
48
50
52
54
56
58
60—. .——— ——

c, L-band
—. —. ——— . . ..—

5.3+21.7
6,0+z2.O
6.7-ti2.3
7,5+i2.5
8.3+i2.8
9.1+23.1
9,9+i3.4

10.8+i3.7
11.7+24.0
12.6+i4.4
13.5+24.7
14.4 -ti5.O
15.44 i5.3
16.4+i5.6
17.5+i5.9
18.54-i6.3
19.6+i6.6
20.8+ it3.9
21 .9+i7.3
23.1-1 i7.6

.-—
~1 C-band

. —.
4.2+il.2
4.7-til,4
5.3+il.6
5.9+il.8
6.5+22.1
7ol+i2.3
7.8+i2.5
8.5-I i2.8
9.3+i3.O

10.0+i3.3
10.8+i3.6
11.6+i3.9
12,5+i4.1
13.4+i4.4
14.3+i4.7
15.2+i5.O
16.2 -+i5.3
17.2+i5.6
18.2+-i6.O
19.3-f  i6.3—-
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