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1 Background and Objectives

Accurate estimation of gross forest parameters such as total vegetation biomass, total leaf area
index, and tree height on a regional to global scale has long been an important goal within
the remote sensing community. Over the past two decades much effort has been devoted to the
development of scattering models [1, 2, 3] for understanding of the interaction of electromagnetic
waves with vegetation, and to the construction and development of advanced imaging radars
for acquiring test data and examining the feasibility of the remote sensing problem [4]. In
most practical situations the number of vegetation parameters influencing the radar response
usually exceeds the number of radar observation parameters. For this reason the application of
multi-frequency and multi-polarization radar systems was proposed and such a system was flown
aboard the Shuttle Endeavor in April and October 1994 [4]. Preliminary results indicate that the
classification and retrieval of vegetation biophysical parameters indeed require many simultaneous
radar channels, however, free-flight of such systems is not practical due to the exorbitant power
requirements.

Characterization of the spatial organization of particles in a vegetation canopy is of great
importance for determining many ecosystem processes including energy and chemical exchanges.
Traditional remote sensing instruments provide two-dimensional spatial information of the target
which may contain, depending on the instrument, some information on the vertical particle
arrangement in a convoluted fashion. Recent advancements in the field of radar interferometry
have opened a new door on radar remote sensing of vegetation. In addition to the backscattering
coefficient of a distributed target, radar interferometers provide two additional parameters that
contain information about the target. These parameters are the correlation coefficient and the
interferogram phase [5, 6]. To interpret these parameters and to characterize their dependence
on the physical parameters of the target, a thorough understanding of the coherent interaction of
electromagnetic waves with vegetation particles is required. The premise of this investigation with
regard to retrieving vegetation parameters from INSAR is that the location of the scattering phase
center of a target is a strong function of the target structure. For example the scattering phase
centers of non-vegetated terrain are located at or slightly below the surface depending upon the
wavelength and the dielectric properties 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. Another important feature of interferometric SARs with regard to
estimation of forest parameters is its sensitivity to biomass. Radar backscattering coefficients are
found to increase with increasing biomass until saturation at biomass values that depend on the
radar frequency. For example, at L-band the backscattering coefficients reach a saturation level for
above-ground biomass values around 100-150 tons/ha. Our preliminary investigations show that
the scattering phase center height reaches a saturation level at biomass levels significantly higher
than biomass values at which the backscattering coefficients reach their saturation levels. It also
must be recognized that the vegetation cover in many interferometric SAR applications where
the vegetation itself is not the primary target, such as geological field mapping or surface change
monitoring, acts as interference. In these cases it is also important to identify and characterize
the effect of vegetation on the topographic information obtained from the interferometric SAR.
In order to utilize the information gathered by INSARs, forward and inverse models have to be
developed and their accuracies be examined. Extensive modeling efforts were devoted to achieve
reliable models. Using these models in conjunction with careful experimentations we were able



to demonstrate the applicability and importance of INSAR data in retrieval of tree parameters.
This report gives a brief summary of our activities. The appendices are also provided here to give
the detailed description of methodologies procedures for the interested readers.

2  Summary of Accomplished Results

In March, 1995, the University of Michigan, in collaboration with the Radar Science Group of
Jet Propulsion Laboratory, was awarded a three-year grant by the Terrestrial Ecology Program at
NASA Headquarters to characterize and quantify the role of vegetation attributes in determining
the scattering phase centers as observed by interferometric SARs. The objectives of the study
were to:

1. Quantify the role of vegetation attributes in determining the location of the scattering phase
centers as measured by SAR interferometry using a coherent electromagnetic scattering
model for vegetation.

2. Map vegetation height through the combined use of SAR interferometry in conjunction
with available standard digital elevation data (derived largely from optical techniques).

3. Correct SAR interferometry for vegetation effects through use of an inversion algorithm
based upon vegetation type and biomass. The end product is surface elevation.

4. Estimate crown layer vegetation attributes (such as thickness) using multifrequency SAR
interferometry.

5. Integrate the products derived from SAR interferometry into ecophysiological classifications
and forest biophysical parameter estimations.

For this purpose analytical, numerical, and experimental aspects of electromagnetic scattering
from forest canopies have been under investigation. A summary of accomplishments realized to
date is given next. The details are provided in the attached appendices.

2.1 Theoretical Model Development
2.1.1 Ak Radar Equivalence of an INSAR

A fundamental relationship between INSAR and Ak radar is established. This relationship is
the cornerstone of analytical and numerical analysis of the problem at hand. Understanding
the relationship between the tree height and the corresponding location of the scattering phase
centers requires numerical simulations (Monte Carlo simulation of a fractal generated forest
stand) or controlled experiments using scatterometers. The scattering phase center of a target
can also be obtained using a Ak-radar assuming that the incidence angle is known. Evaluation
of the scattering phase centers using frequency shift can easily be accomplished in a numerical
sithulation or in a controlled experiment using a wideband scatterometer. Basically, by requiring
that the backscatter phase differences, one obtained from a small change in the aspect angle and



the other one obtained from a small change in the frequency of operation, be identical for both
approaches we established that

Af = fogsin(() — ag) (1)

where A f is the frequency shift of the equivalent Ak radar, f; is the operating frequency, B and
aq are, respectively, the baseline distance and angle, r is the slant range, and 6 is the look angle.
It is mathematically proven that this equivalence relationship is valid for multiple scattering among
particles and the scattering interaction between particles and the ground plane. The details are
reported in Appendix | [7].

2.1.2 Statistical Analysis

In estimating the height of the scattering phase center of a distributed target, random fluctuations
of the calculated/measured phase due to fading was investigated. An analytical form for the p.d.f.
of the interferogram phase was obtained in terms of two independent parameters: (1){: mean
phase and (2)a: degree of correlation, which is given by
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uncertainty with which ( can be estimated. It is shown that « is directly related to the frequency
correlation function (FCF) of the distributed target given by
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Using this pdf the uncertainty in estimation of (, or equivalently the mean height, from a single
pixel can be evaluated. Figure 1 shows the phase uncertainty range for 80% and 90% confidence
criteria [7]. Statistical analysis shows that the uncertainty in the height estimation of a distributed
target is a function of the equivalent frequency decorrelation bandwidth and is independent of
the baseline distance.

2.1.3 Vegetation Model

Theoretical vegetation models capable of predicting backscattering coefficients and location of
scattering phase center for simple canopy structures (homogeneous particle distribution) were
developed [7, 8]. It is also shown that for a uniform closed canopy the extinction and the physical
height of the canopy top can be estimated provided that the correlation coefficient () can
be measured very accurately. For example for a dense canopy it is found that the extinction
coefficient can be directly obtained from a. Also the location of the scattering phase center
(from the canopy top) is given by the following simple relationship:

cos 0

Ad= . (4)

3



40. ———————————J———————
]

30. - 7

Phase uncertainty, 3¢, dgrees

O.'....|....|,.441‘,.L|....
0.990 0.992 0.994 0.996 0.998 1.000

Degree of Correlation, o

Figure 1: The interferogram phase uncertainty for 80% and 90% error probability criteria as a
function of the Degree of Correlations, . A high degree of correlation, near 1, gives a small error
in the interferometric phase.

However, for finite canopies, estimation of extinction and scattering phase center is not straight-
forward.

Using the model developed in [8], the estimation of tree height and surface topography was
attempted. It was shown that measurements of interferometric phase and amplitude were not
enough to estimate the three relevant parameters, which are the tree height, ground-surface alti-
tude, and extinction coefficient, if only volume scattering (from the leaf-branch-trunk canopy) is
considered. The first demonstration was therefore supplemented with in situ extinction coefficient
measurements and the dual-baseline estimates were based on INSAR data alone [11].

2.2 Development of a Monte Carlo Coherent Scattering Model for Tree
Canopies Based on Fractal Theory

Although there are a number of EM scattering models for vegetation canopies [1, 2], they are
of little use with regard to INSAR applications due to the their inability to predict the absolute
phase of the scattered field. The absolute phase of the scattered field is the fundamental quantity
from which the interferogram images are constructed. As mentioned earlier in order to simulate
the response of an INSAR system a coherent scattering model capable of preserving the absolute
phase of the scattered field is needed. Traditional scattering models for forest canopy such as
radiative transfer and the distorted Born approximation are incapable of providing the phase of
the backscatter and do not preserve the effect of coherence caused by the relative position of
scatterers within a tree.

We have completed the task of [9, 10]. The details of these models can be obtained in
Appendices |l and [ll. In this model random generation of tree architectures is implemented by
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Figure 2: The generated fractal tree (b), based on forest Stand 31 (a), and the calculated
extinction profile (c).

employing the Lindenmayer systems (L-systems). An L-system is a convenient tool for creating
fractal patterns of botanical structures. After generating a tree structure, the electromagnetic
scattering problem is then solved by invoking the single scattering theory. In this solution scat-
tering from individual tree components when illuminated by the mean field is computed and then
added coherently. This model was examined thoroughly and its validity was tested using SIR-C
data. We used our test site (Hiawatha National Forest) in Michigan’s Upper peninsula for which
we collected extensive ground-truth data during the SIR-C overflight. Figure 2 shows a photo of
a red maple stand, computer simulated tree structure of the same stand, and the exact extinction
profile derived from the Monte Carlo simulation. Figures 3a and 3b show the comparison be-
tween the model prediction and SIR-C polarimetric backscattering coefficients at L- and C-band
respectively. The three angular measurement points correspond to three different orbits of the
October 94 mission. To our knowledge this model is the most accurate and sophisticated scat-
tering model for forest canopies to date. The model preserves the exact structure of the trees,
it can simulate a forest over a hilly terrain, it can simulate both coniferous and deciduous trees,
it can also incorporate a radially inhomogeneous dielectric profile for the branches and the tree
trunk. The details of this model and all related references are reported in [10].

We have also used the Monte Carlo coherent model in simulating the location of the scattering
phase center of different forest stands [12]. As mentioned in the summary of the theoretical
activities, the equivalence relationship can be invoked to find the location of the scattering phase
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Figure 3: Comparison between the model predictions (lines) and SIR-C data (symbols) at (a)
L-band and (b) C-band.

center of a tree. This is basically done by evaluating the backscatter from a forest stand at
two slightly different frequencies and calculating the phase difference (for details see Appendix
IV). The difference in frequency is directly proportional to the base-line distance and is also a
function of the center frequency and the incidence angle. In April 1995 JPL TOPSAR flew over
one of our test sites in the Michigan's Upper peninsula. For this site extensive ground truth
data for vegetation including tree heights, type, number density, dielectric constant and for the
ground surface including soil moisture and surface elevation were collected. Starting from a
relatively poor TOPSAR data we were able to compare the result of our model with the actual
measurement of TOPSAR at C-band after a calibration process (see the measurement section
for more details). Figure 4 shows a photo of a red pine stand, and a computer generated red
pine. Figures 5 and 6 respectively show the TOPSAR image of the test stand and the measured
(at two incidence angles) and estimated height of the scattering phase centers of this stand.
Finally Fig. 7 shows the measured and calculated backscattering coefficients. In Figs. 6 and 7
excellent agreements between the measured and calculated results are shown. The details of this
simulation and some sensitivity analysis can be found in [12]. Figure 6 shows the measured (at
two incidence angles) and estimated height of the scattering phase centers of this stand. Figure
6 show excellent agreement between the measured and calculated results. This shows that we
can reliably estimate the height of a tree stand whose class we know using a simple model of the
phase center height variation with local incidence angle. The estimated tree height is within 1

meter of the known 9 meter height. The details of this simulation and some sensitivity analysis
can be found in [12].



(a) Stand 22 (b) Fractal Tree

Figure 4: The red pine forest stand (a), the generated fractal tree (b).

Stand 22

Figure 5: C-band image (¢?,) of Stand 22 in Raco, Michigan.



10 I T N B LI LI
e  TOPSAR

T 8 —— Model ]
|

NT L 1
@ ]
T 4T ;
? [

£ i

| L

10 70

Incidence Angle 6, (Degrees)

Figure 6: The estimated height of scattering phase center of Stand 22, compared with the
interferometric data from JPL TOPSAR.
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Figure 7: The simulated backscattering coefficient of Stand 22, compared with the measured
data from JPL TOPSAR.

2.3 INSAR Response to Short vegetation

Classification of SAR images using C-band and higher frequency SAR faces a difficulty in sepa-
rating short vegetation from tall trees. However, using INSAR the location of scattering phase
center and correlation coefficient (coherence) can be used. We have conducted experiments with
TOPSAR and the polarimetric wideband scatterometers at KBS site. We have also developed a
very sophisticated and comprehensive scattering model for short vegetation [13]. This is the first
complete second order scattering model for vegetation that accounts for multiple scattering in
dense vegetation media. The result of this model was verified experimentally using polarimetric
scatterometers and the JPL AIRSAR. This model was also successfully used to retrieve parameters
of soybean fields. The details on this model can be found in Appendix V.

2.4 INSAR Response to Trees

Because the radar backscatter is well-known to saturate in response to high-biomass forests there
is some concern that INSAR will suffer from the same trouble. Consequently, we performed
simulations with the Monte-Carlo model for an increasingly taller red pine forest as shown in Fig.
8(a). The biomasses far exceeded those that saturate the radar power responses (which is about
200 tons/ha), yet the interferometric phase continued to track the increase in height. Figure 8(b)
and (c) shows the simulated scattering coefficients and scattering phase center (SPC) at L band
as a function of dry biomass and tree height, respectively. It is obvious that there is no saturation
problem when using the interferometric phase even for relatively large values of biomass (600
tons/ha), and so this technique could be applied to old-growth forests, such as in the Amazon
and other areas around the world.

The L-band interferometric phase is also sensitive to the tree density. In Figure 8 for a 12
meter red pine stand, the estimated phase center height is shown with increasing tree density.
As expected, the denser the forest, the higher the phase center height, due to the progressively
increasing importance of the branch scattering over the ground-trunk scattering.
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Figure 8: L-band SAR/INSAR simulation of red pine as a function of biomass. The progression
of fractal trees used is shown in (a). The saturation of the backscattered powers is demonstrated
in (b). The scattering phase center is shown in (c) where the HH-polarized term is still showing
sensitivity out to about 500 tons/ha. The plot in (d) shows the difference in the scattering phase
center between the hv-polarized and hh-polarized responses. The striking linearity of the response
extends up to at least 25-meter-tall trees.

2.5 Inversion Algorithm Based on Multi-incidence Angle and/or Multi-
frequency SAR/INSAR

An obtain canopy parameters from an available set of SAR and INSAR data, a robust and
comprehensive inversion algorithm is needed so that any combination of multi-frequency, multi-
incidence angle, and/or multi-polarization SAR and/or INSAR data set can be used as the input
to the algorithm. A sensitivity analysis was carried out for determining the most influential canopy
parameters on the SAR/INSAR responses using the Monte Carlo coherent model. The result of
this analysis was used to identify the most sensitive SAR/INSAR channels to the changes in
the canopy parameters. Since the Monte Carlo coherent model is computationally intensive, its
direct application would cause the inversion process to be significantly slower. To rectify this
deficiency while maintaining the high fidelity of the model, simple empirical models based on the
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Figure 9: A comparison between an empirical scattering model and the Coherent Monte Carlo
model for a red pine stand.

Monte Carlo model for different tree types was developed first. Since the quantities of interest are
ensemble average quantities, such as backscattering coefficients and the location of the scattering
phase center, it is expected that the dependence of these quantiles on the canopy parameters be
very gentle. Therefore it is possible to obtain simple algebraic expressions for these quantities in
terms of canopy parameters. For example for a given frequency and polarization, a Taylor series
expansion can be used to relate radar measured quantities to the canopy parameters at a specific
incidence angle. Then by repeating this process for many incidence angles, the Taylor expansion
coefficients can be fit to an algebraic equation in terms of incidence angle.

This process was demonstrated successfully [20] and the details are provided in Appendix VI.
For a red pine stand Figure 9 shows a comparison between the empirical model and the Monte
Carlo model at C-band over a wide range of parameters including the incidence angle range
25° — 70°, and 40% variation on trunk diameter (dbh), tree height, tree density, branch angle,
branch moisture, and soil moisture. The top three graphs show the height of the scattering phase
center at the three principal polarizations and the lower three graphs show the backscattering
coefficients.

Once a comprehensive (multi-frequency and multi-polarization) easily-calculable scattering
and interferometric models for all tree types of interest are developed, inversion for any available
combination of INSAR and/or SAR data can be attempted by searching for an optimum set

11



of canopy parameters which would minimize the difference between the model prediction and
measured quantities. It is expected that the objective function will be highly non-linear and
complex containing many local minima. In these situations traditional gradient-based (TGB)
optimization methods usually converge to a weak local minimum. Stochastic algorithms such as
simulated annealing [17] and genetic algorithms [18, 19] offer an alternative for the traditional
gradient-based optimization methods where the dimension of the parameter space is large and/or
the objective function is non-differentiable. Applying this algorithm the parameters of Stand 22
was obtained from the JPL TOPSAR.

2.6 Experimental Activities

Our experimental activities were focused over two well-characterized sites: 1) Hiawatha National
Forest (HNF) in Michigan's Upper peninsula, and 2) the Kellogg Biological Station (KBS) near
Kalamazoo, Michigan. Nearly 25 different forest stands were chosen in the NHF test site which
included varieties of tree types, tree height and density, and surface topography. For these stands,
extensive ground truth data were collected. The ground truth for vegetation includes tree heights,
type and structure, number density, and dielectric constant and for the ground surface includes soil
moisture and surface elevation (see Appendix VIII for detailed experimental procedures and the
data). In April 1995 JPL TOPSAR flew over this site and interferometric images were collected
at two incidence angles. Figure 10 shows the map of HNF site and the location of some of the
forest test stands. The grey level indicates the surface elevation as measured by TOPSAR at
incidence angle 31°. An important and most difficult-to-characterized ground truth parameter
was the forest floor surface elevation data which is required to extract the scattering phase center
height from INSAR images. To accomplish this, differential GPS was used to characterize the
elevation map of the forest floor of each stand with a vertical resolution of the order of +5 cm
(see Appendix VIII). Figure 11 shows a typical surface elevation map of a stand generated from
the differential GPS measurements.

In using TOPSAR data we noticed problems in quality of the DEM data. After comparing
sets of DEM obtained from the same area with USGS DEM, height discrepancies as high as 50
m were observed. Then we developed a correction model to correct for the aircraft residual roll
angle error and multipath. The details of this procedure is given in Appendix VII.

We also conducted an experiment at the KBS site mainly to characterize the role of short
vegetation on the phase and amplitude of interferograms. TOPSAR and polarimetric L- and C-
band AIRSAR data were collected for this site. Different test fields with different vegetation type
including wheat, alfalfa, corn, and native grass were considered. Ground truth data for each test
field were also collected. We have also conducted an extensive polarimetric wideband backscatter
measurements of these fields using The University of Michigan L- and C-band scatterometers. We
used the KBS data to verify our short vegetation model and to demonstrate vegetation parameter
estimation.

3 Graduate Students

This NASA contract supported the following Ph.D. and M.S. students.
Ph.D. Students:
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4 Publications

A significant number of scientific papers were produced during the course of this project. The
articles are grouped into reviewed articles which appeared in scientific journal and conference
papers.
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2. Stiles, J.M., and K. Sarabandi, “A scattering model for thin dielectric cylinders of arbitrary
cross-section and electrical length,” IEEE Trans. Antennas Propagat., vol. 44, no.2,260-
266, Feb. 1996.

3. R.N. Treuhaft, J. J. van Zyl, and K. Sarabandi, " Extracting Vegetation and Surface Charac-

teristics from Multibaseline Interferometric SAR,” EQS Transactions, American Geophysical
Union, 76, November 1995.

4. Sarabandi,K., “Ak-Radar equivalent of Interferometric SARs: A Theoretical Study for

determination of vegetation height,” IEEE Trans. Geosci. Remote Sensing., vol. 35, no. 5,
Sept. 1997.
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Lin, Y.C., and K. Sarabandi, “'Retrieval of forest parameters using a fractal-based coherent
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In this paper the theoretical aspects of estimating vegetation parameters from SAR
interferometry is presented. In conventional applications of interferometric SAR
(INSAR), the phase of the interferogram is used to retrieve the location of the scat-
tering phase center of the target. Although the location of scattering phase center
for point targets can be determined very accurately, for a distributed target such
as a forest canopy this is not the case. For distributed targets the phase of the
interferogram is a random variable which in general is a function of the system and
target attributes. To relate the statistics of the interferogram phase to the target
attributes, first an equivalence relationship between the two-antenna interferometer
system and an equivalent Ak radar system is established. This equivalence rela-
tionship provides a general tool to related the frequency correlation function (FCF)
of distributed targets, which can conveniently be obtained experimentally, analyti-
cally, or numerically, to the phase statistics of the interferogram. An analytical form
for the p.d.f. of the interferogram phase is obtained in terms of two independent
parameters: (1)(: mean phase and (2)a: degree of correlation. ¢ is proportional to
the scattering phase center and « is inversely proportional to the uncertainty with
which { can be estimated. It is shown that « is directly related to the FCF of the
distributed target which in turn is a function of scattering mechanisms and system
parameters. It is also shown that for a uniform closed canopy the extinction and the
physical height of the canopy top can be estimated very accurately. Some analytical
and numerical simulations are demonstrated.

1 Introduction

Vegetation cover on the earth’s surface is an important factor in the study of global
changes. The total vegetation biomass is the most influential input to models for
terrestrial ecosystems and atmospheric chemistry. Monitoring parameters such as



the total vegetation biomass, total leaf area index, and rate of deforestation is vital
to keep our planet capable of supporting life. Microwave remote sensing techniques
offer a unique opportunity to probe vegetation canopies at different depths. Since a
forest stand is a very complicated random medium with many attributes that influ-
ence the forest radar response, accurate estimation of the forest physical parameters
requires a large number of independent radar observations (multi-frequency and
multi-polarization backscatter) in conjunction with some a priori information about
the forest stand [1, 2, 3, 4]. The use of polarimetric synthetic aperture radars as
active sensors to survey forested areas has reached a level of maturity. Despite con-
siderable advancement in retrieving the canopy parameters from multi-polarization
and multi-frequency backscatter data, an unsupervised reliable inversion algorithm
has not yet been developed. With the recent advances in the development of inter-
ferometric SARs [5]-[10], another set of independent radar observation has become
available for the estimation of vegetation biophysical parameters.

The interferometric technique relies on a coherent imaging process to find the
range or distance to the scattering phase center of the scatterers in the radar im-
age. Based on this principle, there are two standard approaches for extracting
topographical information using synthetic aperture radars. In one approach, SAR
systems equipped with two separate antennas mounted on the SAR platform are
used to generate two complex co-registered images from two slightly different aspect
angles. The phase difference calculated from the cross product of the two complex
images, referred to as an interferogram [6], is processed to estimate the height in-
formation. In the second approach the interferogram is formed using two successive
images taken by a single SAR with almost the same viewing geometry [7, 8]. It is
shown that the phase of the interferogram is proportional to the wavelength, slant
range, look angle, distance between the antennas (baseline distance), orientation of
the antennas with respect to each other, and the height of the scattering phase center
above a reference line [5, 9]. For non-vegetated terrain, the scattering phase centers
are located at or slightly below the surface depending upon the wavelength of the
SAR and the dielectric properties of the surface media. Whereas for vegetated ter-
rain, these phase centers lie at or above the surface depending upon the wavelength
of the SAR and the vegetation attributes. Although it is expected that for vegetated
surfaces the temporal decorrelation would hamper repeat-pass interferometry from
producing the location of scattering phase center, experimental investigations has
shown that even after 18 days the correlation associated with forested area can be
as high as 0.5 [11, 12].

The significant vegetation attributes are: (1) the type of vegetation, (2) the
quantity or biomass of the vegetation and (3) the dielectric properties of the veg-
etation. As pertains to SAR interferometry, the type of vegetation refers to the
structural attributes of vegetation elements and includes the shapes and sizes of
foliage and woody stems relative to wavelength and their three-dimensional orga-
nizational structure. The biomass refers to attributes such as the height of the



vegetation, the thickness and density of the crown layer that contains foliage and
stems, and the number of plants per unit area. The dielectric properties of the vege-
tation elements determine scattering and propagation through the media; these may
vary with time due to seasonal changes in plant physiology and the phase of water
(liquid or frozen) or due to the presence of water films resulting from intercepted
precipitation or dew.

The main objective of this paper is to establish a thorough understanding of
the relationship between the INSAR parameters and the vegetation attributes and
the accuracy with which the vegetation scattering phase center can be measured.
To accomplish these goals an equivalence between INSAR and Ak-radar techniques
is established which facilitates numerical simulations and controlled experiments
using scatterometers. Monte Carlo simulation of a forest canopy which preserves the
absolute phase of the radar backscatter allows for quantifying the role of vegetation
attributes in determining the location of the scattering phase centers as measured
by SAR interferometry.

2 Ak-Radar Equivalent of an INSAR

In this section an equivalence relationship between an interferometric SAR and a
Ak-radar is obtained. As will be shown later the statistics of the phase of the
interferogram or equivalently the location of the scattering phase center and its
statistics is a very strong function of the location and number density of the forest
constituent particles and their dielectric and scattering properties. Understanding
the relationship between the tree height and the corresponding location of the scat-
tering phase centers requires numerical simulations (Monte Carlo simulation of a
fractal generated forest stand) or controlled experiments using scatterometers. The
scattering phase center of a target can also be obtained using a Ak-radar assum-
ing that the incidence angle is known. Evaluation of the scattering phase centers
using frequency shift can easily be accomplished in a numerical simulation or in a
controlled experiment using a wideband scatterometer.

To demonstrate the equivalence between an INSAR and a Ak-radar consider a
two-antenna interferometer as shown in Fig. 1. In this scheme one of the antennas
is used as the transmitter and receiver and the other one is used only as the receiver,
the phase of the interferogram (¢) is related to the difference in path lengths from
the antennas to the scattering phase center (6) by

- /\0
5= 5% 1)

where Ao = ¢/ fo is the wavelength (in repeat-pass interferometry the 27 factor in
(1) must be replaced by 47). Having calculated é from (1) and knowing the baseline



distance B and baseline angle a, the look angle 6 can be computed from

sin(6—0) ~ 2 2

Referring to Fig. 1 it can easily be shown that the height of the scattering phase
center, with respect to an arbitrary reference level, is given by

h = H — r[cos(a) cos(§ — a) — sin(a)sin(d — a)]. (3)

The accuracy in height estimation using this method is directly proportional to the
accuracy in the measurement of the interferogram phase. The uncertainty in phase
measurements is caused by two factors: (1) systematic errors, and (2) indeterministic
errors. The sources of systematic errors are image misregisteration and lack of
maintaining the geometry of the interferometer. The source of indeterministic error
is fading. Basically the backscatter signal from a distributed target including many
scatterers decorrelates as the incidence angle changes.

Now let us consider a radar capable of measuring the backscatter at two slightly
different frequencies fi = fo and f, = fo + Af. Denoting the phase difference
between the two backscatter measurements by @, it can be shown that

¢ =20kr =4nAf r/c (4)

where ¢ is the speed of light and r is the radar distance to the target scattering
phase center. Comparing (4) with (1) and (2) the desired relationship between the
Ak-radar and INSAR can be obtained. Basically by requiring the backscatter phase
differences, once obtained from a small change in the aspect angle and the other one
obtained from a small change in the frequency of operation, be identical for both
approaches we have

Af = fog sin( — a) (5)

Noting that r = H/cos(8), it can easily be shown that Af is rather insensitive
to variations in incidence angle over the angular range 30° — 60°. For example, a
C-band (5.3 GHz) interferometer with a horizontal baseline distance 2.4 m at an
altitude 6 Km is equivalent to a C-band Ak-radar with A f = 530KHz.

The equivalence relation given by (5) is derived based on a single target. In
regard to this relationship there are two subtle issues that require clarification. In
almost all practical situations the scatterers are located above a ground plane which
give rise to three significant scattering terms besides the direct backscatter. These
include the bistatic scattering from the target reflected from the ground plane, the
bistatic scattering from the target when illuminated by the reflected wave, and the
backscatter reflected by the ground plane when the target is illuminated by the
reflected wave. The last term can be regarded as the direct backscatter of the
incident wave from the image target and therefore the equivalent Ak-radar can
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accurately predict the interferometric phase associated with this term. However, for
the other two scattering terms (single-bounce terms), the validity of the equivalence
relationship is not obvious. Suppose a two-antenna interferometer, as shown in Fig.
2. is illuminating a target at point C above the ground plane. For the equivalent
Ak-radar located at A, the interferometric phases of the two single-bounce terms
(op) are identical and are given by:

& = Ak(A, By + BiC + CAy) = 2AkA,0 . (6)

Equation (6) indicates that the location of the scattering phase center for the ground-
bounce terms appears at the ground interface for the Ak-radar. The interferometric
phase of the two single-bounce terms for the two-antenna system can be obtained
from:

¢§, — /2 K(41C+CB1+B1AY) _ (et’k(AIC+C’Bg+BzA2) + eik(AlBl+Blc+CA2))

Noting that B,C = B,C’, B;C = B;(’, and after some simple algebraic manipula-
tion, it can be shown that

d’;; = g[(AIC + A,C") = (A:C + A, ().

Referring to Fig.2, it can easily be shown that C'C" = 200’ and therefore A,C +
A,C'" = 2A20. Similarly, it can be shown that (A;C + A;C’) = 24,0, thus

& = k(A0 — 4;0).

which indicates that the location of scattering phase center for the two single-bounce
terms is at 0. Therefore the equivalence relation (5) guarantees that ¢, = &;.

The second issue pertains to the validity of the equivalence relation in regard
to multiple scattering terms. As mentioned earlier the equivalence relationship is
derived based on a single target and therefore it would be valid for a random medium,
if the overall backscatter is dominated by the first-order scattering mechanisms. To
demonstrate that the equivalent Ak-radar provides the location of the scattering
phase center accurately even in the presence of multiple scattering, consider two
scatterers located at two arbitrary points C and D within a resolution cell. For an
INSAR whose antennas are at points A; and A,, the interferometric phase associated
with the second order scattering terms is calculated from:

¢(I'-;\),SAR = [2iHAICHCD+DAL) _ /(oiHA1C+CD+DA2) 4 (ik(AD+CD+CAa))
In derivation of the above equation, the reciprocity theorem is used which indicates
that the second-order scattering amplitude obtained from the interaction between

particle C' and particle D is equal to that obtained from the interaction between
particle C and particle D. As before it can easily be shown that

k
) sAR = 5[(1410 + A1 D) — (A:C + A;D))



Let us define M as point in the middle of C'D line. Since the distance between the
antennas and the scatterers are much larger than the distance between the scatterers,
we have

Onsar = k(AIM — A M)

which indicates that the phase center of the second order term apperas at the mid-
point between the two scatterers. For a Ak-radar at A, the same second order phase
term is given by:

#2) = Ak(A;C + CD + DAy)

Noting that A,C + A;D ~ AiM and CD < A; M, the above expression reduces to
o) = 2Ak AM (7)

Equation (7) shows that the location of scattering phase center measured by a A-k
radar is at M as well.

What remains to be shown is the algorithm by which the target height can be
extracted from an equivalent Ak-radar. Let us consider a random collection of
scatterers within a range and azimuth resolution cell illuminated by a plane wave
as shown in Fig. 3. The height of the scattering phase center for this collection can
be considered to be the algebraic sum of the physical height of the pixel center and
a residual apparent height of the scatterers which is a complex function of particles
and radar attributes. Suppose there are M scatterers within a resolution cell. Let
s, denote the scattering amplitude of the nth scattering component of the ensemble
which can represent the direct backscattering from a particle, a multiple scattering
term between a number of the scatterers in the ensemble, or a bistatic scattering
term reflected from the ground plane. Without loss of generality let us assume that
the phase reference is on the reference plane just below the pixel center (see Fig. 3).
The total backscattered field is the coherent sum of all the scattering components
which can be obtained from:

eikor N .
E® = Z sne—tZkor" (8)

r

n=1

where r is the distance from the origin to the observation point, r, is the total round
trip path length difference between a ray traveled to the origin and the ray corre-
sponding to the nth scattering component. Note that a time convention of e has
been assumed and suppressed. The equivalent problem is to replace the collection of
the random particles and the underlying ground plane with an equivalent scatterer
placed at the scattering phase center whose backscattering amplitude is denoted by
S. = |S.| exp(1®.). In this case the backscattered field is given by
eikor )
E* = ___Sce-mkohcos(e)
r



Computing the phase of the backscattered field () from (8) and noting that the
phase calculation is modulo 27, the height of the scattering phase center can be
obtained from

—2koh cos(8) + @, = 2mm + &° (9)

However, in computation of A from (9) two important parameters, namely m and
®. are missing. This problem could be rectified, if a radar measurement from the
same collection of particles and the same viewing angle but at a slightly different
frequency were available. Suppose the change in frequency is small enough so that
the change in the phase of the scattering amplitudes is negligible. In this case the
change in the phase of the scattered field (¢ = ®} — ®}) due to the change in the
wavenumber (Ak = k; — k;) is basically dominated by the path length differences
and it can easily be shown that

_ 1o
" 2cos() Ak

h (10)

Equation (10) is the fundamental basis for extraction of height information from a
two-frequency radar. It should be emphasized that in this process the incidence angle
must be known which is the case in a numerical simulation or in a measurement
using a narrow beam scatterometer system. Since the shift in frequency is very
small (less than 0.1% of center frequency), the scattering amplitude terms s, do not
change when the frequency is changed from f; to f, and therefore they need not
be computed twice in a numerical simulation. However, the phase terms associated
with the path length differences must be modified by replacing ko with ko + Ak.

Expressing the measured phase in degrees, the difference in slant range (Ar =
hcos(6)) in meters, and the difference in frequency (A f) in MHz, (8) can be rewrit-
ten as

¢ =24ArAf . (11)

Therefore if the uncertainty in the phase calculation/measurement is 1° and a dis-
tance resolution of 1m is required, a minimum frequency shift of 416.66 KHz is
needed assuming that the uncertainty in phase calculation/measurement is inde-
pendent of frequency shift (a wrong assumption). Using this frequency shift the
unambiguous range of 360m can be achieved noting that the phase is measured
modulo 360°. The uncertainties in height estimation using a Ak-radar can easily be
obtained as the relationship between h and 6 is explicitly expressed by (10). It can
easily be shown that the uncertainty in height due to the lack of accuracy in the
knowledge of the incidence angle is given by:

6h = htan(8)660

For uncertainties in incidence angle as high as 3°, the error in height is 5% of A at
0 = 45°.



Through the combination of two or more frequency shifts, an unambiguous height
profile with fine resolution can be achieved. The resolution in height estimation using
Ak-radar is characterized by the frequency correlation function of the target as will
be discussed next. Equation (10) indicates that accuracy in the height measurement
increases as the frequency shift increases. On the other hand as the frequency shift
(baseline distance) increases the phase shift caused by the path length differences
will change in a nonlinear and random fashion which causes an uncertainty in the
measurement of distance (height). Hence there may exist a critical frequency shift
for which the finest height resolution for a given distributed target can be achieved.
This critical frequency shift is the counterpart of a critical baseline distance in an
interferometer for which the finest height resolution for the same distributed target
is achievable.

3 Statistical Analysis

In estimating the height of the scattering phase center of a distributed target us-
ing (11), random fluctuations of the calculated/measured phase as a function of
frequency due to fading must be considered. In this section the effect of random
position of the scatterers on the height estimation is studied. Also a procedure for
calculation of the critical frequency shift (baseline distance) in terms the statisti-
cal properties of the distributed target is outlined. Phase statistics of polarimetric
backscatter response of distributed targets for single- and multi-look can be found
in literature [14, 15, 16]. The statistical analysis of interferometric phase given here
parallels the method given in [14]. For a random collection of particles the scattered
field given by (8) is a complex random variable. Since the location of the scatterers
in the illuminated volume is random, the process describing the scattered field is a
Wiener process [13]. If the number of scattering components M is large, the central
limit theorem mandates that the process is Gaussian. Let us denote the scattered
field at f, and f; by Ef = X; +1X; and Ej = X3 +1X,, respectively, where X; de-
notes the real or imaginary part of the scattered fields. These quantities are jointly
Gaussian and can be represented by a four-component random vector X. The joint
probability density function (pdf) of the random vector can be fully characterized
from a 4 x 4 symmetric positive definite matrix known as the covariance matrix A
whose entries are given by

/\,'j =/\J‘,' =< X,’XJ' > i,jE{l,---,4}

It has been shown that the entries of the covariance matrix for the Wiener process
satisfy the following conditions [14]:

A=A =< X2>=< X7 > (12)

Az =< XiX;>=0 (13)



/\33 = /\44 =< 4¥32 >=< .\'3 > ( )

Aag =< X3Xy>=0 | (15)

A3 = Ay =< X1X3 >=< XXy > (16)

/\14 = —/\23 =< X1X4 >= =< X24X3 > ( )

In the same paper [14] it is also shown that the pdf for the difference between phases

of E3 and E} (for a single-look case) is related to the elements of the covariance
matrix and is given by:

1 —a?
fo(¢) = 27 [1 — a? cos?(¢ — ()]
. acos(¢ — () T -1 acos(¢ — ()
b \/1 — a?cos?(¢ — () [2 *tan \/1 —a? cos?(¢ — O}} ,
(18)
where

a = ’A%3+A%4’ C=tan—lﬁ
’\11/\33 /\13

The parameter o is known as the degree of correlation and can vary from 0 to 1.
When the scattered fields are completely correlated « = 1 and the pdf of ¢ is a
delta function. In this case the calculation of the height from (10) has no error in
principle when the effect of thermal noise is ignored. The parameter ( is known as
the coherent phase difference and can vary from —= to 7. For ¢ = ( the pdf assumes
its maximum and this point corresponds to the average height of the scattering phase
center for a uniform distributed target over a flat ground plane.

In this analysis the objective is to establish a relationship between a desired
height resolution and the corresponding required frequency shift for a given er-
ror probability criterion. The Wiener processes considered in this problem satisfy
one more condition beyond those given by (12)-(17). This condition can be de-
rived by noting that the required frequency shift for the height estimation is much
smaller than the operating center frequency of the radar, therefore it is expected
that backscattered power carried by the two processes be equal. This requirement
renders the following condition:

A =Aa (19)
Let us define the normalized correlation function of the process by
| < ElE; > |
Af)= ———— 20
RS = S (20

which is also known as the frequency correlation function [17]. Using (16), (17), and
(19), it can easily be shown that

RAf)=a . (21)
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It is interesting to note that the maximum of the normalized frequency correlation
function occurs at Af =0 (%}h;:o = 0), hence a =1 to the first order in Af. In
other words for small variation of frequency the pdf of the phase difference is very
narrow which ensures accurate estimation of the height. As expected, when Af
increases, a = R(Af) approaches zero which corresponds to a uniform distribution
for the phase difference. In this case the probability of error in the height estimation
is close to unity.

To quantify the accuracy of the height estimation for a given distributed target,
let us assume that the normalized frequency correlation function of the target is
known. In this case only the coherent phase difference (() is missing to fully char-
acterize the pdf of the phase difference. The objective is to estimate ¢ from which
the mean height can be obtained from

—¢

h= 2.4Af cos(6) -

(22)
However, the difficulty in calculation of 4 is that only one measurement of the phase

for each pixel is available. Suppose é¢ = ¢ — ( represents the deviation in the phase
measurement which corresponds to an error in height measurement given by

b¢

bh= ————
2.4Af cosd

(23)
where 8h is in meters, é¢ is in degrees, and Af is in MHz. The uncertainty in the
estimation of height can be quantified according to a prescribed error probability
criterion. For example, ¢ can be chosen such that the probability of measuring the
phase within the §¢ neighborhood of the coherent phase difference to be 90%, that
18

P(¢ € [C—6¢,(+6¢]) =09 .

Hence, using this criterion the estimate of the height is
h=h+t6h

with a probability of 0.9.

The uncertainty in the height measurement defined by this criterion is a complex
function of Af noting that ¢ is a function of a which is related to Af through
the correlation function. Referring to (23), it seems that the height uncertainty
decreases when Af is increased; however, it should also be noted that é¢ increases
when Af is increased. This behavior suggests that there may exist a frequency
shift Af for which 8h is minimized. This particular frequency shift will be referred
to as the critical frequency shift. In order to investigate the possibility of finding
the critical frequency shift, the relationship between the height uncertainty and
the frequency shift must be obtained. The relationship between é¢ and a can be
directly obtained from the cumulative distribution function (cdf) of A¢p = ¢ — (.

10



Unfortunately, a close form for the cdf of A¢ does not exist and the relationship
between 6¢ and o must be obtained numerically. Figure 4 shows the cdf of A¢
for different values of o and the corresponding 66 for the 90% probability criterion.
Note that for most practical cases a > 0.95 (baseline distance or equivalently the
frequency shift is rather small). The relationship between §¢ and e is shown in Fig.
5 for the 80% and 90% probability criteria.

Assuming a Gaussian form for the normalized frequency correlation function
the uncertainty in height estimation can easily be related to the frequency shift.
Suppose the normalized frequency decorrelation function is given by

R(Af) = e~ (8f/Fa)?

where Fj is the decorrelation bandwidth defined as the frequency shift for which
R(Af) = e7!. Using (21) the frequency shift can be related to the degree of corre-
lation through

For values of a close to unity the right-hand side of the above equation is approxi-
mately equal to /1 — a. Referring to Fig. 5, it can also be observed that

bp=~CVl-a

where C is a constant proportional to the probability criterion. Therefore d¢is
linearly proportional to Af where upon substituting in (23) it can be shown that
the height uncertainty is independent of the frequency shift and the critical frequency
shift is not well defined. This result may be generalized to all frequency correlation
functions because for small values frequency shift, the frequency correlation function
of all targets can be approximated by

R(AS) ~ 1 - (Af/Fa)? (24)

where Fy is a free parameter equal to the frequency decorrelation bandwidth of
an equivalent Gaussian correlation function. Figure 6 shows the product of the
height uncertainty and the equivalent decorrelation bandwidth versus frequency
shift normalized to the decorrelation bandwidth for both the 80% and 90% criteria.
Thus the uncertainty in height measurement for a distributed target with known
equivalent decorrelation bandwidth is independent of frequency shift or equivalently
the baseline distance. In other words, the frequency decorrelation bandwidth of the
target is the determining factor in the height measurement error.

4 Frequency Correlation Function of Distributed
Targets

As was shown in the previous section the frequency correlation function of a dis-
tributed target is the most important parameter in estimating its scattering phase
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center height. The literature concerning the frequency correlation function of dis-
tributed targets is rather scarce. Analytical expressions for the frequency correlation
function of simple targets such as uniform independent scatterers and rough surfaces
using Kirchhoff approximation have been obtained for simple uniform plane wave
illuminations [18. 19]. For the uniform distribution of scatterers illuminated by a
uniform plane wave the frequency correlation function is given by

sin(mp, A f/150)
TprAf/150

R(Af) =

where p, is the slant range in meters and Af is in MHz. The corresponding Gaus-
sian equivalent decorrelation bandwidth for this function is Fy = 117/p, MHz. Since
product of 6k and Fj is independent of A f/F;, the uncertainty in height measure-
ment can be improved by decreasing the slant range resolution.

In a recent study [17] it was shown that the frequency correlation function, in
general, depends on two sets of parameters: (1) radar parameters such as incidence
angle, frequency, polarization, and footprint size, and (2) target parameters such
as penetration depth and albedo. It is also shown that when the scattering is
localized, that is, the field correlation distance in the random media is relatively
small, the frequency correlation function can be expressed in terms of product of
two expressions, one depending only on the radar parameters and the second one
depending only on the target attributes. For example an expression for the frequency
cross correlation of backscatter from a homogeneous layer of random particles such
as leaves and stems above a smooth ground plane is found to be [17]

Enl f2)Egpl(f2) >= [ ] Earea |Gz, y)Pdady| - {4d| Ry [P Wi, €20k eI sectld

b 4,2(iAk cos0~r secf)d 1= 62('A“C°'9""‘"9)d
+WPPPP(1 + |R7’| ) 2(ksec0—1Ak cosf)

(25)
where 0 is the incident angle, d is the layer thickness, and R, is the Fresnel reflection
coefficient for p-polarized incident wave (p € v,h). The first term in (25) is the
system dependent component in which G is the antenna gain or the SAR point-
target response (ambiguity function), r is the radar distance, and the limits of the
integrals represents the antenna footprint or the pixel area. The curly bracket in
equation (25) represents the target dependent component in which x denotes the
layer extinction and Wb , and W, are the copolarized components of the phase
matrix in the backscatter and specular (with respect to the vertical axis) directions
which are defined by

< (ASE2)(ASE) >

b, _ .
W = Jim, AV , PEVA

where AS,, represents a scattering matrix element of a small volume AV of the ran-
dom medium. In the expression given by (25) the reference phase plane is assumed
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to be at the top of the layer, i.e., the ground plane is assumed to be at = = —d as
shown in Fig. 7.

The decorrelation caused by the system dependent component for an imaging
radar is directly proportional to the system slant range resolution. Also for con-
ventional radars the decorrelation caused by the system component is inversely pro-
portional to antenna beamwidth and directly proportional to range and incidence
angle. In most existing INSAR systems the measured decorrelation is dominated
by the system component. As discussed before the uncertainty in height estima-
tion increases as the correlation bandwidth increases. Fortunately the decorrelation
caused by the system parameters can be calibrated out since its effect appears as a
simple multiplicative factor. If the system ambiguity function or the antenna pat-
tern is known, the system component of frequency correlation function can easily
be computed and removed from the measured data. In cases where the ambiguity
function or the antenna pattern is not well characterized the correlation over a rough
surface (a distributed target with no vertical extent) approximately represents the
system component of the decorrelation and can be used for calibration. Once the
target dependent component of the correlation function is obtained, the equivalent
frequency decorrelation bandwidth can be computed from which the uncertainty in
height estimation can be evaluated. As shown in the simple model described by (25)
the target decorrelation contains information about its physical parameters.

Figure 8 shows the frequency correlation function of a uniform random layer
of flat leaves with average area 50cm?, thickness 1.3 mm, and dielectric constant
€, = 19 4+ 16.3 above a ground plane with dielectric constant ¢, = 15 + 52.0 at 5.3
GHz and incidence angle 8 = 30°. In this simulation the layer thickness was chosen
to be d = 2 m and leaf number density Ny was varied as a parameter. It is shown
that as the leaf number density, and as a direct result the extinction, increases
the frequency decorrelation bandwidth increases. Scattering contributions from the
ground bounce mechanisms are manifested in terms of oscillations on the frequency
correlation function due to constructive and destructive interferences among the
different scattering mechanisms. Existence of contribution from ground bounce
scattering mechanisms significantly reduce the frequency decorrelation bandwidth.
For interferometric SARs the equivalent frequency shift is rather small (< 1 MHz)
and the approximate form of the frequency correlation function given by (24) seems
to be adequate for all cases. Figure 9 shows F; of the layer as a function of depth
for different values of particle number density. As the vegetation depth decreases
F; should approach infinity and when the vegetation depth increases F; reaches its
asymptotic value for the corresponding to a semi-infinite medium.

The theoretical expression for the frequency cross correlation function given by
(25) can be used to calculate the height of the scattering phase center above the
ground plane. Substituting the phase of the target dependent term of (25) in (22),
the mean height of the scattering phase center of the medium can be computed.
Figures 10a and 10b show the height of the scattering phase center of the uniform
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medium as a function of layer thickness and extinction for 30° and 60° incidence an-
gles respectively. It is shown that depending on the layer thickness. extinction, and
incidence angle the scattering phase center may appear below or above the ground
plane. but always below the canopy top. Note that when the double-bounce scat-
tering mechanism (ground-target-ground) is dominant, the scattering phase center
appears below the ground plane. Other numerical simulations showed that parti-
cle orientation distribution can significantly influence the location of the scattering
phase center as well. This is due to the fact that the relative contribution of the
direct backscatter mechanism with respect to that of the double-bounce scattering
mechanism is a function of particle orientation distribution.

To illustrate the ability of INSAR in retrieving vegetation parameters, let us
consider a simple case of semi-infinite uniform medium. Vegetation canopy can be
regarded as a semi-infinite medium, when canopy transmissivity is below 0.1. In
this case an analytical expression for frequency correlation function and the phase
of the frequency cross correlation (mean phase) can be obtained directly from (25)
by setting ksec(f) = oco. The expression for the frequency correlation function and
the mean phase are, respectively, given by

B 1 mAfcos?d ,
R(Af)—\/m“‘l_( ek )’ (26)
2 2
¢ = tan-! Ak cos* 8 ~ Ak Zos 9. (@7)
K

Using (26) the extinction coefficient of a thick vegetation layer can be obtained as
follows. For a system with a known baseline distance the equivalent A f can be cal-
culated from (5) which together with the measured decorrelation can be substituted
in (26) to calculate k. Having found «, (27) can be substituted in (22) to calculate
the location of the scattering phase center from the canopy top Ad which is given
by
Ad= =0 (28)
2K
It should be noted that for forest stands where particle size orientation and
distribution are highly non-uniform the simple uniform and homogeneous model
described above may not provide satisfactory results. More accurate models that
preserve the effect of tree structure are needed for this purpose. A coherent scat-
tering model based on Monte Carlo simulation of fractal generated trees is under
development which allows efficient and accurate computation of frequency cross

correlation statistics.

5 Conclusions

In this paper theoretical and statistical relationships between the measured pa-
rameters obtained from an interferometric SAR, namely the phase and correlation
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coefficient of interferogram. and target parameters are obtained. First an equivalent
relationship between an INSAR and a Ak radar is established. It is shown that the
knowledge of the frequency correlation behavior of radar backscatter is sufficient
to derive the desired statistics of height estimation using an interferometric SAR.
The equivalence relationship allows for conducting controlled experiments, using a
scatterometer. to characterize the response of a distributed target when imaged by
an INSAR. Similarly efficient numerical codes can be developed to simulate the re-
sults. Statistical analysis shows that the uncertainty in the height estimation of a
distributed target is a function of equivalent frequency decorrelation bandwidth and
is independent of the baseline distance. It was also shown that how the INSAR
measured parameters can be used to evaluate the extinction, the physical height,
and the height of the scattering phase center of a closed and uniform semi-infinite
canopy.
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Figure 2: Ray path configuration of the single-bounce ground-target scattering
mechanism for a two-antenna interferometer.
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Figure 3: A random collection of M scatterers above a ground plane and its equiv-
alent scatterer.
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Figure 5: The phase uncertainty for 80% and 90% percent error probability criteria
as a function of a.
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ABSTRACT

An efficient and realistic electromagnetic scattering model for a tree trunk
above a ground plane is presented in this paper. The trunk is modeled as a
finite-length stratified dielectric cylinder with a corrugated bark layer. The
ground is considered to be a smooth homogeneous dielectric with an arbi-
trary slope. The bistatic scattering response of the cylinder is obtained by
invoking two approximations. In the microwave region, the height of the tree
trunks are usually much larger than the wavelength. Therefore the interior
fields in a finite length cylinder representing a tree trunk can be approximated
with those of an infinite cylinder with the same physical and electrical radial
characteristics. Also an approximate image theory is used to account for the
presence of the dielectric ground plane which simply introduces an image ex-
citation wave and an image scattered field. An asymptotic solution based on
the physical optics approximation is derived which provides a fast algorithm
with excellent accuracy when the radii of the tree trunks are large compared to
the wavelength. The effect of a bark layer is also taken into account by simply
replacing the bark layer with an anisotropic layer. It is shown that the corru-
gated layer acts as an impedance transformer which may significantly decrease
the backscattering radar cross section depending on the corrugation parame-
ters. It is also shown that for a tilted ground plane a significant cross-polarized
backscattered signal is generated while the co-polarized backscattered signal
is reduced.



1 Introduction

Because of the important role of the earth’s vegetation cover on climatic
changes, characterization of physical parameters of the vegetation cover re-
motely and globally is of great importance. In recent years, considerable effort
has been devoted to the development of electromagnetic scattering models for
forest canopy [1-3]. In these models the forest canopy is considered to be
composed of simple geometrical particles having different sizes, shapes, and
dielectric constants. Using vector radiative transfer theory, it has been shown
that the backscattering from a typical forest stand can be decomposed into
four scattering components : (1) direct backscattering from the crown layer,
(2) bistatic scattering from the crown layer reflected from the ground plane, (3)
bistatic scattering from the trunk layer reflected from the ground plane , (4)
direct backscattering from the ground plane [1]. In lower microwave frequency
and/or when the crown layer is tenuous the backscattering is dominated by
the ground-trunk interaction. Therefore the accuracy of the scattering model
in such cases is directly proportional to the accuracy of the scattering model
for tree trunks above a ground plane.

In the mentioned models of forest stands, a tree trunk is simply modeled
by a vertical, homogeneous, finite-length dielectric cylinder. The scattering so-
lutions for a finite-length cylinder, reported in the literature, are either based
on the eigen-function expansion solution for an infinite cylinder [1-5], or low
frequency approximation where all dimensions of the cylinder are small com-
pared to the wavelength [6]. When the cylinder radius is large compared to
the wavelength the eigen-function solution becomes, numerically, inefficient
due to the poor rate of convergence of the series involved in the solution. This
is the case in microwave region where the radius of tree trunks in a forest
stand can be significantly larger than the wavelength. An inefficient solution
for the calculation of scattering properties of a canopy constituent particles
makes the canopy model numerically intractable because the scattering solu-
tion for individual particles must be evaluated many times to account for the
particle variability in size and orientation. Moreover, in modeling a tree trunk
with a dielectric cylinder, an important feature of the tree trunk , the bark
layer, has been overlooked. For many trees the bark layer is rough and can
be represented by longitudinal grooves on the surface of a dielectric cylinder
having possibly a different dielectric constant. The effect of the bark layer on
the RCS of a tree trunk was demonstrated recently by representing the bark



layer with a corrugated dielectric laver [7]. Using a hybrid scattering model
based on the method of moments and physical optics it was shown that the
RCS of a tree trunk is significantly reduced when the effect of the bark laver
1s taken into account. However this model is not numerically efficient enough
to be used in conjunction with the scattering model for a forest canopy.

In this paper a realistic and efficient scattering model for a tree trunk above
a ground plane is developed. In this model the effect of the radial inhomogene-
ity as well as the rough bark layer are taken into consideration. Relying on
the fact that the dielectric constants of tree trunks are highly lossy, the phys-
ical optics (PO) approximation is used at high frequencies where the radius
of curvature is large compared to the wavelength. For finite-length cylinders
having radii comparable to the wavelength , the eigen-function expansion in
conjunction with the field equivalence principle is used. The bark layer is
represented by a periodic corrugated layer and equivalently replaced by an
anisotropic layer as suggested in [9]. The ground plane is considered to be a
homogeneous medium having a smooth interface and both the cylinder and
the ground plane are allowed to have arbitrary orientation with respect to the
global coordinate system. Numerical simulations are demonstrated in section
7 where the region of validity of the PO approximation and the effect of a bark
layer and a tilted ground plane are investigated.

2 Global Coordinate System

In this paper, the problem of scattering from a cylinder above a ground plane in
most general configuration is considered as shown in Fig.1. A global coordinate
system (X,Y, Z) is constructed to describe the directional vector 4,

u(d,¢) = Xsinﬂcos¢+f’sin03in¢+Zcosﬂ (1)

representing the unit vector along the incidence direction ic,'(ﬂi, #:), the scat-
tering direction k,(0;, ¢,), the orientation direction of the cylinder (4., ¢.), or
the unit normal to the ground plane 7,(6,, ;). In this coordinate system ,
the horizontal and vertical polarization of the incident and the scattered waves
are defined by

x kp/|Z x k| (2)

hy X K, (3)



where subscript p can be i or s. In this paper, the forward scatter alignment
convention [6] will be used. The components of the scattered field ES and the
incident field E! in the global coordinate system can be related to each other
by the scattering matrix S, i.e.,

E:\ _ e* (S Su\(E n
Ei ) — v \ Sk Sw E; |-

The ground is assumed to be smooth having an arbitrary slope in the global
coordinate system. It can be shown [8] that when the observation point is away
from the ground plane interface and in the far field region of the scatterer, the
effect of the ground plane on scattering can simply be taken into account by
including the mirror image contributions. Hence the scattering matrix consists
only of four components,

S = St+Sgt+ Stg + Sgig ()
where
St = SOk, k) (6)
Sgt = €™ T(ky, g, kag) - S¥(hs, ;) (7)
Stg = eiT‘SO(IA‘?s,I;gi)'F(’A"gi’ﬁgvi"‘i) ®)
Sgtg = €I (kyy g, hg) - SO (kg ki) - Ty, 1y, ). (9)

In the above expressions, the optical lengths 7; and 7, account for the extra
path lengths of the image excitation and the image scattered waves respec-
tively. SO (ks, k; ) is the scattering matrix of the isolated target in free space,
and T'(k,, 7 fig, ki) is the reflection matrix which accounts for the specular reflec-
tion and polarization transformation due to the tilted ground plane. In order
to provide a physical insight for each term in (6)-(9), subscripts ¢ and g are
added to represent the scattering from the trunk and the reflection from the
ground plane respectively. The order of the subscripts indicates the sequence
of scattering in the first order solution. The unit vectors indicating the di-
rection of incident, scattered, and reflected waves, as shown in Fig.1, are also
expressed in the arguments of S® and T in the same order. In most cases the
total backscattered signal is dominated by the specular terms Sgt and Sgg.

In the following sections, a general reflection matrix I for a tilted ground
plane with arbitrary slope is first obtained, and then the bistatic expressions
for the scattering matrix SO of a stratified finite cylinder in free space based
on the eigen-function expansion and the PO approximation are derived.
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3 Reflection Coefficient Matrix For A Tilted
Ground Plane

The existing models for forest stands assume a flat horizontal ground plane
with no local slope. In this configuration the tree trunks are positioned normal
to the ground plane with possibly a narrow angular distribution around the
normal direction. In reality the ground plane may not be horizontal while the
tree trunks are still vertically oriented such as forest stands in mountainous
areas. The local slope has two significant effects on the backscatterer : (1)
depending on the slope angle and the trunk height, the ground-trunk term
in the backscattering direction reduces, and (2) a significant cross-polarized
component is generated through the reflection from the slanted ground plane
which enhances the cross-polarized backscattering coefficient.

Using a simple coordinate transformation the reflection coefficient matrix
of the ground plane can be easily computed. Consider a smooth ground plane
with a unit normal 7,4(6,, ¢,) that is illuminated by a plane wave propagating
in k; direction. The direction of the reflected wave is given by

ke = ki —20,(hy - ki) (10)

which is normal to E” having E] and FE} as its vertical and horizontal com-
ponents in the global coordinate system. Defining the reflection coefficient
matrix I' by

E' = TU(k,n, k) E! (11)

the objective is to express the elements of I' in terms of the Fresnel reflection
coeflicients of the ground plane. In the local coordinate of the ground plane,
the vertical and horizontal polarization of a wave are defined by

h

v

p = Mg X kp/lfg X ky| (12)
p = h,xk (13)
where the subscript p can be ¢ or r. By representing both the incident and

reflected field vectors in the local coordinate system (4., . k,) and noting that

PP

E;I _ Fvl O E:}I
(E;,)‘(o rh,)(E;;,) (14)



the elements of the reflection coefficient matrix can be obtained from
Tpg = (Br- 0,)Tw(8; - G:) + (Br - hy)Twi(hi - &) (15)

where p and ¢ can be v or h, and T,y and Ty are, respectively, the vertical
and horizontal Fresnel reflection coefficients of the ground plane. The inner
products in the above expression in terms of the global coordinate parameters
are given by

NN L fig-Z—(k,-Z)(Rg-k;)
;0. = h;-h = X Y f)\ng Ry
7 7 | Xk, ||1Z xk,|

N ~ 2 N n iz

v‘.h, — _h‘.v_ — —9 2

7 I |fig X k; |

where 7 can be 7 or .

4 A Semi-Exact Solution

Scattered fields of an infinite stratified cylinder can be obtained by the stan-
dard eigen-function expansion method [10]. However, for finite-length cylin-
ders, no exact solution exists. In the microwave region where the length of a
tree trunk is much larger than the wavelength and the dielectric constant has
a significant imaginary part, the effect of the longitudinal traveling waves on a
finite cylinder can be ignored. Therefore, the internal fields of a finite cylinder
may be approximated by those of an infinite cylinder having the same radial
characteristics. In this paper the scattered fields of a finite cylinder is obtained
by invoking the field equivalence principle. That is the dielectric cylinder is
replaced by fictitious electric and magnetic surface currents J and M given by

J = nxH (16)

M = -axE (17)

where H and E are the total (incident plus scattered) magnetic and electric
fields on the surface of the cylinder, and 7 is the unit vector outward normal
to the cylinder surface. These fields are approximated by those of the infinite

cylinder, and their tangential components on the surface of the cylinder are
given by

Ez(p/ =a, ¢,7 2,) = ZEznei(ki.ZA’z’+n¢,) (18)
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ZOH:(pI =a, él' ZI)

It

S Hope s/ (19)
Eolp =a,6,5) = 3 Eeue ™41 (20)
ZoHo(p' = 0,6,2') = Y Hne ™40 (21)

where Z; is the intrinsic impedance of the free space and E,,, H,,, Ey,, and
H,, are the Fourier components of electric and magnetic field which can be
found in a recursive fashion for a stratified cylinder as shown in [11]. In (18)-
(21), (p', ¢',2') define a local coordinate system in which the cylinder axis 7,
is along Z' and §' = (k X Z )/|k x Z'|. Using the fictitious current sources, the
electric and magnetic Hertz vector potentials can be evaluated from :

B 120 gikoT  rb/2  r2m s,

He - 20 / / J I, 1\ —tkoks T d ld I 29
N ZYE) tkor b/2 27r / —zkok, -

L) = e/, / adg'ds.  (23)

where b is the height of the cylinder. The scattered field in the radiation zone
(far field region) of the cylinder can be obtained from

E*° = —k2[ks x (ks x IL) + ks x (ZoIL,)]. (24)

After some algebraic manipulation as shown in [13], the elements of the scat-
tering matrix for the finite-length cylinder in free space are found to be

1ab sinV

= B A1)+ (e DRG] (29

S =~ G, ) + (e DK (26)

= o B 16 - G K@) @)

R = o e IR - 6o DG (28)
where

= Z{H¢nu1n+kBél(sinqumu%—coquHznuln) (29)



sin ¢ cos @

- B Eznu3n - _B_EanZn}
K = - Z{E¢nuln + séz (Sin QEEan% — COs éEznu&l) (30)
sinq~5 cos ¢
—THanSn - _B?HanZn}
with
kob »  ~ &
Vo= %(k, — k) 2 (31)

Uy, = 27r(—i)"Jn(y0)ei"‘Z’
Uge = 2m(—i)"{icos ¢J.(yo) + sin quiJn(yo)}ei"‘Z’
0

us, = 2m(—1)"{isin ¢J.(yo) — cos &yﬁJn(yo)}emg’
0

B = (k-2 +(k-yy
. ky -y
¢ = tan”! Y )

Yo = koaB.

Here J, and J, are, respectively, the Bessel function of first kind and its
derivative. It should be noted that I and K as given by (6) and (7) are
functions of the polarization of the incident wave.

5 Physical Optics Approximation

The semi-exact solution described in the previous section becomes inefficient
at high frequencies where the radius of the cylinder is large compared to the
wavelength and fails when the cross section of the cylinder is not circular.
These deficiencies can be removed at high frequencies by employing the PO
approximation. This approximation is valid when the radius of curvature of
the cylinder is large compared to the wavelength and the permittivity of the
cylinder has a relatively large imaginary part so that the effect of the glory rays
and the creeping waves could be ignored. As before, the cylinder is replaced
by fictitious electric and magnetic currents, however in this case, the currents
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are approximated by those of the local tangential plane which are proportional
to the sum of the incident and reflected waves.

To simplify the integration of the currents over the lit surface. the sta-
tionary phase (SP) approximation may be used. This approximation is valid
so long as the stationary point falls over the lit region. For convenience, a
local coordinate (#,7,1) is established at the SP point. The local tangential
directions are defined by

>

— n X k:

i/

~) >
3>

>
N

X
X

3>

where 71 is a unit vector normal to the cylinder surface at the SP point. For the
general case of an anisotropic medium (the bark layer may exhibit anisotropic
properties) a dyadic reflection coefficient R is introduced to relate the polar-
ization coupling between the incident and reflected waves, i.e.

E, = R -E; (34)

Combining the incident and reflected fields, the total fields E(= E* + E') and
H(= H" + H') on the surface of the cylinder can be obtained from

E'\ _ (1+Rw Ru E|
(2) - (" m)(E) o
H\ _ (1-Rw Rpn Hi
(i) = U f) () o

Applying the stationary phase approximation, it can be shown that the Hertz
vector potentials are given by

and

iZo eikor
m = = J
@ (37)
ZYE) eikor
o, = — .
M (38)

where J and M are the ﬁctitious currents evaluated from the total fields E
and H at the SP point (¢’ = ¢), and
ik [b/2

/2 DT g iy A
Q — i s /‘W/z 6—1k0chos(¢ -—¢>)ezko(k.—k3)'zz add)'dz'. (39)
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koBa © -
Vg (Ggte)+

B = {l(h - k)P +[(k - k) 97"}
tan"l(M)

(ks — k;) - &

_tbsinV g [koa
v © \oB {F

with

1/2

-2
I

and F'(-) is the Fresnel Integral. This approximation is valid provided koa B >>
1 and ¢ is away from the shadow boundary.

Using a similar procedure as in the previous section, the scattering matrix
elements are found to be

SO = Q[ 9)Z0Ji + (£ 85)Z0Jsw + (I- h) My + (£ - hy) My, (40a)
% = QUI-0)Zodwn + (- 65)ZoJen + (I hs)Mi + (i - hs) Mia] (40b)
SO = Q- he)ZoJ + (- hy)ZoJu, — (I-9,) My, — (£ 6,) M) (40¢)
SO = QU hy)Zodin + (£ hy) Zodun — (I+6,) My — (£ - 55)My) (40d)

where Jp,, and M, are the currents along p direction induced by a ¢ polarized
incident wave (p can be t or [ and ¢ can be v or k). The inner products of
the vectors in the above expressions can easily be calculated in terms of the
global coordinates.

The above results fail in the case of forward scattering for which B = 0.
However, in directions close to the forward direction, an alternative approxi-
mation for the scattered field is possible and is given by [13]

sinV sin W etkor

—2iab » )
v W r

s — ki'A,
E )\0( T

E' (41)
where W = koa(k, - 3') and V is given in (31).

6 Modeling of A Corrugated Bark Layer

For some tree species, the bark layer is corrugated with grooves along the
longitudinal direction. In this paper, the bark is simply modeled as a periodic
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corrugated layer with period L and width d as shown in Fig.2a. It is shown
in [9] that ,when L < Xg/2 (single Bragg mode). the corrugated layer can
be equivalently replaced by an anisotropic layer (see Fig.2b) with the same
thickness whose permittivity tensor is given by

€11 0 0
€ = 0 €2 0 |. (42)
0 0 €33

The entries of the tensor in terms of the permittivity, period, and width of the
corrugated layer , when L < 0.2}, are approximated by

U= T aD Tl (43)

€9 = €33 = 1+ (6,- - 1)d/L (44)

Assuming that the radius of the cylinder is much larger than the wavelength,
the permittivity of the bark layer can be represented by €(¢@, z,n) where €44 =
€11 and €,; = €, = €29.

To employ the PO approximation, a coordinate transformation from the
local (¢,z,n) to (t,l,n) at SP point is needed. The resultant permittivity
tensor in coordinate (¢,1,n) is

€. 8in% @, + €44 052 ¢, (€4 — €22)sing,cos, 0

€ = | (€sp — €:2)5iN¢,c080, €,,08% P, + €ppsin’¢, 0 (45)
0 0 €nn
where
»
b = cos” () (46)
1 —(n-k)?

The reflected fields from a stratified anisotropic dielectric half space is com-
puted using the method described in [12].

7 Numerical Results

In this section a number of numerical examples for the scattering from a finite
cylinder above a ground plane are presented. In all the considered examples
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the normalized RCS, defined by

_ 47T|Spq|2
T T Thoab?

are displayed for a two-layered cylinder with height b, exterior radius a; and
interior radius az. The permittivity of the exterior and interior layers are
chosen to be : ¢ = 4 + i1 and €; = 10 + ¢5 respectively. Also the cylinder is
positioned vertically (6. = 0) on a tilted ground with permittivity e, = 10+5.

First, the validity region of the PO approximation in backscatter direction
is examined. Figure 3 compares ,, and o4, using the PO and semi-exact solu-
tions. It is found that the PO solution agrees well with the semi-exact solution
when koa > 10. For small values of kga the resonance behavior of backscat-
ter is shown by the semi-exact solution. Figures 4-6 show the monostatic and
bistatic scattering patterns which are simulated for a two-layered cylinder with
and without a corrugation. The thickness of the corrugated layer and its fill-
ing factor are respectively chosen to be t = 0.1Xg and d/L = 0.7 (see Fig.2).
Figure 4 shows the backscattering pattern as a function of incidence angle.
At small angles of incidence, the PO approximation differs slightly from the
semi-exact solution because the radial component of the propagation constant
(k, = kosin6) is small in this region and the condition k,a > 10 is not satis-
fied. The vv-polarized backscattering RCS has two minima corresponding to
the two Brewster angles one occurring on the surface of the cylinder (4 ~ 25°)
and the other occurring on the ground plane (§ ~ 75°). The backscattering
RCS vanishes at § = 0° and 90° since the four components contributing to the
backscattering RCS interfere destructively. The ripples on the curves are due
to the components S¢ and Sgtg (see equation (1)), which become significant
for angles of incidence close to 90°; and the oscillation rate is proportional to
the cylinder length. This figure also shows the effect of the bark layer on the
backscattering RCS. Depending on the incidence angle the RCS of the cylinder
may be reduced as high as 10 dB. The reduction in the RCS is a function of
the cylinder length and the corrugation parameters. Basically the corrugated
layer behaves as an impedance transformer between the air and the vegeta-
tion material. Figure 5 shows the bistatic scattering pattern as a function of
elevation angle when 0; = 120°, ¢; = 180° and the observation point is moving
in the X Z-plane. Figure 6 shows the bistatic scattering pattern as a function
of azimuth angle (¢,) with 6; = 120°, ¢; = 180°, and 6, = 60°. The discon-

tinuities found on the PO solution near the forward directions are because of

(47)
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switching the expression for scattering from (9) to (10).

Figures 7-9 show the effect of the tilted ground plane on the backscatter-
ing RCS. All the parameters in Fig.7 are the same as those given in Fig.4
except for the tilt angle of the ground ,6, = 20° and ¢, = 90°. Comparing
Fig.4 with Fig.7, it can be seen that a significant cross-polarized backscattered
signal is generated due to the slope of the ground plane. Figure 8 shows the
variation of backscattering RCS as a function of the ground azimuth angle ¢,
where 0; = 135°, ¢; = 180° and 6, = 20°. One can observe that the peak
of the backscattering RCS occurs at ¢, = 70°(= = — 6,). Figure 9 shows
the backscattering RCS as a function of the ground elevation angle 6, where
0; = 135°, ¢; = 180° and ¢, = 0° and 180°. The regions in the positive and the
negative §, represent the ascending and the descending sides of a mountain
respectively. In this case no cross-polarized signal is generated because the
cylinder is in the principal plane (X-Z plane). Note that there are two max-
ima occuring at 8, = 0° and 6, = —22.5°. The first maximum corresponds to
the dihedral-like ground -trunk interaction. The second maximum corresponds
to a reflection from the ground plane which illuminates the cylinder at normal
incidence. The backscatter from the cylinder bounce off from the ground plane
and returns toward the radar (see Fig.10). This strong backscatter component
can be observed where lAci, ng and ZC are in the same plane and 6; = 26, + 7 /2.

8 Conclusions

An efficient and realistic electromagnetic scattering model for a tree trunk
above a ground plane is presented in this paper. The trunk is modeled as a
finite-length stratified dielectric cylinder with a corrugated bark layer. The
ground is considered to be a smooth homogeneous dielectric with an arbitrary
slope. An asymptotic solution based on the PO approximation for high fre-
quencies is derived. This solution provides a fast algorithm with excellent
accuracy when the radii of tree trunks are large compared to the wavelength.
The effect of the bark layer is also taken into account by simply replacing the
bark layer with an anisotropic layer. It is shown that the corrugated layer acts
as an impedance transformer which may significantly decrease the backscatter-
ing RCS. The RCS reduction depends on the corrugation parameters. It is also
shown that for a tilted ground plane a significant cross-polarized backscattered
signal is generated while the co-polarized backscattered signal is reduced.
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Figure 1: Global coordinate system
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Figure 2: A corrugated layer and its equivalent anisotropic layer.
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Figure 3: Comparison of the PO approximation with the semi-exact solution.
The ratio of the interior radius a; and the exterior radius a;(= a) is kept
constant (az/a; = 0.9). Other parameters are : b = 20\, ¢6; = 4 + il,¢e; =
€g =10 +15,0; = 120°, ¢; = 180°,0, = 60°, ¢, = 0°,6, = 6, = 0°.

18



(dB)

(o]

o] o, (Semi-Exact)
--------- o, (P.O)

o) o,, (Semi-Exact)
{ — ¢,((PO)

1 —-—- Corrugated, o,

1 —-—-- Corrugated, o,

| —

-40 - " | L |

0 10 20 30 40

Incidence Angle n-6, (Degrees)

90

Figure 4: The normalized backscattering RCS as a function of the incidence
angle § = 7 — 0; for a two layered cylinder with and without the corrugation.
Other parameters are : b = 20)\g,a; = 2Xg,a; = 1.8\t = 0.1, d/L =

0.7, ¢; = 180°, ¢, = 0°,0, = 0, = (°.
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Figure 5: The normalized bistatic o,, (a) and ok, (b) as a function of the
scattering elevation angle 65 in XZ-plane (6, > 0 when ¢, = 0°;0, < 0 when
¢s = 180°). The backscattered and the specular directions are shown at 8, =
60° and 6, = —60° respectively. Other parameters are : 6; = 120°,¢; =
180°,8, = 6. = 0°,b = 10Xg, a; = 2Xg, a2 = 1.8,.
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Figure 7: The normalized backscattering RCS as a function of the incidence
angle 7 — 6; for a two layered cylinder above a tilted ground plane. Other
parameters are : 8, = 20°, ¢, = 90°,0,. = 0°,¢; = 180°, ¢, = 0°,0, = 71— 0;,b =
20/\0,&1 = 2)\0,(12 = 18/\0
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Figure 9: The normalized backscattering RCS as a function of the ground
elevation angle 6, (6, > 0 when ¢, = 0%6, < 0 when ¢, = 180°). Other
parameters are : 6; = 135°,¢; = 180°,0, = 45°,¢, = 0°,b = 10Xg,a; =
2/\0,(12 = 18/\0

26



Figure 10: The geometry of the scattering configurations for a cylinder over a
tilted ground where a strong backscatter can be observed.
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A Monte Carlo Coherent Scattering Model For
Forest Canopies Using Fractal-Generated Trees
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ABSTRACT

A coherent scattering model for tree canopies based on a Monte Carlo simulation
of scattering from fractal-generated trees is developed and verified in this paper. In
contrast to incoherent models, the present model calculates the coherent backscatter
from forest canopies composed of realistic tree structures where the relative phase
information from individual scatterers is preserved. Computer generation of tree
architectures faithful to the real stand is achieved by employing fractal concepts
and Lindenmayer systems as well as incorporating the in-situ measured data. The
electromagnetic scattering problem is treated by considering the tree structure as a
cluster of scatterers composed of cylinders (trunks and branches) and disks (leaves)
above an arbitrary tilted plane (ground). Using the single scattering approximation,
the total scattered field is obtained from the coherent addition of the individual
scattering from each scatterer illuminated by a mean field. Foldy’s approximation is
invoked to calculate the mean field within the forest canopy which is modeled as a
multi-layer inhomogeneous medium. Backscatter statistics are acquired via a Monte
Carlo simulation over a large number of realizations. The accuracy of the model is
verified using the measured data acquired by a multi-frequency and multi-polarization
SAR (SIR-C) from a maple stand at many incidence angles. A sensitivity analysis
shows that the ground tilt angle and the tree structure may significantly affect the
polarimetric radar response, especially at lower frequencies.



1 Introduction

Microwave radar remote sensing has been accepted as a viable instrument for mon-
itoring and assessing significant parameters of forest ecosystems such as LAI and
vegetation biomass [1]. Over the past decade much effort has been devoted to the
development of scattering models for vegetation canopies as a step towards retrieving
the forest biophysical parameters from a set of radar measurements [2].

Radiative transfer (RT) theory [3] is the most widely used model for character-
ization of scattering from a forest canopy [4]. When the medium consists of sparse
scatterers that are small compared to the field correlation length within the random
medium, RT theory can accurately predict the second moments of the radar backscat-
ter statistics. However, no information regarding the absolute phase, an important
quantity required for investigating the response of a forest to an interferometric SAR,
can be extracted from a RT model. The other shortcoming of RT theory is its inabil-
ity to account for the coherent effects that may exist between different scatterers or
scattering mechanisms. Recent investigations on scattering behavior of tree canopies
have shown that both backscattering and attenuation are significantly influenced by
tree architecture [5]. Therefore, development of a coherent scattering model that ac-
counts for tree architecture is crucial for the accurate estimation of radar behavior of
forest canopies.

Modeling vegetation using coherent approaches has attained prominence over the
past decades. The distorted Born approximation has been known as one of the
basic approaches used for coherent modeling of vegetation [6], where each scatterer
is illuminated by a mean field and the backscattered fields are added coherently. For
short vegetation Yueh et al. [7] considered the effect of the soybean plant structure
on radar backscatter using a two-scale branching model. Similarly, a coherent model
for cultural grass canopies, where the dimensions of the vegetation particles such as
grass blades and stems are comparable to the medium height dimension, has also been
developed [8]. It was shown that at low microwave frequencies the relative positions
of scatterers and plants with respect to each other affect the polarimetric backscatter
response of vegetation canopies. In these models the structure of the vegetation is
considered from a statistical point of view and therefore only the second moments of
the scattered fields are provided, that is, the absolute phase information is lost.

Further investigations have explored the coherent scattering from a 3-D tree struc-
ture. In [9] the radar backscatter was simulated for various deciduous tree types using
fractal theory [10] for the tree structure. In a more recent paper [11] Lindenmayer Sys-
tems (L-systems) [12], useful tools for implementation of fractal patterns or structures,
were employed to develop simple 3-D tree structures of the order of few wavelengths
to examine the importance of coherent and multiple scattering. A straightforward
approach in constructing the tree structure was carried out in [13] where an accurate
description of particle positions was characterized for a red pine tree using surveying
tools. In this model the tree structure is divided into cylinders whose backscattered
fields are added coherently via the distorted Born approximation.

The purpose of this paper is to develop and validate a comprehensive coherent
scattering model for forest canopies, which can account for the coherent effect due to



the tree structure and provide information about the absolute phase of the backscat-
tered field. The proposed model is comprised of three major components: (1) accu-
rate generation of tree structures based on few physical parameters, (2) evaluation
of scattered fields, and (3) Monte Carlo simulation. In the tree structure modeling,
fractal-based L-systems are employed to construct a realistic tree structure incorpo-
rating the ground truth data of the desired stand. As will be shown, the spatial and
angular distribution of branches strongly influences the behavior of radar backscatter,
indicating the importance of the tree-generating code in constructing the fine features
of tree structures. In the scattering model, individual tree components located above
a tilted dielectric plane are illuminated by the mean field, and the scattered fields are
computed and then added coherently. The branches and tree trunks are modeled by
stratified dielectric cylinders and leaves are modeled by dielectric disks and needles
of arbitrary cross sections. The mean field at a given point within the tree structure,
which accounts for the phase change and the attenuation due to the scattering and
absorption losses of vegetation particles, is calculated using Foldy’s approximation [3].
Finally, a Monte Carlo simulation is performed on a large number of fractal generated
trees to characterize the statistics of the backscattered signals. Another feature of the
proposed coherent model is its capability in accounting for the effect of a nonuniform
extinction profile within a forest canopy. The accuracy of the model is compared
with the backscatter measurements acquired by SIR-C from a forest test site in Raco,
Michigan.

In what follows, we first describe the procedure for generation of tree structures
using stochastic L-systems. Next the construction of the coherent scattering model
and the Monte Carlo simulation is explained. Then, the validity of the model is exam-
ined against L- and C-band backscatter measurements of a well characterized forest
stand. A sensitivity study is also carried out to examine the degree of dependency of
polarimetric backscatter on forest parameters.

2 Fractal Model for Generation of Tree Structures

2.1 Fractal Theory and Lindenmayer Systems

Tree structures in nature are complex and their mathematical description seems to re-
quire a large number of independent parameters. Contrary to this observation, it has
been shown that geometrical features of most botanical structures can be explained
using fractal theory where only a few parameters are required to specify the vegetation
structure. The mathematical concept of fractals was originated by Mandelbrot [10] in
the early seventies. Currently fractal theory is the most popular mathematical model
used for relating natural structures to abstract geometries. Mandelbrot defined a
fractal as a set whose Hausdorff-Besicovitch dimension strictly exceeded the topo-
logical dimension. In other words, the notion of fractal is defined only in the limit.
However, in order to apply the fractal concept to practical problems, a finite curve is
usually considered as an approximation of an infinite fractal so long as the significant
properties of both are closely related. A distinctive feature of a finite fractal is the



self-similarity which is kept through the derivation process.

To implement fractal theory. L-svstems have been well-known tools for the con-
struction of fractal patterns or structures where the self-similarityis preserved through
a so-called rewriting process [12]. L-systems were originally proposed by Linden-
mayer [14], who applied it to the development of lower forms of plant life, such as
red algae. L-systems, also called developmental systems, have since been applied in
many fields, including formal language theory and biomathematics. The features of
L-systems consist of the structural grammar rules and recursive processes which can
easily be implemented by modern computers.

In L-systems, a tree structure G is specified by three components: (1) a set of edge
labels V, (2) an initiator w, called aziom, with labels from V', and (3) a set of tree
growth productions P. In compact notation this tree-growing process is symbolized
by G =< V,w, P >. Given a tree structure G, a tree T, is directly derived from a
tree T (Ty = T3) if T, is obtained from T; by simultaneously replacing each edge in
T; by its successor according to the production set P. A tree T is generated by G
in a derivation of length n if there exists a sequence of trees Ty, Ty, ..., T,, such that
To=w,and To = Ty = ... = T, = T. Figure 1 shows an example of a simple two-
dimensional fractal tree of length 4, where the self-similarity can be easily observed
through each successive process.

2.2 Botanical Modeling

In order to simulate realistic tree structures, botanical properties must be incorpo-
rated into the tree generation. In this section, several botanical features such as
branch dimension rules, leaf attachment, and tree type development are described.

The cross section and the length of younger branches decrease as the branching
process progresses. At a node where a branch splits into two or more branches, a
common practice for determining the relationship between the radius of the originat-
ing branch (r,) and the radius of the younger branches (r, and r.) is the application
of the conservation law of the cross sectional area, given by:

e = Tyt (1)

The relationship between the radius of the new branches (i.e. r, and r.) is specific to
the tree type, and should be specified according to the ground truth measurements.
Another parameter to be specified is the relationship between the length of the new
and old branches ([, and [;, respectively). Defining g as the growth rate parameter,
we have

lb = la/g- (2)

For a three-dimensional branching structure, two branching angles, the tilt angle ¢
and rotation angle ¢, must be specified to characterize the relationship between the
orientation of the new and the old branches.

Most leaves are attached to the end of the final branches noting that the term leaf
here refers to a general composite leaf which may be comprised of many leaflets. The
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number of leaves surrounding a branch is a function of many factors including the
tree species, tree density, and the local environment. The tree generation algorithm
developed in this paper allows the user to specify the number of leaves per final
branch as well as a local orientation distribution for the leaves. The orientation of
a leaf, defined by the unit normal to the leaf surface, is mostly characterized by
the associated position and orientation of the end branch with respect to the global
coordinate system. However some relatively narrow distribution function is added to
allow for natural variations of leaf orientations.

Based on the architectural characteristics, tree structures can be categorized into
three primary classes: columnar, decurrent, and excurrent, which may be represented
by coconut, maple, and pine trees respectively [15]. In the majority of deciduous
trees, the lateral branches grow as fast as, or faster than, the terminal shoot, giving
rise to the deliquescent growth habit where the central stem eventually disappears
from repeated forking to form a large spreading crown. This branching pattern is
termed decurrent. On the other hand, most coniferous species belong to the excurrent
class, where the main stem outgrows the lateral branches giving rise to cone-shaped
crowns and a clearly defined bole. In this study, a library of typical tree structures is
constructed that can easily be fine-tuned to simulate the desired tree stands. Figure
2 shows two fractal trees of decurrent and excurrent types generated by the developed
tree-generating algorithms of this study.

2.3 Computer Implementation

The computer work in the development of the tree structure consists of three main
components: the encoding, decoding, and visualization. In L-systems, the encoding
is accomplished by iterating the labels with prescribed productions and length. A
long label string, like DNA in biology, is obtained at the end of the processes, holding
embedded information about the tree structure. Then this long label string is decoded
(or translated) into a tree structure through a so called turtle graph interpreter [12].
Numerical calculation is performed in this stage to quantify the geometries of the
entire tree structure.

Once the fractal tree is created, the tree data file usually contains a large number
of tree components and it is difficult to examine the accuracy by manual inspection of
the numerical data. Visual inspection of the tree image is a better way at this point.
In addition, real-time visualization of the tree structure during the developing stage
can also assist the user in learning the sensitivity of the fractal parameters to the tree
structure. In this study, a visualization program is developed using the PostScript
language where real-time display and printout can be easily performed without any
extra software. This program is capable of projecting a 3-D fractal tree structure into
a 2-D image with the functions of arbitrary scaling and perspective view. The red
pine shown in Figure 2(b) is viewed at 20° measured from the horizontal plane.



3 Coherent Scattering from Forest Canopies

In this section, a coherent scattering model is developed to calculate the polarimetric
radar response of the fractal-generated trees. Once a tree is created. it is treated as a
cluster of scatterers composed of cylinders (trunks and branches) and disks (leaves)
with specific position, orientation, and geometric shape and size, as shown in Figure
3. It is assumed that the entire tree is illuminated by a plane wave, whose direction
of propagation is denoted by a unit vector £; and is given by

E'(r) = Ei¢itk, (3)

The scattered field in the far zone is next calculated for individual trees. Since the
uncertainty in the relative position of trees with respect to each other is usually of
the order of many wavelengths, the total scattered power can simply be determined
by the incoherent addition of scattered power from individual trees. To the first order
of approximation, the scattering from a tree is approximated by the superposition of
the scattered field from each scatterer within the tree structure. Hence, neglecting
the effect of multiple scattering among the scatterers, the total scattered field from a
single tree can be evaluated from

ikt N '
> €S, Ei, (4)

r n=1

E’ =

where N is the total number of the scatterers within a tree structure, S, is the
scattering matrix of the n-th scatterer above a dielectric plane and ¢, is a phase
compensation term accounting for the shift of the phase reference from the local
coordinate system of the n-th scatterer to the global coordinate phase reference.
Denoting the position of the n-th scatterer in the global coordinate system by ry, ¢,
is given by o

¢n = (ki — ks) - ra, (5)
where k, is the unit vector representing the propagation direction of the scattered
field.

In order to compute the local scattering matrix S, let us consider a single scatterer
above a dielectric plane, as shown in Figure 4. Neglecting the multiple scattering
between the scatterer and its mirror image, each scatterer mainly contributes four
scattering components, denoted by: (1) direct scattering denoted by S¢, (2) ground-
scatterer scattering denoted by S!¥, (3) scatterer-ground scattering denoted by S¢!,
and (4) ground-scatterer-ground scattering denoted by S9%, as shown in Figure 4.

n I
The scattering matrix S, in terms of its components can be written as

Sn =S + 82 + 8! + 89, (6)
where
St = 8%k, k), (7)
ng = eiTsR ];737];93) ) Sg('\gs’]‘;')’ (8)
S:Lg = eiTng(’;:s, I}gi) . R(]%gj, I;?,'), (9)
S-Ztg = ei(T‘+T’)R(1}s, i;?gs) . Sg(l;gs’ ];gi) : R(]}gia ];i)a (10)



and

i = k=20, (R - ki), (11)
hgs = ky —20,(Ry - k), (12)
n o= —Qko(rn-fzg)(“g-ic,-). (13)
75 = 2ko(rn - ng)(ftg - ks). (14)

In the expressions given by (7)-(10), S is the bistatic scattering matrix of the n-th
scatterer in free space. The direction of incidence and scattering are denoted by unit
vectors in the argument of S%. In the above expressions, 7, is the unit vector normal
to the tilted ground surface. The phase terms 7; and 7, account for the extra path
lengths of the image excitation and the image scattered waves respectively. R is the
reflection matrix of the dielectric plane whose elements are derived in terms of the
Fresnel reflection coefficients and the polarization transformation due to the ground
tilt angle. The explicit expressions of the reflection matrix of a tilted dielectric plane
(R) with an arbitrary slope and the expressions for the bistatic scattering matrices
(S%) of large scatterers like trunks and primary branches are given in [16], where
the semi-exact solution together with the physical optics approximation are derived
for the calculation of scattering from a stratified dielectric cylinder above a tilted
dielectric plane. The formulae for the scattering matrices of small scatterers like
twigs and leaves are constructed based on the expressions given in [17,18].

The above analysis is not quite complete since in the calculation of scattering from
the n-th scatterer the other scatterers are assumed to be transparent. The second
or higher-order analysis, which takes into account the multiple scattering among the
tree structures, is fairly complicated and is beyond the scope of this paper. However,
the effect of attenuation and phase change of the coherent wave propagating in the
random media can be readily modeled by calculating the mean field within the random
medium.

Consider a coherent radar wave propagating in a statistically uniform random
medium. Based on Foldy’s approximation (3], the variation of the mean field E with
respect to the distance s along the direction k is generally governed by

dE
o =1K-E, (15)
where
_ kO + Mvv Muh
K= My, ko4 My (16)
and 5
My = =1 < 83y, ) > (17)

Here k, is the wave number of free space; no is the volume density of the scatterer;
and < S'gq(k, k) > is the ensemble average of the forward scattering matrix, (p and ¢
can be v or h). Using the standard eigen-analysis, the differential equation (15) can
easily be solved and the solution is given by

E(s) = e*°T(s,k) - E°, (18)
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where E° is the field at s = 0 and T is the transmissivity matrix accounting for the
extinction due to scattering and absorption. In most natural structures. azimuthal
symmetry can be assumed where M,;, = M,, = 0 and the transmissivity matrix is

reduced to "
61.' vvS 0
T= l: 0 eiMh;,s jl : (19)

Note that the transmissivity matrix defined in (18) excludes the phase terms due
to free space path lengths, and merely accounts for the perturbation in propagation
caused by the vegetation.

To include the effect of wave extinction in the scattering model, consider a situa-
tion when the entire tree structure is embedded in an effective medium with an effec-
tive propagation constant given by (16). Under the aforementioned approximations
the expressions for the components of the n-th scattering matrix in the backscatter
direction should be modified as follows:

S, = T, -S0(—ki k)T, (20)
S#' = €™T-R-T. - SO(—h, ki) T¢, (21)
SY = &™T,-S)(~k,k) T, -R-T, (22)
S¢'s = 2nTH.R.T7-S(=k, k) -T" -R- T, (23)
with
iﬁr = I;i—Qﬁg(ﬁg'ici)v (24)
T = 2ho(ra - ig)(ig - ) (25)

where T%, T, and T! are the transmissivity matrices, respectively, for the direct,
reflected, and total traveling path as shown in Figure 5. In the derivation of (20)- (23)
the reciprocal property of wave propagation, is employed, i.e., T(s, k) T(s, —k),
which results in the expected reciprocal scattering relation Sﬁt = (St8)~'. Here the
superscript (-)~* denotes the operation of matrix transposition followed by negation of
the cross-polarized elements in order to be consistent with the the forward scattering
alignment convention [1].

Distributions of vegetation particle type and size is non-uniform along the verti-
cal extent of most forest stands unlike what has been assumed in the aforementioned
existing scattering models mostly for the lack of knowledge of such distributions. In
the proposed model where the exact description of particle distributions are avail-
able, propagation and scattering of the mean field within the forest medium can be
characterized rather accurately. To account for the vertical inhomogeneity, consider
an M-layered random media above a tilted ground surface illuminated by a plane
wave. Each layer, with thickness d,(m = 1,2,..., M), is assumed to be parallel to
the ground surface. It is also assumed that the boundaries between the layers are
diffuse where no reflection or refraction can take place. Suppose the n-th scatterer is
located in the m-th layer, then the objective is to calculate the transmissivity matrices

T, T, and T



In the backscatter case, only the incident directions i/l‘,— and the reflected direc-
tions j:ic, are of interest. Therefore for each scatterer the forward scattering matrix
should be calculated for both k; and &, directions. Then for each layer (say the m-th
layer), the layered transmissivity matrix is computed by

0 Mol mLm 0 |
T/ (L) = l: 0 ew;,ﬁ,'_mLm ] (26)
where L., = dy /(R - k.) is the path length, and
ilr 271'Dt am
Mn/z = l»()d ZS 1/ra 1/r (2()

is the effective propagation constant for the m-th layer. In the above expression D,
is the tree density (number/m?) and N, is the number of particles of a single tree in
the m-th layer. The final expressions for the transmissivity matrices can be written
as

T' = T5(La)Ty(La). Tyl L), (28)
T = T (L) T (L) Tis(Line), (29)
T, = T(Ln)Thi(Lno1)--Ti(L1), (30)

where L and LT  are the path length from the n-th scatter to the top and bottom
of the m- th layer boundary along the k; and k, directions, respectively, as shown in
Figure 5. These distances are given by L' = (Hp — Iy - #,)/ (g - k) and L7, =
(rn -1y — Hpoy)/(7g - k,) where H, = Z}C’;l dy represents the height of the upper
interface of the m-th layer.

For distributed targets, the radar backscattering coefficients and phase difference
statistics, instead of the scattering matrix, are usually the quantities of interest. These
quantities can be derived from the second moments of the backscattered field compo-
nents [19]. The statistics of the scattered field are approximated from a Monte Carlo
simulation where a large number of tree structures are generated using stochastic
L-systems and then the scattering matrix of all generated trees are computed. Com-
putation of the scattering matrices is accomplished in the following manner. First
the canopy height is discretized into M layers and the extinction coefficient of each
layer and the integrated transmissivity matrices are computed as outlined previously.
Then these quantities are used in (20)-(23) for calculating the scattering matrix of
individual trees.

The computation involved in the calculation of the scattering matrices of indi-
vidual leaves for many trees is too excessive to be carried out even with the fastest
available computers. To solve this problem, the 47 solid angle covering the entire
vector space representing the orientation direction of a leaf is discretized into a finite
number and a look-up table for scattering matrices of a leaf oriented along all the
discrete directions is generated for the three principal backscattering (S2(- ki, k,) and
SO(—k,,k,)) , forward scattering (S(k;,k;) and S°(k,,k,)), and bistatic scattering
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(SS(—IACT.IA;{) and Sg(—ic,'.ic,)) directions. The number of discrete orientation direc-
tions is determined from the ratio of a typical leaf dimension to the wavelength (a /).
According to this scheme the number of the discrete points should increase with in-
creasing a/A. A similar scheme may be used for branches, however, we found that
this may unnecessarily increase the CPU time due to a large variability in diameter
and length of the branches.

In order to calculate the desired backscatter statistics, the differential covari-
ance matrix of the backscattered field must be evaluated. As described earlier, the
backscattered fields of adjacent trees in a forest are uncorrelated at microwave fre-
quencies and above. Therefore the backscattered power from individual trees can be
added and the covariance matrix elements are proportional to the tree density D, and
are given by

‘l/O

pgst — D, < SpqS;t >, (31)
where p,q,s,t € {v,h}. According to this definition for the differential covariance
matrix, the backscattering coefficient can be obtained from

op, = 4TW) (32)

Pqpq’

4 Model Verification

In this section, the accuracy and validity of the developed model is examined using a
set of measured data acquired by the Space-shuttle Imaging Radar-C/X-Band Syn-
thetic Aperture Radar (SIR-C/X-SAR). The collected ground truth and the radar
parameters, such as frequency and incidence angle, are used as model input. In
this section we also present some examples to demonstrate the sensitivity of radar
backscatter to some important forest parameters.

4.1 SIR-C/X-SAR

The SIR-C/X-SAR radar system [22] was flown aboard the shuttle Endeavor in the
spring (SRL-1) and fall (SRL-2) of 1994. This mission was the first of its kind where a
beam-steerable, multi-frequency, and multi-polarization space-borne synthetic aper-
ture radar was deployed. The SIR-C/X-SAR system operated at L- (1.25 GHz), C-
(5.3 GHz), and X-band (9.6 GHz). The L- and C-band SARs were configured to
collect polarimetric data whereas the X-band SAR was a single channel radar and
collected the backscatter data at vv polarization. The look angle of the system was
varied from 15° to 60°. In this study, the polarimetric SIR-C data (L- and C-band)
during the SRL-2 is selected for comparison with the results predicted by the model
developed in this paper.

4.2 Ground Truth

Raco, located in the eastern part of Michigan’s Upper Peninsula, was designated by
NASA as a calibration and ecological Supersite and has been a test site for our radar
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Tree Density : 1700/Hectare

Tree Height : 16.8 m
Trunk Diameter (DBH) : 14 em
Leaf Density : 382 #/m?
Leaf Area : 50 cm?/#
Leaf Thickness : 0.2 mm
Leaf Moisture (my) : 0.51
Wood Moisture (m,) : 0.60

Soil Moisture (m,,) : 0.18

Table 1: Ground Truth of Stand 31

L-band C-band

Leaf 17.9 4 6.0 | 14.7 + 4.7
Wood | 32.1 + ¢10.0 | 27.7 + 84
Soil 9.7 4+ 1:1.6 | 9.4+ 1.5

Table 2: Dielectric properties of Stand 31

remote sensing activities since 1991 [20,21]. Great efforts have been devoted towards
characterizing ground inventories and the site has been imaged by ERS-1, JERS-
1, SIR-C/X-SAR, and JPL AIRSAR. The main research objective at this site has
been relating the measured SAR backscatter data to the forest ecological/biophysical
parameters, which are essential input parameters for the ecological models used for
the study of land and atmosphere processes.

The Raco Supersite contains most boreal forest species and many of the temperate
species. The SIR-C/X-SAR overflight occurred in the fall, a time of some seasonal
change where trees begin to dry and the deciduous leaves begin to undergo their
fall color change. During the SIR-C overflight (October 1994), the leaves were still
predominantly green. Color change happened towards the end of the mission.

In this study, a deciduous forest stand, denoted in the existing report [20] as Stand
31, is selected as a test stand. This stand consists of a large number of red maple as
well as a few sugar maple, uniformly covering an area about 300 m by 300 m on flat
terrain. The ground truth of this stand has been collected since 1991, and a summary
of its pertinent parameters is reported in Table 1. The vegetation and soil dielectric
constants during the SIR-C overflights are reported in Table 2, and are derived from
the measured moisture values using the empirical models described in [23,24].

4.3 Simulation Results

The first step in obtaining the model prediction is to generate fractal trees faith-
ful to the real tree structure of the desired forest stand. There are two phases for
determining the input parameters for the tree generating code. The first phase is
to characterize the coarse parameters such as the branching nature of the trees, the
growth factors, and the finite fractal order. In the second phase, some of the fine input
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parameters. such as the branch tilt angle and its distribution, are slightly tuned in
order to minimize the difference between the simulated and measured backscattering
coefficients ¢°. In general accomplishing the second phase is much more difficult than
the first phase because there is no apparent rule for adjusting the parameters. To
establish a set of rules of thumb for fine-tuning the parameters of tree structures,
we performed a sensitivity analysis. The gradient of the desired radar backscatter
parameters with respect to the desired tree structure parameters was determined and
used for determining the fine tuning procedure. In this procedure, we allowed the fine
tree parameters to be adjusted to within 10% of the measured ground truth param-
eter to account for the uncertainty in the ground truth measurements. It is assumed
that the model (including tree generation and coherent scattering) is verified if the
simulation results can simultaneously match the polarimetric SIR-C data for both
frequencies and different incidence angles.

Figure 6 shows a photo of Stand 31 (taken in April, 1994), the fractal tree structure
generated by the model, and its corresponding extinction coefficient (imaginary part
of M, in (17)) profile. It is noted that the wave attenuation at C-band is much greater
than L-band, and the extinction coefficient for vertical polarization is slightly greater
than that for horizontal polarization at both frequencies. This extinction coefficient
profile is shaped according to the tree architecture and composition, which plays an
important role in radar backscatter parameters including the position of the scattering
phase center [25]. In this example, the entire tree canopy is divided into eleven layers,
and the extinction coefficient is calculated as described in the previous section. It
should be pointed out that the number of layers can be determined by imposing a
step discontinuity threshold. Basically the algorithm starts with a moderate number
of layers, calculates the extinction coefficient for each layer, and examines the step
discontinuity. If the discontinuity between any two layers is larger than the prescribed
threshold, these layers are divided into finer layers.

In performing Monte Carlo simulations, one should be careful of the convergence
properties of the simulation. In all simulation results reported in this paper conver-
gence was achieved to within +0.5 dB of the estimated mean values for less than 100
tree realizations. Figures 7(a) and 7(b) show, respectively, the convergence behavior
of the backscattering coefficients at L- and C-band for forest Stand 31.

Figure 8 shows the comparison between the model prediction and the measured
backscattering coefficients for three consecutive SIR-C overflights as a function of
incidence angle at L- and C-band respectively. It is shown that an excellent agreement
is achieved for all incidence angles and polarizations except for the C-band cross-
polarized backscattering coefficient. The lack of accuracy for this polarization can be
attributed to the effect of multiple scattering between branches or branches and leaves
in the canopy crown. It shows that the measured C-band data is consistently higher
than the simulated results by 1.3 dB which can be attributed to the overestimation
of radiometric calibration constants. The computation time for each incidence angle
point is about 35 minutes at L-band and 65 minutes at C-band on a Sun Sparc 20
workstation.

As mentioned in section 3, the total backscatter is comprised of different scat-
tering components. Simulation results show that in all cases except for L-band hh
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polarization the backscattering coefficients are dominated by the direct backscatter
component (¢?). The hh-polarized backscattering coefficient o7, at L-band, depend-
ing on the incidence angle, is mostly dominated by the direct backscatter or the
ground bounce term (oy,). The double ground bounce component (oy,,) is negligi-
ble for all cases because of the low transmissivity for this canopy (see Figure 12 for
LAI=12). Figure 9 shows the scattering components of ¢f, as a function of incidence
angle. The analysis for characterizing the contribution of each scattering component
is essential in determining the position of the scattering phase center of the forest.

It is also important to examine the effect of the inhomogeneity of the extinction
profile (see Figure 6(d) on the backscattering coefficient. Figure 10 compares the
co-polarized backscattering coefficients of Stand 31 where the forest is both modeled
by a 2-layer medium and by an 11-layer medium. In the 2-layer model the tree
canopy is composed of a trunk layer extending from 0-3 m and a crown layer which
extends from 5-17 m. It can be observed that the 2-layer model overestimates the
backscatter at lower incidence angles and underestimates at higher incidence angles.
The discrepancy in this example is as high as 2.5 dB, and can be even higher for
stands with higher leaf density. It is also found that the discrepancy increases with
increasing frequency. For example, the discrepancy at L-band is only less than 0.3
dB. It should be mentioned that the CPU time for calculation of the backscattering
coefficient for a 2-layer and an 11-layer forest is almost the same, because the mean
field profile of the canopy is calculated before the Monte Carlo simulation is carried
out.

The statistical behavior of the backscatter can also be obtained from the present
model. Through the Monte Carlo simulations the desired histograms can be con-
structed by recording the backscatter results for each realization. Figure 11 shows
the estimated probability density function (pdf) of backscattering coefficients in dB
at incidence angle 43.6°. The pdf can provide additional information about the dis-
tributed target if the backscatter statistics are non-Gaussian. For instance, although
the mean values of o}, and ¢?, at L-band are nearly identical, their pdfs are somewhat
different from each other.

The transmissivity is another quantity with which to characterize a stand. Based
on the extinction profile of the forest canopies, the transmissivity can be computed
by integrating the attenuation of each layer. In Figure 12, the one-way transmissivity
(from top to bottom) is calculated as a function of leaf area index (LAI), defined as
the total leaf area (single side) per unit area of forest. It is shown that the horizontally
polarized wave can more easily penetrate the canopies than the vertically polarized
wave. This phenomenon results from the fact that the tree trunk and branches are
oriented mostly along the vertical direction.

To demonstrate the effect of tree structures on the radar backscatter, two examples
are considered in this study. In the first example, denoted as Case 1, we change the
branching angle Af from 22°+5° (used in Stand 31) to 15°+3° while keeping the other
parameters the same. Figure 13 compares the orientation distribution of the branches
for Stand 31 and Case 1 example. The pdfs of branch orientation are obtained by
counting the number of branches in small increments of orientation angle for all the
branch segments of a fractal tree, which included about 7500 branch segments in
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Tree L-band C-band

Structures | 0%, (dB) | 02, (dB) | o7, (dB) | 02, (dB) [ 09, (dB) | o}, (dB)
Stand 31 -8.8 -14.6 -8.2 -9.3 -16.4 -10.1
Case 1 -8.4 -16.1 -7.1 -7.9 -16.2 -8.7
Case 2 -13.2 -19.6 -9.1 -11.4 -21.6 -10.3

Table 3: Effect of tree structures on backscattering coefficients, simulated at 6; =
43.6°.

more than 20 classes of diameters and lengths. In the second example referred to as
Case 2, we changed the tree height and trunk diameter while keeping the dry biomass
unchanged (14.4 kg/m?). A tree structure of Case 2 having height 8.6 m and trunk
diameter 17cm is shown in Figure 2(a). The backscattering coefficients calculated for
these three tree structures are given in Table 3, which indicates a significant variability
in the backscattering coefficients among the three simulated forest stands of different
geometrical structures having identical biomass.

The effect of the ground tilt angle on the radar backscatter from the forest canopy
is also investigated in this study. Using the same parameters of Stand 31 except
for changing the ground tilt angle 8, from 0° to 10°, the backscattering coefficients
are computed as a function of the azimuthal look angle ¢; for incidence angle 6; at
25.4°. As expected, simulation results show that the radar backscatter is not sensitive
to the tilt plane at C-band since most of the backscattered field emanates from the
crown layer. However, at L-band the radar backscatters, especially ¢¢, and ¢, , show
sensitivity to the ground tilt angle (see Figure 14(a)). Near the azimuthal look angle
¢; = 70°, there are noticeable increases in oy, and ¢%, which can be attributed to a
ground-trunk interaction. To illustrate this point, consider a single cylinder oriented
along the . direction standing on a tilted ground surface with a unit normal #,, as
shown in Figure 14(b). The ground-trunk scattered ray is parallel to the incident ray
when the following relationship is satisfied:

A A

ki 5o = (ki - 2g) (7 - 30)- (33)

Assuming Z. is along the vertical direction Z (most trees grow vertically in spite of the
tilted ground), the above equation can be readily reduced to an explicit expression
given by

2sin? 4,
tan 6; sin 26,

Using this expression a maximum backscatter is expected at ¢; = 68° when 8, = 10°
and 6; = 25.4°. For this particular look angle significant hh-polarized and cross-
polarized backscatters are generated, as shown in Figure 14(c) which has a very good
coincidence with Figure 14(a). The radar cross section in Figure 14(c) is simulated
from a cylinder of radius a = 7.2em, length b = 7.2m, and dielectric constant ¢ =
32.1 +410.0 vertically standing on a tilted dielectric plane with §, = 10° and ¢, =
9.7 4 :1.6 illuminated by a plane wave with incidence angle §; = 25.4°.

(34)

cos ¢; =
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5 Conclusions

A coherent scattering model for forest canopies based on a Monte Carlo simulation of
fractal-generated trees is developed in this paper. A coherent model offers three major
advantages over the existing incoherent scattering models: (1) the model preserves
the effect of architectural structure of the trees which manifest itself in the extinction
and scattering profiles, (2) the model provides complete statistics of the scattered
field instead of just its second moments, and (3) the model is capable of simulating
the scattering from forest canopies on a tilted ground surface. In general the coherent
scattering model is comprised of two main components: (1) a tree structure generating
model which is developed based on stochastic L-systems, (2) a first-order scattering
model which can handle radially stratified cylinders and dielectric disks and needles
of arbitrary cross section.

The validity and accuracy of the model was demonstrated by comparing the re-
sults based on the model simulation with the backscattering coefficients measured
by polarimetric L- and C-band SIR-C at three different incidence angles. A very
good agreement between the measured quantities and the model predictions is ob-
tained with the exception of 2, for C-band which is believed due to the existence
of multiple scattering in the crown layer. A sensitivity study was also carried out
to demonstrate the effects of tilted ground surfaces and tree structures on the radar
backscattering coefficients.

6 Acknowledgment

This investigation was supported by NASA Office of Mission to Planet Earth under
contract NAGW 4555. The authors are thankful to Dr. L. Pierce for helping in

extracting the SIR-C data used in this paper.

15



Appendix

The parameters for L-systems for generating the maple tree used in this paper
is given below. Note that some user-defined symbols other than those used by L-
systems [12] are rendered to account for the sophisticated features of the tree struc-
tures. For example, the branch tapering symbols (),[]. and {} are used to denote
small, medium, and large branch tapering respectively.

o [ractal Coding Parameters:

Length (number of iteration) n: 4
Axiom/initiator w:
FFF!(+A){!FF(+A){'FF(++A){'F(+B)!(++B){F!(+A)/(++A) ['F[++B]![++B]![+B]}} } }}
Production p;:

A: — fE(+A)E(+FA){I(++A){'f[+A]'f[+B]} }}
Production p,:

B: — f(+A)['f(++B)['[++B]"[+B][-B]]]
Production ps:

F: - FF

Production py:

f: - ff

where F and f are respectively vertical and horizontal forward steps.

o Geometrical parameters include tree diameter at breast height (DBH), branch-
ing angle (6,) and rotation angle (¢;), trunk tilt angle (6,), leaf orientation angle (6;),
number of leaflet (Njeqfiet), leaf radius (a;), leaf thickness (¢;), stem radius (as), and
stem length ([;).

mean(DBH), std(DBH), mean(F), std(F), mean(f), std(f) (cm)

14. 3. 9. 1. 7.5 1.
mean(f,), std(6,), mean(¢y),std(dp) (deg)
22. d. 137.5 10.

mean(d;), std(f;), mean(f;),std(6;) (deg)

0. 3. 5. 10.

Nicajiet, a, t, as, ls, (cm)
3 4.0 0.02 0.1 8.

where mean(-) and std(-) refers to the statistical mean and the standard deviation of
the parameters respectively.

e Display postscript parameters:

Xstart, Ystart, Zstart, 0w, Gview, Scale
300 300 80 9 0 25
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Figure 1: The growing process of a fractal tree.

(a) Decurrent (b) Excurrent

Figure 2: Two fractal trees simulated for (a) decurrent and (b) excurrent types.
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Figure 3: Scattering from a cluster of scatterers above a tilted ground surface.
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Figure 4: Four scattering components from an object above a tilted dielectric plane.



1a.

dom medi

1n ran

ion of a coherent wave 1

1nct

.

Ext

Figure 5

21



‘(p) °[yoad uoryour}xs paje[nofed oY) pue ‘(d) soAwS[ Y}Im pue

(<) moya oIy [ridRIf pojyeIouad oY) ‘(') pue)s ajdeur 159y oY) jo yderSojoyd :[opowr [ejoe] 91} JO UIIJeDYLIdA [BNSIA :Q 9INJI]

9017, [e1oelg (q) 1¢ puess (e)

olyody uonpunxy (p) 9317, [e7oel] ()

(wyd ) yuato13j30)) uondunxg
00 070 010 000
T T c

Y --a--

I°oH

() 1y3

22



L-band C-band

0
vV
--------------- T
T T
-30 .
50 100 100
Realization Number Realization Number

(a) (b)

Figure 7: Convergence behavior of the Monte Carlo simulation for Stand 31 at L-

band(a) and C-band (b) at incidence angle 8; = 30°.
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Figure 8: Comparison between the model predictions (lines) and SIR-C data (sym-
bols) at (a) L-band and (b) C-band.
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Figure 9: Contribution of different scattering components (o¢-direct and oJ;-ground-
trunk) to the overall backscattering coefficient (¢?,,.,) as a function of incidence angle.

Backscattering Coef. o° (dB)

Figure 10: Comparison of the 11-layer and 2-layer extinction models simulated at
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Figure 11: Histogram of the backscattering coefficients for Stand 31 at 6; = 43.6°.

Figure 12: One-way transmissivity as a function of leaf area index (LAI).
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Figure 13: Histogram of branch orientation resulting from two branching angles : (a)
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Characterizing the Scattering Phase Center
Statistics of Forest Canopies
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Abstract

A coherent scattering model for tree canopies is employed in order to characterize the
sensitivity of an interferometric SAR (INSAR) response to the physical parameters of
forest stands. The concept of an equivalent scatterer for a collection of scatterers within
a pixel, representing the vegetation particles of tree structures, is used for identifying the
scattering phase center of the pixel whose height is measured by an INSAR. Combining
the recently developed coherent scattering model for tree canopies and the INSAR Ak-
radar equivalence algorithm, for the first time accurate statistics of the scattering phase
center location of forest stands are obtained numerically. The scattering model is based
on a Monte Carlo simulation of scattering from fractal generated tree structures, and
therefore is capable of preserving the absolute phase of the backscatter. The model can
also account for coherent effects due to the relative position of individual scatterers and
the inhomogeneous extinction experienced by a coherent wave propagating through the
random collection of vegetation particles. The location of the scattering phase center
and the correlation coefficient are computed using the Ak-radar equivalence, simply by
simulating the backscatter response at two slightly different frequencies. The model
is successfully validated using the measured data acquired by JPL TOPSAR over a
selected pine stand in Raco, Michigan. A sensitivity analysis is performed to characterize
the response of coniferous and deciduous forest stands to a multi-frequency and multi-
polarization INSAR in order to determine an optimum system configuration for remote
sensing of forest parameters.



1 Introduction

Accurate estimation of gross forest parameters such as total vegetation biomass, total
leaf area index, and tree height in global scale has long been an important goal within
the remote sensing community. Over the past two decades much effort has been de-
voted to the development of scattering models [1-6] for understanding the interaction
of electromagnetic waves with vegetation, and to the construction and development of
advanced imaging radars for acquiring test data and examining the feasibility of the
remote sensing problem [7,8]. In most practical situations the number of vegetation pa-
rameters influencing the radar response usually exceeds the number of radar observation
parameters. For this reason the application of a multi-frequency and multi-polarization
radar system was proposed and such a system was flown aboard the Shuttle Endeavor
in April and October 1994 [8]. Preliminary results indicate that the classification and
retrieval of vegetation biophysical parameters indeed require many simultaneous radar
channels; however, free-flight of such systems is not practical due to the exorbitant power
requirements.

Recent advancements in the field of radar interferometry have opened a new door
to the radar remote sensing of vegetation. In addition to the backscattering coeflicient,
radar interferometers measure two additional quantities that contain target informa-
tion [9]. These quantities are the correlation coefficient and the interferogram phase.
To interpret these quantities and to characterize their dependency on the physical pa-
rameters of the target, a thorough understanding of the coherent interaction of electro-
magnetic waves with vegetation particles is required. The premise of this investigation
with regard to retrieving vegetation parameters from INSAR data stems from the fact
that the location of the scattering phase center of a target is a strong function of the
target structure. For example the scattering phase centers of non-vegetated terrain are
located at or slightly below the surface depending upon the wavelength and the dielec-
tric properties 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 also must be recognized that the vegetation cover adds noise
in many interferometric SAR applications where the vegetation itself is not the primary
target, such as geological field mapping or surface change monitoring. In these cases it
is also important to identify and characterize the effect of vegetation on the topographic
information obtained from the interferometric SAR.

In recent years some experimental and theoretical studies have been carried out
to demonstrate the potential INSARs in retrieving forest parameters. For example
in [10,11] and [12] experimental data using ERS-1 SAR repeat-pass and DO-SAR single-
pass are employed to show the applications of SAR interferometry for classification of
forest types and retrieval of tree heights. Also theoretical models have been developed
to establish relationships between the interferogram phase and correlation coefficient to
the physical parameters of vegetation and the underlying soil surface [13-15]. Although
these models give qualitative explanation for the measured data and provide a basic
understanding of the problem, due to the oversimplified assumptions in the description



of vegetation structure. they are not accurate enough for most practical applications. For
example the shape, size. number density, and orientation distributions of vegetation in
forest stands are nonuniform along the vertical direction. The nonuniform distributions
of physical parameters of vegetation particles (such as leaves, and branches) give rise
to inhomogeneous scattering and extinction which significantly affects the correlation
coefficient and the location of the vegetation scattering phase center.

The purpose of this investigation is to develop a robust scattering model for forest
canopies capable of predicting the response of INSARs. Although there are a number of
EM scattering models available for vegetation canopies [1-3,5,6], they are of little use
with regard to INSAR applications due to their inability to predict the absolute phase of
the scattered field. The absolute phase of the scattered field is the fundamental quantity
from which the interferogram images are constructed. The proposed model described in
Section 2 is basically composed of two recently developed algorithms: 1) a fully coherent
scattering model for tree canopies based on a Monte Carlo simulation of scattering
from fractal generated trees [16], and 2) extraction of the scattering phase center based
on a Ak-radar equivalence relationship with INSAR [13]. In Section 3 the validity of
the model in predicting the backscatter coefficients and the location of the scattering
phase center of forest canopies is demonstrated by comparing the simulated results with
those measured by JPL TOPSAR [17]. Finally a sensitivity study is conducted to
demonstrate the variations of the scattering phase center of a forest stand in terms of
target parameters such as tree density, soil moisture, tree type, and ground tilt angle,
as well as INSAR parameters such as polarization, frequency and incidence angle.

2 Model Description

In this section an overview is given of the approaches which are employed to extract
statistics of the scattering phase center of forest canopies. Three tasks must be under-
taken for the calculation of the correlation coefficient and the location of the scattering
phase center. These include: 1) accurate simulation of tree structures, 2) development of
the scattering model, and 3) development of an algorithm for evaluation of the location
of the scattering phase center.

2.1 Fractal Model

It will be shown that the location of the scattering phase center of a tree is a strong
function of the tree structure. For an accurate estimation of the scattering phase center
and the backscattering coefficients, the algorithm for generating desired tree structures
must be capable of producing realistic tree structures and yet be as simple as possi-
ble. It has been shown that geometrical features of most botanical structures can be
described by only a few parameters using fractal theory [18,19]. A distinctive feature of
fractal patterns is the self-similarity which is kept through the derivation process. To
generate fractal patterns we use Lindenmayer systems [20] which are versatile tools for



implementing the self-simularity throughout a so-called rewriting process. For a tree-
like structure, some essential botanical features must be added to the fractal process.
including branch tapering in length and cross section, leaf placement, and randomizing
the fractal parameters according to some prescribed probability density functions. The
botanical features and the probability density functions must be characterized according
to in-situ measurements of a given stand.

Although there are many computer graphics available for generating tree-like struc-
tures, most are not appropriate for the purpose of scientific modeling. At microwave
frequencies, the radar return and its statistics strongly depend on tree structures, which
necessitates the application of a realistic model for generating accurate tree structures.
Therefore, the final and most important step in the fractal model is to incorporate the
information about the tree structure and its statistics obtained from the in-situ mea-
surements of the ground truth. Figures 1 and 2 compare the simulated trees produced
by the fractal model developed in this paper with the photographs of the actual forest
stands. These simulated structures are generated according to in-situ measurements col-
lected from two test sites denoted by Stand 22 (red pine) and Stand 31 (red maple) in
Raco, Michigan. The fractal pine shown in Figure 1(b) consists of 792 branch segments,
391 end needle clusters, and 747 needle-covered stems. The fractal maple in Figure
2(b) comprises 7494 branch segments and 14818 leaves consistent with the ground truth
data [16]. To visualize the generated 3-D tree structure, the fractal model is equipped
with a fast algorithm which displays the real-time projected tree image with arbitrary
scaling and perspective view.

2.2 Scattering Model

In contrast to the existing scattering models for tree canopies, the coherent model used
in this investigation is capable of preserving the absolute phase of the backscatter as
well as the relative phases of individual scatterers which give rise to coherent effects.
Once a tree structure is generated, the scattered field is computed by considering the
tree structure as a cluster of scatterers composed of cylinders (trunks and branches) and
disks/needles (leaves) with specified position, orientation, and size. The attenuation
and phase shift due to the scattering and absorption losses of vegetation particles within
the tree canopy are taken into account in the computation of the scattered field from
individual particles. To the first order of scattering approximation, the backscatter from
the entire tree is calculated from the coherent addition of the individual scattering terms.
Hence, neglecting the multiple scattering among the scatterers, the total scattered field

can be written as
eikr NV _
B'= =) ¢S, E, (1
n=1

where N is the total number of the scatterers, S, is the individual scattering matrix of
the n-th scatterer which may be a tree trunk [21] or a vegetation needle [22], and ¢, is
the phase compensation accounting for the shifting of the phase reference from the local



to the global phase reference, given by o, = ko(ki — ks) - Tp. where ry 1s the position
vector of the n-th scatterer in the global coordinate system.

In order to compute the scattering matrix of the n-th particle S,,. consider a single
particle above a ground plane. Ignoring the multiple scattering between the scatterer
and its mirror image, the scattering matrix is composed of four components : 1) direct
component St, 2) ground-scatterer component S¥. 3) scatterer-ground component S¥,
and 4) ground-scatterer-ground component S99. Therefore. the individual scattering
matrix S, can be written as

S, =S. +S% 4 SY¥ 4S99 (2)
where

S, = T, -Su(=k,k) Ts, 3)
S¢t = ™T'.R-T - S(—k, k) T, (4)
S = ¢™Ti .80~k k) T -R- T, (5)
S = 2T R.T -8k, k) T, -R-T, (6)

with k, = k; — 204 (Mg - lAc,) and 7, = 2ko(rp - 1g)(Rg - k,) In the above expressions, 74 1s
the unit vector normal to the ground plane, which in general is tilted with respect to the
horizontal plane of the global coordinate system. The optical length 7,, accounts for the
extra path length experienced by the ground-scatterer or the scatterer-ground scattering
components compared to the direct scattering component. S? is the scattering matrix
of the n-th scatterer isolated in free space. R is the reflection matrix of the ground plane
which includes the surface reflection coefficient and the polarization transformation due
to the tilted ground plane. T! and T are transmissivity matrices accounting for the
attenuation and phase change of the mean-field from the canopy top and the ground to
the scatterer respectively, and T" is the total canopy transmissivity (see Figure 3).

A forest stand with a closed canopy can be regarded as a multi-layered random
medium where the properties of each layer can be characterized according to the parti-
cle distribution along the vertical extent of the forest canopy. The particle size, shape,
position, and orientation distributions are obtained directly from the fractal model. A
continuous multi-layer random medium is not an accurate representation for the discon-
tinuous canopies such as coniferous forest stands. In these cases, the mean field within
the canopy is a function of both the vertical and horizontal positions as shown in Figure
4. The scattering model developed for this study has the ability to keep track of the
attenuation and phase shift of the incident and reflected rays as they traverse through
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 reflected rays may traverse through the neighboring trees [23]. In the Monte Carlo
simulation the position of the neighboring trees are chosen randomly according to the
tree density and plantation.



2.3 Algorithms for Evaluating the Location of the Scattering
Phase Center

As mentioned earlier, the overall objective of this investigation is to study the rela-
tionship between the phase and correlation coefficient of an INSAR interferogram and
the physical parameters of a forest stand. An INSAR system measures the backscat-
ter of a scene at two slightly different look angles, and the phase difference between
the two backscattered fields is used to derive the elevation information. In a recent
study [13] it has been established that similar information can be obtained by measur-
ing the backscatter of the scene at two slightly different frequencies provided that the
look angle is known. For an INSAR system with known baseline distance (B) and angle
a operating at frequency fo, the frequency shift (Af) of an equivalent Ak-radar is given
by

Af = foB sin(a — 6) (7)

mr

where 6 is the looking angle, m = 1,2 for repeat-pass, and two-antenna INSAR config-
urations respectively, and r is the distance between the antenna and the scatterer. This
equivalence relationship is specifically useful for numerical simulations and controlled ex-
periments using stepped-frequency scatterometer systems. In Monte Carlo simulations,
once the tree structure and the scattering configuration are determined, the backscat-
ter signals are calculated twice at two slightly different frequencies. The backscatter at
fi = foand f; = fo+Af are represented by E; and E; respectively, which are computed
from

N

E, = ) ethkmg, (k) E, (8)
n=1
N . T .

By = ) lhotahhms, (k4 A) - E;. (9)
n=1

It is also shown that the height of the equivalent scatterer above the x-y plane of the
global coordinate system can be determined from

. —Ad
" 2Akcosf’

where Ak = 27Af/c, and A® = Z(E;E,) represents the phase difference between E;
and Fj,. Note that the equivalent frequency shift for most practical INSAR configurations
is only a small fraction of the center frequency (Af/fo < 0.1%) and therefore the far
field amplitudes of individual isolated scatterers (So) do not change when the frequency
is changed from fy to fo+Af, that is, S2(ko) ~ S2(ko+ Ak). This approximation speeds
up the Monte Carlo simulation without compromising the overall accuracy of scattering
phase center height estimation.

For a random medium like a forest stand, the scattering phase center height (z.) is a
random variable whose statistics are of interest. Usually the mean value and the second

(10)

Ze
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moment of this random variable are sought. Based on a rigorous statistical analysis [13]
it is shown that the statistics of Ad can be obtained from the frequency correlation
function of the target by computing

V< B >< |Eof? >

(11)

ae

where a is the correlation coefficient, and ( is the coherent phase difference. In (11) < - >
denotes the ensemble averaging which is evaluated approximately using a sufficiently
large number of realizations through the Monte Carlo simulation. When the backscatter
statistics are Gaussian, @ and ( provide a complete description of the statistics of A®.
The apparent height of the scattering phase center of a forest stand is proportional to (
and can be obtained from ¢

‘= 2Akcosh (12
Note that ( is not the statistical mean of A®, but rather the phase value at which the
probability density function of A® assumes its maximum. In fact, using the mean value
may result in a significant error for calculating the apparent height z.. To demonstrate
this, two cases may be considered where in one case ( = 0 and in the other case { = 180°
(see [?] for plots of A pdf). In both cases the mean value of A® is zero whereas the
apparent heights calculated 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 where
the target is a single scatterer above a ground plane. Through this illustrative case
the relationship between the location of the scattering phase center and the scattering
mechanisms can be demonstrated. Consider a dielectric cylinder of radius ¢ = 5cm,
length b = 3m, dielectric constant ¢; = 22 + 10, which is located at height h = 6m
above a ground plane having a complex permittivity ¢, = 9.7+ ¢1.6. Suppose the target
is illuminated by a plane wave whose direction of propagation is determined by the
incident angles 6; = 30°, ¢; = 180°, as shown in Figure 5. As mentioned previously, the
backscattered field 1s 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 of a scatterer analytically when multi-path scattering mechanisms are involved.
However, in cases where a single scattering mechanism is dominant it is found that
the location of the scattering center is strongly dependent upon the path length of the
dominant scattering component.

Here we illustrate this fact through an experimental study where the orientation of
the cylinder is properly arranged in four configurations, as shown in (a)-(d) of Figure 5,
such that the total backscatter is dominated by (a) S?, (b) 5%, (c) S9%, and (d)S* 4 59
respectively. Note that S% is the combination of the reciprocal pair S9 and S%. The
simulation results at fo =1.25 GHz are shown in Table 1, which includes the scattering
phase center height normalized to the physical height z./h, the ratio of the amplitude
of individual scattering components to the total backscattered field |S()/S|, and the
overall radar cross section (RCS) of the target for each orientation configuration and for
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both polarizations. It is obvious from the results reported in Table 1 that in scattering
configuration (a) where the backscatter is dominated by the direct component (S/S =
0.99) the location of the scattering phase center appears at the physical location of
the scatterer above the ground (z¢/h ~ 1). Similarly in scattering configurations (b)
and (c) where the backscatter is dominated, respectively. by the single ground bounce
component and the double ground bounce component, the locations of the scattering
phase center appear on the ground surface and at the mirror image point as shown
in Figure 5. In scattering configuration (d), the direct and the single ground bounce
components of the backscatter are comparable in magnitude and as shown in Table 1
the location of the scattering phase center in this case appears at a point between the
physical location of the scatterer and the ground surface. When the number of scatterers
is large the location of the scattering phase center is a convoluted function of physical
locations of the constituent scatterers and the relative magnitudes and phases of the
scattering components. Note that |z./h| and |S*)/S| in Table 1 may exceed 1 since the
total backscattered field S is the superposition of four scattering components which are
not necessarily in phase.

3 Comparison with Measured Data and Sensitivity
Study

In this section full simulations of forest stands are carried out. As a first 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 characterize the
variations of the scattering phase center height and correlation coeflicient as a function
of both forest and INSAR parameters.

Stand 22 is a statistically uniform red pine forest located within Raco Airport, Raco,
Michigan. This scene was selected for this study because the stand is over a large flat
terrain which reduces the errors in the measured tree height due to possible surface
topographic effects. In addition, the nearby runway provides a reference target at the
ground level. Ground truth data for this stand have been collected since 1991 [24]
and careful in-situ measurements were conducted by the authors during the overflights
of TOPSAR in late April, 1995. The relevant physical parameters of this stand are
summarized in Table 2. The vegetation and soil dielectric constants are derived from
the measured moisture contents using the empirical models described in [25,26).

The JPL TOPSAR is an airborne two-antenna interferometer, operating at C-band
(5.3 GHz) with vv polarization configuration [17]. During this experiment, Stand 22 was
imaged twice at two different incidence angles 39° and 53°. Figure 6 shows a portion of
the 39° radar image which includes the test stand. Each side of the dark triangle in this
image is a runway of about 2 miles long. The measured height of the stand is obtained
from the elevation difference between the stand and the nearby runway. Using the
ground truth reported in Table 2, the backscattering coefficient and the location of the
scattering phase center as a function of the incidence angle were simulated at 5.3 GHz.
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As shown in Figures 7 and 8. excellent agreement between the model predictions and
TOPSAR measurements is achieved. The simulated height of the scattering phase center
of the same forest for an hh-polarized INSAR having the same antenna configuration
and operating at the same frequency is also shown in Figure 7. It is shown that the
estimated height at the hh-polarization configuration is lower than that obtained from
the vv-polarization configuration. This result is usually true for most forest stands
since the ground-trunk backscatter for hh-polarization is much higher than that for vv-
polarization. Also noting that the location of the scattering phase center for a ground-
trunk backscatter component is at the air-ground interface, the location of the scattering
phase center of trees for hh-polarization is lower than that for vv-polarization.

The comparison between the simulated ¢, and the measured o7, acquired by TOP-
SAR as a function of the incidence angle is shown in Figure 8. Also shown in this figure is
the contribution of each scattering component (the direct backscatter ¢* and the ground-
bounce backscatter o) to the overall backscattering coefficient. It was found that the
contribution of the double ground-bounce component o9 was relatively small and for
most practical cases can be ignored. In this case, at low incidence angles (8; < 30°) the
ground-bounce backscatter is the dominant component, whereas at higher incidence an-
gles the direct backscatter becomes the dominant factor. This trend is the cause for the
increasing behavior of the scattering phase center height as a function of the incidence
angle found in Figure 7. It is worth mentioning that the contribution of pine needles to
the overall backscattering coefficient was found to be negligible compared to the con-
tribution from the branches and tree trunks. However, inclusion of the needles in the
scattering simulation was necessary because of their significant effect on the extinction.

With some confidence in the scattering model and the algorithm for evaluation of the
scattering phase center height, further simulation can be performed to characterize the
dependence of the scattering phase center height of a forest stand on the system parame-
ters such as frequency, polarization, and incidence angle, and the forest parameters such
as tree density, soil moisture, and tree types. In addition, we demonstrate the capability
of the present model as a tool for determining an optimum system configuration for
retrieving physical parameters of forest canopies. Figure 9 shows the estimated height
of Stand 22 for two principal polarizations at C-band (5.3 GHz) and L-band (1.25 GHz)
as a function of the ground soil moisture, simulated at §; = 45°. As the soil moisture
increases, the ground plane reflection will also increase, which in turn causes the ground
bounce scattering component to increase. As a result of this phenomenon, the scattering
phase center height decreases with soil moisture as shown in Figure 9. This effect is more
pronounced for L-band vv-polarization than other INSAR configurations, suggesting a
practical method for monitoring the soil moisture using the apparent height of the forest
stand. This high sensitivity at L, is achieved because of the existence of competitive
scattering components. Basically, at low soil moisture the direct backscatter component
is comparable with the ground bounce component and the scattering phase center lies
amidst the canopy. As the soil moisture increases, the ground bounce scattering compo-
nent becomes more dominant, which results in lowering the apparent height of the stand.
On the other hand, the least sensitive configuration is Ly since the dominant scattering



component. independent of the soil moisture. is the ground bounce component.

Figure 10 shows the effect of the tree density on the estimated height of a red pine
stand having a similar structure as that of Stand 22 at 6; = 45°. As the tree density
increases, the extinction within the canopy increases, which reduces the ground-bounce
component. Increasing the tree density would also increase the direct backscatter com-
ponent. As a result of these two processes, the apparent height of the canopy increases
with increasing tree density as demonstrated in Figure 10. As before, the apparent
height for Ly, configuration does not show any sensitivity to the tree density indicating
that the ground bounce component remains dominant over the entire simulation range
of 700-1200 trees/Hectare. This lack of sensitivity to the apparent height of coniferous
stands for Ly, suggests that this configuration is most suitable for mapping the surface
height of coniferous forest stands.

Now let us examine the response of INSAR when mapping deciduous forest stands.
For this study a red maple stand, denoted by Stand 31, is selected whose structure
and scatterers are different from the previous example. A fractal generated red maple
tree and a picture of the stand are shown in Figure 2. This stand was selected as a
test stand to validate the previously developed coherent scattering model [16], using
the SIR-C data. The average tree height and tree number density were measured to
be 16.8m and 1700 trees/Hectare respectively. Table 3 provides the detailed ground
truth data from Stand 31. The simulations for estimating the scattering phase center
height are performed fully-polarimetrically at L-band and C-band. Figure 11 shows the
variation of the apparent height of Stand 31 as a function of the incidence angles for co-
and cross-polarized L- and C-band INSAR configurations. Simulation results at C-band
show that except at very low angles of incidence, the scattering phase center is near the
top of the canopy. In this case the backscatter in all three polarizations is dominated by
the direct backscatter components of particles near the canopy top. The same is true
for L,, and L,, configurations; however, since penetration depth at L-band is higher
than C-band, the location of the scattering phase center appears about 1-3 m below the
apparent height at C-band. The scattering phase center height for Ly, configuration,
on the other hand, is a strong function of the incidence angle where it appears near the
ground surface at low incidence angles and increases to a saturation point near grazing
angles. At low incidence angles the ground-trunk interaction is the dominant scattering
mechanism for hh polarization and since the location of the scattering phase for all
single ground bounce terms is on the ground, the overall scattering phase center height
appears close to the ground. Close examination of this figure indicates that a pair of
Cyy and Ly, INSAR data at low incidence angles can be used to estimate the tree height
of deciduous forest stands with closed canopies. A C-band foliated canopy behaves as a
semi-infinite medium and as shown in [13] the knowledge of extinction would reveal the
distance between the location of the scattering phase center and the canopy top (Ad)
using Ad = cosf/(2x). If an average extinction coeflicient (k) of 0.2N,/m is used in
the above equation, a distance Ad = 1.77m is obtained at 6 = 45°. However, a simple
relation for evaluating the apparent height for Ly, does not exist yet.

Figure 12 shows the effect of the ground tilt angle on the estimated scattering phase
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center height. This simulation is obtained by setting a ground tilt angle 6, = 10° for a
forest stand similar to Stand 31 and calculating the estimated scattering phase center
height as a function of the azimuthal incidence angle ¢; at 6; = 25.4°. As mentioned
in [16], there is a strong ground-trunk backscatter around ¢; = 70°, particularly for Ly
and L. This accounts for the dip in the apparent height simulations for Ly, and Ly
configurations at ¢; = 70° shown in Figure 12.

So far only the behavior of the mean value of the scattering phase center height
has been investigated; however, the model has the ability to provide an approximate
probability distribution function of the scattering phase center height. The histograms
of the scattering phase center height can be constructed by recording the simulated
results for each scattering simulation. Figure 13 shows the simulated probability density
function (PDF) of the scattering phase center height of Stand 22 at § = 45° for the three
principal polarizations and for both L- and C-band. At L-band the scattering phase
center height has a narrow distribution for hh-polarization, indicating that a relatively
small number of independent samples are sufficient for estimating the apparent height.
At C-band the scattering phase center height of the cross-polarized backscatter exhibits
a narrower PDF.

As mentioned earlier, the correlation coefficient () is an independent parameter
provided by INSARs which, in principle, may be used for inversion and classification
processes. The measured correlation coefficient is a function of INSAR parameters such
as look angle, baseline distance and angle, radar range to target and target parameters.
To examine the behavior of  as a function of target parameters, the Ak-radar equiva-
lence relationship given by (7) is used where the dependence on INSAR parameters are
lumped into one parameter, namely, the frequency shift. Figure 14 shows the calculated
correlation coeflicients (a) as a function of the normalized frequency shift (Af/fo) (cor-
responding to the baseline distance in an INSAR), simulated for Stand 22 and Stand 31
at §; = 45°. As shown in [13] the correlation coefficient is inversely proportional to the
width of the PDF, that is, a high value of « indicates a narrow distribution. A com-
parison between the histograms shown in Figure 13 and the values of o shown in Figure
14(a) demonstrates this relationship. It is interesting to note that simulated a for Stand
31 at Ly is significantly smaller than the correlation coefficients at other polarizations
(see Figure 14(b)). This behavior is a result of the fact that the direct backscatter and
ground-bounce backscatter components are comparable.

It is shown that for the same baseline to distance ratio ( B/r) which corresponds to a
constant Af/ fo, @ at C-band is smaller than « at L-band independent of polarization. It
should be mentioned here that for most practical situations A f/ fy is of the order of 10~*
or smaller which renders a value for a near unity (o > 0.99). That is, for practical INSAR
configurations, the effect of forest parameters on the correlation coefficient appears on
the third digit after the decimal point. It can be shown that the measured correlation
coefficient is a product of three factors: 1) target decorrelation which is a function of
target parameters only and is proportional to B/r, 2) system decorrelation which is a
function system slant range resolution and B/r , and 3) temporal decorrelation which a
function of target change between the two backscatter measurements. Unfortunately the
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decorrelation caused by the target is far less than those caused by the other two factors.
This puts a serious limitation on the applicability of a for inversion and classification
algorithms, since accurate measurement of a with three significant digits is not practical
even with two antenna INSARs. For repeat-pass interferometry, the a values reported
for forest stands is below 0.7 which is caused mostly by the temporal decorrelation of
the target. Therefore, it does not seem logical to use a as a parameter for classifying
forest types. The TOPSAR measured as for Stand 22 at incidence angles 39° and 53°
are, respectively, 0.935 and 0.943 which are below the calculated values of 0.998 and
0.999. This discrepancy can be attributed to processing errors and thermal noise.

4 Conclusions

In this paper a scattering model capable of predicting the response of interferometric
SARs when mapping forest stands is described. The model is constructed by combining
a first-order scattering model applied to fractal generated tree structures and a recently
developed equivalence relation between an INSAR and a Ak-radar. Using this model,
for the first time accurate statistics of the scattering phase center height and the correla-
tion coeflicient of forest stands are calculated numerically. The validity and accuracy of
the model are demonstrated by comparing the measured backscattering coefficient and
the scattering phase center height of a test stand with those calculated by the model.
Then an extensive sensitivity analysis is carried out to characterize the dependence of
the scattering phase center height on forest physical parameters, such as soil moisture,
tree density, and tree types, and INSAR parameters such as frequency, polarization, and
incidence angle. The ability of the model to predict the PDF of the scattering phase
center height and the correlation coefficient is also demonstrated. It is shown that for
practical INSAR configurations, the correlation coefficient of forest stands is near unity,
much larger than what can be measured by existing INSAR systems.
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Configuration (a) (b) (c) (d)
Polarization ve | hh v hh U hh o hh
ze/h 1.00 { 0.99 | 0.01 |-0.01 |-1.06 | -0.96 | 0.49 | 0.43
|5t/ S| 099097 0.02| 001 0.05| 005 0.62| 0.42
|59°/ 9] 0.030.02( 099 1.01 | 0.13| 0.08 | 0.62] 0.59
|59t/ S| 0.00 | 0.00 | 0.01 | 0.00| 1.10 | 1.03 | 0.00 | 0.00
RCS (dBsm) | 8.06 | 5.19 | -0.46 | 6.16 | -6.05 | -5.23 | -17.2 | -15.1

Table 1: The normalized height of the scattering phase center, the normalized scattering

components, and the radar cross section for four different scattering configurations as

shown in Figure 5.

Tree Density :

Tree Height :

Trunk Diameter (DBH) :
Dry Biomass :

Needle Length :

Needle Diameter :
Needle Moisture (m,) :
Wood Moisture (m,) :

Soil Moisture (m,) :

11424 [Hectare
8.9 m

14.6 cm

53 (tons/ha)
10 ecm

1.2 mm

0.62

0.42

0.18

Table 2: Ground truth data of Stand 22

Tree Density :

Tree Height :

Trunk Diameter (DBH) :
Dry Biomass :

Leaf Density :

Leaf Area :

Leaf Thickness :

Leaf Moisture (my) :
Wood Moisture (m,) :
Soil Moisture (m,) :

1700/Hectare
16.8 m

14 ecm

140 (tons/ha)
382 #/m?

50 cm?[#
0.2 mm

0.51

0.60

0.18

Table 3: Ground Truth
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of Stand 31



(a) Stand 22 (b) Fractal Pine

Figure 1: The photograph of a red pine stand (Stand 22), and the simulated tree struc-
ture using the fractal model.

(a) Stand 31 (b) Fractal Maple

Figure 2: The photograph of a red maple stand (Stand 31), and the simulated tree
structure using the fractal model.
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Figure 4: The position dependence of the transmissivity for coniferous trees and the

shadow effect caused by neighboring trees.
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Figure 5: Four configurations for a cylinder above a ground plane with orientation
angles: (a) 0, = 60°,¢. = 180°, (b) 6. = 0°,¢. = 0°, (c) 6. = 60°,6. = 0°, (d)
0. = 45°, ¢, = 150°, and their principal scattering mechanisms respectively. The center
of the scatterer is denoted by (e) and equivalent scattering phase center by (O).

Stand 22

Figure 6: A portion of a TOPSAR C-band image (¢?,), indicating Stand 22 at an airport
near Raco, Michigan.
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Figure 7: The estimated height of scattering phase center of Stand 22, compared with
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Abstract - A polarimetric coherent electromagnetic scattering model for short branching veg-
etation is developed in this paper. With the realistic structures which reasonably describe
the relative positions of the particles, this model is able to consider the coherent effect due to
the phase difference between the scattered fields from different particles, and account for the
second-order near-field interaction between particles to which the relative positions and orien-
tation of the particles are essential. The model validation with measurements is also presented,
and excellent agreement is obtained. The polarimetric radar backscatter measurements for soy-
bean plants using truck-mounted scatterometers were conducted at L-band and C-band under
different soil-moisture conditions. Through an extensive ground truth, the important plant and
rough surface parameters, such as the soil moisture and surface roughness, vegetation dielec-
tric constant, and geometry of the soybean plants, were characterized for model verification.
It is found that the second-order near-field scattering is significant at C-band for fully-grown
soybeans due to the high vegetation particle density, and at L-band the contribution from the
second-order near field is negligible. The coherence effect is shown to be important at L-band
and to a much lower extent at C-band. This model is then used to demonstrate its ability for
estimating the physical parameters of a soybean field including soil moisture from a polarimetric
set of AIRSAR images.



1 Introduction

Microwave remote sensing has evolved into an important tool for monitoring the atmo-
sphere and surface of the earth. Electromagnetic waves at microwave frequencies are able to
penetrate more deeply into vegetation, and, therefore, retrieving parameters of vegetation and
underlying ground surfaces has become one of the major applications of microwave remote sens-
ing. With the advent of polarimetric synthetic aperture radars (SAR) and the development of
radar polarimetric techniques, microwave remote sensing has attained significant prominence.
While a large amount of data can be collected very efficiently, there are still difficulties in accu-
rately predicting the physical parameters of the targets from the collected radar information.
To accomplish this task, a necessary step is to construct a high-fidelity scattering model by
which the relationship between all targets’ physical parameters to the radar backscatter can be
established.

In the early vegetation scattering models, the vegetation medium was simplified in terms
of a homogeneous random medium and the single scattering theory was applied to account for
the scattering and propagation in the random medium [1, 2, 3]. For example, in [1] a forest
stand is represented in terms of a two-layer random medium including a crown layer composed
of randomly oriented cylinders and disks representing branches and leaves and a trunk layer
containing nearly vertical cylinders representing tree trunks below the crown layer. Although
these models are capable of predicting the scattering behavior of vegetation qualitatively, they
are incapable of predicting the scattering behavior quantitatively due to their simplifying as-
sumptions. An important feature of a high fidelity scattering model is to preserve the structure
of vegetation as different species of vegetation have their own unique structures, which are
expected to exhibit their own scattering behaviors. An important effect of the vegetation struc-
ture is the coherence effect caused by the relative position of the vegetation particles which
produce certain interference pattern. It is shown that the coherence effects caused by the
vegetation structure become more significant at lower frequencies [4]. In the remote sensing
of vegetation-covered terrain where the underlying soil surface is the target of interest , low
microwave frequencies are recommended and therefore the coherence effects must be carefully
accounted for. The model developed by Yueh et al. [5] may be among the first to address the
coherence effects caused by the vegetation structure. In their scattering model for soybeans, a
two-scale branching vegetation structure was constructed, and the scattered fields from parti-
cles were added coherently. Lin et al. [6] also proposed a coherent scattering model for forest
canopies in which rather realistic tree-like structures are constructed using the fractal theory.
In both models, the scattering solutions are formulated using the single scattering theory.

Another important issue in modeling the scattering from vegetation is the effect of the
multiple scattering among vegetation particles. Vegetation particles are usually arranged in
clusters within a single plant, such as leaves around end branches and branches around main
stems and trunks. Therefore, a vegetation medium may be appropriately considered as locally
dense. In such cases, the near-field multiple scattering is strong and may significantly affect
the overall response. To accurately evaluate the near-field interaction, the realistic description
of the relative positions and orientations of the vegetation particles and accurate and efficient
scattering formulations are required. In recent years, some advanced scattering solutions that
account for the near-field interaction between scatterers have been presented [7, 8]. However,
vegetation scattering models which can handle the near-field interaction with realistic vegetation
structures have not been developed yet. The evaluation of the near-field interaction is usually
numerically intensive, considering the huge number of particles in the medium.

In this paper, a scattering model for soybeans is presented which incorporates realistic



computer-generated vegetation structures and accounts for the second-order near-field scat-
tering interaction. Soybeans are erect branching plants composed of components which can
be often found in many vegetation: stems. branches. leaves and fruits (pods) arranged in a
very well-defined manner. Hence it is very appropriate for studying the effect of the vegeta-
tion structure on the radar backscatter. Also because of its moderate number of particles,
the computation of the second-order near-field interaction is not formidable. Also from the
experimental point of view, the dimensions of soybean plants are small enough to allow for
conducting controlled experiments using truck-mounted scatterometers. Due to the uniformity
of the plants and underlying soil surface, gathering the ground truth data is rather simple. The
paper is organized as follows: Section 2 gives the theoretical description of the model, including
the vegetation structure modeling and the scattering solution. In Section 3 the experimental
procedures using the University of Michigan truck-mounted scatterometer and AIRSAR are
discussed. Finally in Section 4 model validation using the measured data and a sensitivity
analysis are presented.

2 Theoretical Analysis

Consider a global coordinate system with x-y plane parallel to a horizontal ground plane
and z-axis along the vertical direction, as shown in Fig. 1. Suppose a plane wave given by

Ei(r) = }E}ioe'.k““"'r . (1)

is illuminating the ground plane from the upper half-space, where k; is the unit vector along
the propagation direction given by

k; = % sin 8; cos ¢; + §sin ; sin ¢; — 5 cos b; . (2)

The vector E} in (1) is expressed in terms of a local coordinate system (9;,hi,k;) where h; =
ki x 2/|k; x 3| and % = h; x k; denote the horizontal and vertical unit vectors, respectively.
Representing the direction of the observation point by ks, the polarization of the scattered field
can also be expressed in terms of a local coordinated system (D,hs,ks) Where

k, = 7 sin 8 cos @5 + §sin b, sin 5 + 5 cos b , (3)

and 9 and hs can be obtained using similar expressions as those given for 9; and h;, respectively.

2.1 Vegetation Structure Modeling

To make the proposed scattering solution tractable, simple geometries are chosen to repre-
sent vegetation particles. Leaves are represented by elliptical thin dielectric disks. The other
particles, which include stems, branches, and pods, are modeled using circular cylinders. Ana-
lytical scattering solutions are available for both geometries and will be introduced in the next
section.

The orientation and dimension of each particle are described by four parameters, as shown
in Fig. 2. The values of these parameters are determined by random number generators during
the simulation with predescribed probability distribution functions (pdf). The orientation pa-
rameters of the particles are described by two angles: f(elevation angle) and y(azimuth angle).
Azimuthal symmetry is assumed for v, and its pdf is given by

p(v) = % v €[0,27) . (4)



However. for 3, a bell-shaped pdf is chosen:
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For leaves, the axis ratio (b/a) assumed constant and the thickness and major axis (a) are given
Gaussian pdfs. Three types of cylinders are considered for main stems, branches, and pods. For
these cylinders, Gaussian pdfs are chosen to describe the statistics of their radii and lengths.

The branching structure of soybeans is rather simple and can be developed using the fol-
lowing algorithm:

1. All parameters of main stem are determined using random number generators. The main
stem is then divided into subsections, whose lengths are again decided by Gaussian random
number generator.

2. At each node (connecting point of two subsections of the stem), a branch is placed whose
orientation is obtained from (4) and (5). Depending on the growth stage, pods may be
added at each node.

3. To each branch end a leaf is attached. In this paper, the number of leaflets at each branch
end is three (this may be different for other soybean species). Azimuthal orientation angle
of leaves is determined from the orientation angle of the branches they are connected to.

Figure 9 shows a typical computer-generated soybean structures according to the aforemen-
tioned algorithm.

2.2 Scattering Mechanism and Scattering Formulations for the Vegetation
Particles and Rough Surfaces

Several scattering mechanisms are considered for the scattering model. Figure 3 depicts
6 different mechanisms including: (1) direct backscatter from the underlying rough surface,
(2) direct backscatter from vegetation particles, (3) single ground bounce, (4) double ground
bounce, (5) second-order scattering interaction among vegetation particles, and (6) scattering
interaction between main stem and the rough surface. The first four mechanisms are included in
almost all existing vegetation scattering models. Mechanism #5 is a second-order solution which
accounts for the near-field interaction within a single plant. Mechanism #6 is only considered for
predicting the cross-polarized scattering at L-band according to a study reported in [10] where it
is shown that the co-polarized scattering of mechanism #6 at L-band is weak compared to that
of Mechanism #2. Mechanism #6 is also ignored at C-band, because of attenuation experienced
by the wave propagating through the vegetation layer. In what follows, the scattering solutions
for each mechanism is briefly described.

1. Mechanism #1:

There exist many rough-surface scattering models available in the literature. In this paper,
a second-order small perturbation model(SPM) [17] and a physical optic (PO) model [18]
are incorporated to handle the backscatter from the rough surface.

2. Mechanisms #2~#4:

These mechanisms are often referred to as the single scattering solutions in which only
the scattering solutions for the isolated vegetation particles are considered. The effect of



the ground surface in mechanisms #3 and #4 are considered by introducing the ground
reflection coefficients. If the SPM is used in mechanism #1. the Fresnel reflection coeffi-
cients are used directly. If the PO is needed according to the surface roughness condition.
the reflection coefficients are modified by e=2(ksc9s6)" o account for the reduction in the
surface reflectivity [11]. The single scattering solutions for dielectric disks and cylinders
are obtained from the following formulations:

(a) Elliptical disk:
The thickness of the soybean leaves (x 0.2 — 0.3mm) is usually small compared to
the wavelength in microwave region and the ratio of the thickness to the diameter
of the leaves is much less than unity. Also by noting that the dielectric constant of
vegetation is lossy, the Rayleigh-Gans formulation [12] can be applied to derive the
scattering solution for the elliptical disks representing the vegetation leaves. For an
elliptical disk, the scattering matrix elements are found to be

Aqdkd J1(/(aA)? + (bB)?)

2t /(aA)?+ (bB)? ' ©

¢ =p-(Pa-q)

where Aq, a and b are the area, major axis, and minor axis of the disk respectively.
In (6), Py = f'J;lf)gf'{d, where f)ﬁ is the disk’s polarizability tensor which can be
found in [12, 13], and Ugq is the matrix of coordinate transformation which transfers
the global coordinate system to a local coordinate system defined by the major axis,
minor axis, and the normal of the disk respectively. The explicit expression for Ug
can be obtained from [14]. Also A and B are given by

A=k [ﬁ;l (ki - ks)] i
B =k 05 - (ki- k)| -9 (7)

(b) Circular cylinder:
Exact scattering solution does not exist for cylinders of finite length, but an approx-
imated solution, which assumes the internal field induced within the finite cylinder
is the same as that of the infinite cylinder with the same cross section and dielectric
constant, can be used [15]. Generally, this solution is valid when the ratio of the
length to the diameter is large.

3. Mechanism #5:

The second-order scattered field between two particles is formulated using an efficient
algorithm based on the reciprocity theorem [7]. For two adjacent particles we have

ﬁ-E21=/ Eo-Jydv. ®)
Vi

where E,; is the scattered field from particle #2 illuminated by an infinitesimal current
source at the observation point in the absence of particle #1, and J; is the induced
polarization current of particle #1 illuminated by the incidence field in the absence of
particle #2. E15 can be obtained using the reciprocity theorem. Hence the second-order
scattered field are conveniently obtained from the plane wave solution of the induced
polarization current and near field of individual particles. These quantities for disks and
cylinders are given by:



(a) Disk: The induced polarization current is obtained from Rayleigh-Gans approxima-
tion and is given by

Ji(r) = — ik,Y,Py - Ei eihokir (9)

where Py is the polarizability tensor. The exact near-field scattered field must be
numerically evaluated from

_ikoZgeoro sz Gk R)eiko(—kst'+R) gt
Eea(r) = (257 (Pd p) i G(k, R)e ds' | (10)
where
- ~1+4dkoR + kZR?\ = (3 - 3ikoR — k2R?\ . .
G(ko, R) = ( T )1+< S )RR, (11)

and R is a unit vector defined by R = (r — r')/|r - r|.

(b) Cylinder: The formulation for finite finite cylinders is used again to calculate the
induced polarization current and the near-field scattered field. The formulation of
the scattered field in the vicinity of the cylinder is given by [7]

ikoZoe'eT

_ (1) . kocosfsz
e F(¢— ¢5)H, " (k,sin bsp)e . (12)

Equation (12) is derived using the stationary phase approximation along the axial
direction of the cylinder axis. This solution has been verified by the method of
moments [7, 16], and the region of validity is given by

p> 203, (13)

where d. is the diameter of the cylinder, and p is the radial distance between the
observation point and the cylinder axis. For the main stem of soybeans, the radius
is usually less than 5mm. Applying (13) it is found that p > 3.5mm at C-band (5.3
GHz). Therefore, (12) is appropriate for calculating the near-field interaction.

4. Mechanism #6:

The incoherent interaction between the main stems and rough surface is formulated using
the reciprocity technique introduced in [7]. The details and lengthy formulation for the
cylinder-rough surface scattering interaction can be found in [19]. This model is only
applied to calculate the scattering interaction between the main stem and underlying
rough surface. The reason for this is that for a titled cylinder with large elevation angle (3)
such as branches, the cross-polarized scattering from mechanisms #2 and #3 is dominant.
However, main stems often grow nearly vertically and its interaction with the ground
becomes a important source of the cross-polarized scattering, noting that the mechanisms
#2 and #3 of nearly vertical cylinders do not produce significant cross-polarized scattering
field. As will be shown later, the cross-polarized scattering at L-band is mainly dominated
by two scattering mechanisms #2 and #6.



2.3 Propagation in a Lossy Layered Media
2.3.1 Foldy’s Approximation

The scattering solutions provided in the previous section are for targets in free space. How-
ever, for vegetation canopies the targets are within a lossy random medium. Thus, a particle
is illuminated by not only the incident plane wave, but also by the scattered fields from other
particles. To calculate the total scattered field from a particle, it is usually assumed that the
particle is embedded in homogeneous lossy medium, as shown in Fig. 4(a). The vegetation
layer can be divided into many sub-layers which contain different types and number density of
vegetation particles, and thus each layer exhibits different equivalent propagation constants.

Foldy’s approximation [14] has been widely used in many vegetation scattering models to
account for the attenuation experienced by the wave traveling through the vegetation medium.
According to the Foldy’s approximation the vertical and horizontal components of the mean
electric field in a sparse random medium satisfy

4B,

ds

dl:jsv =M EL + i(ko + MUU)EU , (14)

=1(ko+ Mpr) Ep + iMyE,

where s is the length along the propagation path within the medium and

27ng P
Mpq = ’_k;—<qu(ka k)) 3 P,q € {h,v} . (15)
Here ng is the number density of the scatterers within the medium, and (S,,(k,k)) is the
averaged forward scattering matrix element of the scatterers. Since the vegetation structure
exhibits statistical azimuthal symmetry, there is no coupling between horizontal and vertical
components of the coherent field and therefore My, = M, = 0. From (14), the effective

propagation constants for both polarizations are given by

kj, = ko + M
K = ko + My . (16)

As mentioned previously, the second-order near-field interaction is incorporated in this
model, and it will only be calculated for the scatterers within a single plant. It is reason-
able to assume that no extinction should be considered for the calculation of the near-field
interaction. However, since both particle are still embedded in the vegetation layer, extinction
is considered for the incident wave and secondary scattered fields. As shown in Fig. 4(b), the
space between two scatterers is considered as free space, and Foldy’s approximation is still used
on paths #1 and #2.

2.3.2 Propagation Paths

In this section, the phase difference and extinction caused by the wave propagating in the
vegetation layer will be formulated using the method presented in [20]. To build a coherent
scattering model, the phase of each scattering mechanism has to be calculated with respect to
a phase reference point. Figure 5(a) shows the propagation geometry for the direct path. The
reference phase point is taken to be the origin of the coordinate system. Using ray optics, the
propagation from the equi-phase plane (shown in Fig. 5(a)) directly to the scatterer is given by

®/y(ko, r', p) = kory - ko + ko(x' —r1)- ke (17)



where r; denotes the location where the ray intersects the interface between the vegetation layer
and free-space. Here the effect of refraction is ignored assuming a diffuse boundary between
the vegetation layer and free-space (k, = ko) and p denotes the polarization of the wave.
Substituting (16) into (17), it is found that

&'y (ko,t',p) = kor' - ko + M, (r' — 1) - ko - (18)

The first term on the right-hand side of (18) is the free-space propagation term and will be
included in the scattering matrix elements of the scatterer. The second-term on the right-
hand side is the extra phase difference and extinction caused by the propagation in the lossy
vegetation media, and will be denoted as ‘I)d(iCo, r’,p). The free space-vegetation interface is set
to be the x-y plane, so it is found that

(r' =ry) ko= — . (19)

Therefore, ®4(r’, p) can be written as

A z
®y(ko,r',p) = Mppk_j (20)
The ground-bounce path, as shown in Fig. 5(b), includes a reflection from the ground plane.

In Fig. 5(b), the image position is given by
image =2'8 + y'§ — (¢ + 2d)2 , (21)

where d is the thickness of the layer. Using (20), it is found that @g(ko,r’,p), which only
accounts for the extra phase difference and extinction caused by the propagation in the lossy
vegetation media, can be written as
- 2+ 2d
®,(ko,r',p) = —Mpp— .

22
ko2 .

2.4 Scattering from Soybean Fields and Monte-Carlo Simulation

Consider an area of soybean field with N, soybean plants per unit area. For a given
computer-generated soybean plant (the k-th plant with N, particles), the total scattering am-
plitude can be written as

N, N,
Spq'k = Z [Spq ki Spq ki Spq ki Sﬁf?t] + 2255?7::: ethol (kiko) o ’ (23)

1=1 i=1 ]'.-1_
J#

where ry is the location of the plant. In (23) each term includes the attenuation and phase
shift due to the propagation:

direct: qu K = Spq,ki(]}s,]}i)eid’d(—ivsyrkeyp)ei%(@nrkm)
ground-plant: Spq o = pq’,ﬂ-(l}s, k;) Rpeiq)g(‘i‘avrki»P)eiq)d(i‘ivrkh‘I)
plant-ground: Spq v = Opq, ki(l}’ ]})R 1@a(—Fs Tkip) i®g (ki riing)
ground-ground: Spq v = Spa, kz(k, k')R R, @9 (ks ki p) i®g (ki rrirg)
near-field 2nd-order: Sg;cfcij = Szgiij(ks,k,-)e’@d(‘k’"'*‘vp)e'q’d(k"vrka'q) ’ (24)



where L =k - 2k, - %)% and k’ =k, - Z(k 3)z. Note that all scattering mechanisms are
added coherentl) to capture the coherence effect caused by the vegetation structure.

The scattering coefficient of the sovbean field is then computed by incoherent addition of
the scattered powers from vegetation, rough surface, and main stem-rough surface interaction.
Hence

qupq = agqpq(vegetation) + agqpq(rough surace) + agqpq(stem-rough surface) , (25)
where
2
pqpq(vegetatlon < Z Spq.k > (26)
_ D Y
09 pg(rough surface) =op . - e'd’d(_k”—dz’p)e’q’d(k'"dz’Q)! (27)

S;g em(—k,,-de,p) emd(ic.-,(-d+o.szc)s,q)

2> o)

In calculation of the contribution from the direct rough surface and the stem-rough surface, the
propagation attenuation through vegetation layer is also included. S7¢ and S;7 are, respectively,
the rough surface-cylinder and cylinder-rough surface scattering amplitudes. The ensemble
averaging in (28) is carried out analytically using the SPM formulation, and the details are
reported in [10]. As mentioned earlier, the contribution from this term is only significant at
L-band for the cross-polarized term.

The ensemble averaging in (26) is carried out using a Monte-Carlo simulation. For each
realization in the Monte-Carlo simulation, a group of computer-generated soybean plants are
generated and distributed on a square area of 1 m?2, and then the scattered fields are computed.
This procedure will be repeated until a convergence is reached. To examine the coherence effect,
the scattered power from the vegetation is also calculated incoherently from

qupq(stem-rough surface) = 47er<

+ 5 eiq>d(ic.,—de,p) ei¢d(—1},,(-d+o.51c)e,q)
P9

Np ., N,
2
0 . _ 2
0 pqpq( Vegetation) _47r< E { 5 [‘Spq kil Tt ‘Sﬁgm ‘ o0, k,‘ + ’Sf,q 1' ]
k=1 =1

S2n

f Ji 2}> . (29)

+ Z Z pg,kij
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3 Experimental Results

In this section, the experimental procedure and the multi-frequency multi-polarization
backscatter measurements using polarimetric scatterometer systems and JPL AIRSAR are pre-
sented.

3.1 Measurement Using the University of Michigan’s POLARSCAT

In August of 1995, a series of polarimetric measurements were conducted on a soybean field
near Ann Arbor, MI. These measurement were conducted using the University of Michigan po-
larimetric scatterometer systems (POLARSCAT) [21]. The polarimetric backscatter data were



collected at two different frequencies (L-band and C-band) over a wide range of incidence angles
(from 20° to 70° at 10° increment). The overall goal of these experiments was to investigate the
feasibility of soil-moisture retrieval of vegetation-covered terrain from radar backscatter data.
Experiments were designed to observe the radar-backscatter variations due to the change in
soil moisture while the vegetation parameters were almost the same. Two sets of data were
collected. In one measurement the angular polarimetric data were collected on August 14 when
the underlying soil surface was dry. and in another a similar data was collected right after a
heavy rain on August 18. At the time of experiments the soybean plants were fullv grown with
significant number of pods. In fact the vegetation biomass was at its maximum. Since the
separation between the time of experiments were only about 4 days, no significant change in
the vegetation parameters were observed.

The vegetation structural parameters and moisture in addition to the soil surface roughness
and moisture were carefully characterized. The dielectric constant of the soil surface was mea-
sured by using a C-band field-portable dielectric probe [22]. The measured relative dielectric
constant (e,) was used to estimate the moisture contents (m,) by inverting a semi-empirical
model [23] which give ¢, in terms of m,. The mean m,, which is shown in Table 1, is then used
to estimate ¢, at L-band.

Two dielectric measurement techniques [24, 25] were used to measure the dielectric constant
of leaves and stems. These measurement were performed at C-band using WR-187 waveguide
sample holder, and the results are shown in Fig. 6. The corresponding dielectric constants
at L-band was then calculated using the empirical model provided in [26]. The gravimetric
moisture content (mg) of the vegetation was also measured on the day of radar measurement to
monitor the variation of the biomass. As shown in Table 1, the vegetation moisture remained
almost the same on both dates of the experiments.

The dimensions and orientations of vegetation particles were also recorded. Table 2 shows
the means and standard deviations of vegetation parameters. Unlike most cultivated fields
where the plants are planted in row structures, the soybean plants of this field were distributed
in a rather random pattern, as shown in Fig. 7. This picture shows the top-view at the end
of the season where all the leaves were fallen. The surface roughness parameters were also
measured and reported in Table 1.

3.2 Measurement Using AIRSAR

JPL Airborne Synthetic Aperture Radar (AIRSAR) [27] was deployed to conduct backscat-
ter measurements on a number of cultivated fields. Although AIRSAR is capable of measuring
polarimetric backscatter at three microwave frequencies (P-,L-, and C-band), only L-band and
C-band data were collected. The backscatter data were collected by AIRSAR during its flight
over the Kellogg Biological Station near Kalamazoo, Michigan, on July 12, 1995. Also these
data sets were collected at three different incidence angles: 30, 40, 45 degree. Unfortunately
the soybean fields were not within the research site of the station and the ground truth data
was rather limited. The only available informations are that the soybean were about a month
old and the volumetric soil moisture content was less than 0.1. Figure 8 shows the composite
L-band and C-band SAR image at 45° incidence angle.

4 Data Simulation and Analysis

The vegetation scattering model is first validated using the data collected by POLARSCAT.
Guided by the ground truth data, many soybean plant structures were generated in order to
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carry on the data simulation (see Fig. 9(a)). The computer-generated plants were uniformly
distributed using a random number generator. The Monte-Carlo simulations are performed at
incidence angles ranging from 20° to 70° at 5° increment. Figures 10(a) and 11(a) show the
simulated and measured backscattering coefficients versus incidence angle at L-band and C-
band. respectively. Good agreement is achieved by allowing the dielectric constants of vegetation
particles vary within the confidence region shown in Fig. 6. In figures 10(b). (c). and (d),
the contributions from individual scattering mechanisms are plotted as functions of incidence
angle at L-band. The cross products of among different mechanisms, which account for the
coherence effect, are not presented in these figures. It is quite obvious that the contribution from
the second-order near-field interaction at L-band is negligible for both co- and cross-polarized
terms. It is also shown that for co-polarized backscattering coefficient the direct backscatter
from soybean, direct backscatter from rough surface, and single ground-bounce are sufficient to
characterize the scattering behavior. For cross-polarization, however, the two most significant
mechanisms are the direct backscatter from vegetation and the incoherent rough surface-stem
interaction. The later mechanism contains information regarding the underlying soil surface
including the soil moisture. Figures 11(b), (c), and (d) show scattering contributions from
different mechanisms versus incidence angle at C-band. The direct backscatter form vegetation
and the second-order near-field interaction are the dominant scattering mechanisms at C-band.
Because of larger near-field region, the near-field interaction is stronger at C-band than at
L-band. Also the second-order near-field interaction has more profound effect on the vv- and
cross-polarization, because the orientation of the main stems is nearly vertical. The other
mechanisms, which include the soil moisture information, are not significant for two reasons:
(1) high extinction through the vegetation layer, and (2) surface roughness which decreases the
reflectivity of the ground surface.

From these analysis it is found that the backscatter at C-band or higher frequencies are
mainly sensitive to vegetation parameters for sufficiently high vegetation biomass (in this case,
biomass = 1.97 kg/m?). At L-band or lower frequencies, it is possible to sense the soil moisture
for surfaces covered with short vegetation and relatively high biomass. Figures 12(a), (b), and
(c) demonstrate the sensitivity of the backscatter to soil moisture as a function of incidence
angle for the soybean field. The simulations are performed under four different soil-moisture
conditions: m, = 0.1,0.2,0.3 and 0.4 at L-band. The backscatter data collected on August 14
and August 18 are also plotted in these figures for comparison. These results suggest that the
appropriate range of incidence angle for the the purpose of soil-moisture retrieval is 6; < 50°
where there is about 6-dB of dynamic range. At incidence angles larger than 50°, the sensitivity
to soil moisture decreases due to the high extinction caused by the vegetation. To retrieve the
soil moisture accurately, vegetation parameters must be estimated as accurately as possible.
It seems a combination of high and low frequency backscatter data is needed to estimate the
vegetation and soil moistures accurately.

Due to the limited ground-truth data, the AIRSAR data set is used for estimating the
vegetation and surface roughness parameters. Although the retrieval algorithm presented here
is based on trial and error, it indicates the feasibility of estimating vegetation parameters and
soil moisture from image radars. The procedure for estimating these parameters is described
below:

1. Based on a series of trial simulations, it is found that the second-order near-field interac-
tion can be ignored at L- and C-band for the one-month old soybeans. In this case the
soybean plants are still young with shorter branches and stems and much fewer number
of vegetation particles. Also there are no pods on the plants whose interaction with the

11



main stem is the major source of the near-field interaction.

2. Judging from the measured values of the co-polarized scattering coefficients reported
in Fig. 13(a). it is inferred that the vegetation biomass is rather low. In this case,
depending on the surface roughness, the surface scattering mechanism can be dominant
at low incidence angles. If the surface scattering is dominant entirely. it is expected that
0y, be larger than of,. However, this is not observed from the measured data at 30°.
Hence, there is at least a comparable backscattering contribution from the vegetation.
Under this condition, a significant contribution to the backscatter at C-band comes from
the vegetation.

3. At relatively low biomass, it is found that cross-polarized scattering coefficient is domi-
nated by the direct backscatter from the soybean at both frequency bands. The size of
the main stems for one-month-old soybean is small, so the rough surface-stem interaction
is not significant. Also at C-band the direct backscatter from the rough surface is weak
due to the small rms height and extinction through the vegetation layer. Therefore, the
dimension, the number density, and the dielectric constant of the soybean can be esti-
mated by matching the cross-polarized backscatter at C-band. This is done by confining
the range of the vegetation dielectric constants to those reported in Fig. 6. The elevation
angles of all vegetation particles can be estimated by matching the co-polarized scattering
coefficient ratio 69, /0%, and cross-polarized scattering coefficient. The vegetation param-
eters as a first iteration is decided by matching the data at C-band. Then, by matching
the data at L-band with the same vegetation structure, the parameters of the rough sur-
face is estimated. The simulation is then iterated between L-band and C-band until the
simulated and measured data match at both frequency bands.

After matching the backscatter data at both L- and C-band, the final estimated target
parameters are shown in Tables 3 and 4. A typical corresponding computer-generated soybean
plant is shown in Fig. 9(b). Figures 13(a) and 14(a) show the simulated and measured scattering
coefficients versus incidence angle at L- and C-band, respectively. Monte-Carlo simulation are
performed at 5 degree increments. Figures 13(b), (c), and (d) show scattering contributions from
different mechanisms versus incidence angle at L-band. As predicted, the scattering between
stems and rough surface is not significant due to the shorter and slimmer main stems and smaller
surface roughness. Figures 13(b), (c), and (d) show scattering contributions from different
mechanisms versus incidence angle at C-band. As predicted, the second-order scattering can
be neglected.

Finally, Figs. 15 and 16 show the coherence effect of the vegetation structure. The scattering
coefficients do not include the contribution from the main stems-rough surface scattering and the
direct backscatter from the rough surface. In these figures the coefficients denoted as ”coherent”
are calculated using (26), while those which are denoted as ”incoherent” are calculated using
(29). It is shown that for a fully grown soybean, the coherence effect is significant at L-band
for co-polarized components, while the effect is not observable at C-band. However, for low
biomass condition (AIRSAR data), it is found that the coherent effect is also significant at
C-band. This can be explained noting that a fully-grown soybean plant has more complex
structure with more particles than a one-month-old plant. Nevertheless, it should be noted
that the second-order near-field interaction is significant for POLARSCAT data at C-band,
and can be evaluated only when the relative distance and orientation of particles are given.
Therefore, to some extent, the coherence effect of structure embedded in this mechanism is also
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important at C-band. For the cross-polarized scattering. the coherence effect is less significant
in both low and high biomass conditions at both frequencies.

5 Conclusions

In this paper, an electromagnetic scattering model for short branching vegetation is pre-
sented. The vegetation particles are modeled as simple geometries such as cylinders and disks
for which analytical scattering solutions are available. With the realistic structures which rea-
sonably describe the relative positions of the particles, this model is is constructed so that
the coherence effect due to the phase difference between the scattered fields from different
particles and the second-order near-field interaction among particles are accounted for. Also
the interaction between the main stems and underlying rough surface is incorporated into this
model which is shown to be important only at low frequencies (L-band) and for cross-polarized
backscattering coefficient.

The model accuracy is verified using polarimetric radar backscatter measurements of a soy-
bean field obtained from truck-mounted scatterometers. Through an extensive ground-truth
data collection, target parameters such as the soil and vegetation moisture contents, geometry
of the soybean plants, and surface roughness were characterized. Monte-Carlo simulations were
carried out simulating the statistical properties of the backscatter at different incidence an-
gles. Good agreement is obtained between the model prediction and measured backscattering
coefficients. From a sensitivity analysis, it is found that: (1) the second-order near-field interac-
tion is more significant at C-band than at L-band, (2) the interaction between the main stems
and rough surfaces could be significant for cross-polarized scattering at L-band, (3) the double
ground-bounce mechanism is generally not important, and (4) high-frequency data (C-band
or higher) can be used to probe the vegetation, and low-frequency data (L-band or lower) is
needed to probe the soil moisture through vegetation.

The model was also used to estimate the parameters of a soybean field using the AIRSAR
data, and reasonable results which agree with the limited ground-truth data was obtained. The
coherence effect was also examined using the model simulation.
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Aug. 14 | Aug. 18
soil (m,) 0.06 0.17
rms height(s) 0.0115m
correlation length(/) 0.0879m
vegetation (my,) 0.769 [ 0.767
number density of plant | 34 + 13 plants/m
biomass 1.97 kg/m?

Table 1: Measured ground truth for the POLARSCAT data set.

Bm, Bs (degree) radius (cm) length or thickness (cm)
stem 5,5 0.3+ 0.09 73.0+34
node 5,5 0.3+0.09 54+ 1.4
branch 45.8, 25.6 0.12 4 0.031 20.7+6.5
pod 135.5, 30.8 0.35+0.03 3.7+£0.48
leaf 45.6, 30.1 3.8+ 0.07(0.576) 0.02240.002

Table 2: Measured vegetation parameters of soybeans for the POLARSCAT data set.

soil (m,) 0.05
rms height(s) 0.0038 m
correlation length(/) 0.038 m
number density of plant | 19 plants/m?
biomass 0.22 kg/m?

Table 3: Estimated ground truth for the AIRSAR data set.

Bm, Bs (degree) | radius (cm) | length or thickness (cm)
stem 7.5,5 0.18£0.05 30.2+ 34
node 75,5 0.18 £ 0.05 501+ 1.0
branch 60.8, 25.6 0.12 £ 0.031 14.7+£4.5
leaf 47.0, 30.0 3.7+ 0.08(0.6) 0.0240.001

Table 4: Estimated vegetation parameters of soybeans for the AIRSAR data set.
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Figure 1: Definition of the incident and scattering angles.
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Figure 2: Denotation of the dimensional and orientational parameters for (a) a cylinder and

(b) a disk.
(1) direct-backscatter
(2) 1-ground bounce
A3) 2~ground bounce
\ 2
e g \ "

(a) (b) () (d)

Figure 3: Scattering mechanisms. (a) direct backscatter from rough surface, (b) direct backscat-
ter from vegetation, single ground-bounce, and double ground-bounce, (c) second-order near-
field interaction, and (d) incoherent main stem-rough surface interaction.
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leaf, branch

branch, pod, main stem

(a) (b)

Figure 4: Vegetation particles embedded in the lossy medium. (a) Stratified structure for the
calculation of the equivalent propagation constant. (b) Free space is assumed in the calculation
of the second-order near-field interaction.

. .
. .
. .

- equi-phase " equi-phase
r, #% Dlane - plane

(a) (b)

Figure 5: Propagation paths in the vegetation layer. (a) direct and (b) ground bounce.
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Figure 6: Measured dielectric constants for (a) branches and main stems, and (b) leaves at
C-band using the procedure outlined in [24, 25].

Figure 7: Picture of the soybean plant distribution for POLARSCAT data set. It was taken
from the top of the field when plants were dry. Unlike the row structure which is often seen in
many cultivated field, the distribution pattern is rather random.

20



Figure 8: AIRSAR image of the Kellogg Biological Station in July of 1995. This image combined
the L-band and C-band backscatter data at 45 degree of incidence angle. Two soybean field is
on the left side of the image with dark color.

(a) (b)

Figure 9: Computer-generated soybean plants for (a) POLARSCAT data set and (b) AIRSAR
data set.
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Figure 10: Scattering coefficients versus incidence angle at L-band for August 14 POLARSCAT
data set: (a) model validation, and (b)(c)(d) scattering mechanism analysis for vv-, hh-, and
cross-polarizations, respectively.
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Figure 11: Scattering coefficients versus incidence angle at C-band for August 14 POLARSCAT
data set: (a) model validation, and (b)(c)(d) scattering mechanism analysis for vv-, hh-, and
cross-polarizations, respectively.
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Figure 13: Scattering coefficients versus incidence angle at L-band for AIRSAR data set:
(a) model validation, and (b)(c)(d) scattering mechanism analysis for vv-, hh-, and cross-
polarizations, respectively.
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Figure 14: Scattering coefficients versus incidence angle at C-band for AIRSAR data set:
(a) model validation, and (b)(c)(d) scattering mechanism analysis for vv-, hh-, and cross-
polarizations, respectively.
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Figure 15: Demonstration of the coherence effect caused by the soybean plant structure for a
fully grown soybean field at (a) L-band and (b) C-band.
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Figure 16: Demonstration of the coherence effect caused by the soybean plant structure for a
young soybean field at (a) L-band and (b) C-band.
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ABSTRACT

In this paper a procedure for retrieval of forest parameters is developed using the recently
developed fractal-based coherent scattering model (FCSM) and a stochastic optimization
algorithm. Since the fractal scattering model is computationally extensive, first a simplified
empirical model with high fidelity for a desired forest stand is constructed using FCSM.
Inputs to the empirical model are the influential structural and electrical parameters of the
forest stand such as the tree density, tree height, trunk diameter, branching angle, wood
moisture, and soil moisture. Other finer structural features are embedded in the fractal
model. The model outputs are the polarimetric and interferometric response of the forest
as a function of the incidence angle. In this study a genetic algorithm is employed as a global
search routine to characterize the input parameters of a forest stand from a set of measured
polarimetric/interferometric backscatter responses of the stand. The success of the inversion
algorithm is demonstrated using a set of measured single-polarized interferometric SAR data
and several FCSM simulation results.



1 Introduction

Retrieval of gross biophysical parameters of forest stands, such as basal area. tree
height, and leaf area index (LAI), is of great importance in many environmental
research programs. Radar remote sensing at lower microwave frequencies has been
proposed as a sensitive instrument for such applications [1,2]. In support of programs
pertaining to radar remote sensing of vegetation, many advanced polarimetric (SIR-
C, AIRSAR) [3] and interferometric (TOPSAR) [4] radar instruments have been
developed.

The study of the inversion problems in geophysical science and engineering has
been of great importance from the onset of the remote sensing science [5,6]. For
example, in microwave remote sensing of vegetation the inverse problem is defined
as the application of the measured quantities such as the polarimetric backscattering
coefficients (from a SAR) [7] and/or the scattering phase center heights (from an
interferometric SAR) [8,9] in an algorithm in order to retrieve forest parameters such
as tree type, tree density and height, and moisture content of vegetation and soil.

Over the past two decades significant effort has been devoted towards the de-
velopment of scattering models for vegetation canopies [10-15] as well as inversion
models to retrieve forest parameters from the measured data [16-18]. So far the em-
phasis of the scattering model development has been on the construction of simplified
models with as few input parameters as possible so that the inversion problem be-
comes tractable. In this process the importance of structural features of the canopy
(particle arrangement), coherence effects, and multiple scattering were ignored. Even
with these simplifications, the inversion process is rather complex. In [16, 18] neural
network approaches are suggested for the inversion process where extensive computer
simulations or experimental results are used to train a neural network in a reverse
order (the model outputs are fed as the input to the program). This method is com-
putationally extensive and its success depends on the fidelity and the extent of the
training data. In [17] a gradient-based search routine is applied to a nested linearized
model. This model is computationally efficient; however, its applicability is limited
to models with small dimensionality and its success depends on the fidelity of the
forward model.

This paper describes the application of a high fidelity scattering model in an
inversion process based on a stochastic global search method. Basically, a recently-
developed coherent scattering model that preserves the structural features of tree
canopies using fractal models is employed to generate simplified empirical models
(for different tree species) that can predict the polarimetric and interferometric radar
response of a forest stand efficiently and accurately. The premise for the successful



development of such empirical models stems from the fact that the model outputs
are averaged quantities, such as backscattering coefficients or the mean height of the
scattering phase center, and therefore are very gentle functions of model inputs.

As demonstrated in [15], the fractal-based coherent scattering model (FCSM) of-
fers two advantages over the traditional scattering models, namely, FCSM is more ver-
satile and accurate. Basically, FCSM is a first-order scattering model and is capable
of simulating the fully polarimetric (including the phase statistics) and polarimetric-
interferometric (scattering phase centers and correlation coefficients for any polar-
ization configuration [19]) radar responses of coniferous and deciduous forest stands.
High accuracy is achieved by FCSM through incorporating the coherent effects among
the individual scatterers and scattering components and by accounting for the ac-
curate position of scatterers which is manifested in inhomogeneous scattering and
extinction profiles. However, this versatility and accuracy has been achieved at the
expense of the model complexity which demands extensive computational power. For
example, the number of input parameters needed to accurately characterize the tree
structures and the environment may easily exceed 30 (it should be noted that once
a tree type is chosen much fewer free parameters are needed to model the natural
variabilities). On the other hand, to obtain a solution with a reasonable accuracy in
the Monte Carlo simulation, a sufficiently large number (> 100) of realizations are
required. The required computational time for each simulation limits the model’s
utility in inverse processes which may demand the calculation of the forward problem
many times.

To circumvent the aforementioned problem, development of empirical models
based on FCSM is proposed. Construction of an empirical model can be achieved
using a standard procedure such as curve-fitting and regression method. Unlike phys-
ical models, empirical models are simple mathematical expressions formed from a set
of data acquired from measurements or a physical model prediction. Once empir-
ical formulae are obtained, they are easy to use and require minimal computation
time. However, it should be noted that an empirical model is usually valid only for
a specific case within a certain range of the parameter space over which the model is
constructed.

For the development of the empirical model used in this study, first a sensitivity
analysis is conducted in order to determine the significant parameters, the number
of which determines the dimensionality of the input vector space. A red pine stand
is chosen in this paper and six parameters are selected as the input parameters.
Each selected parameter is allowed to have about 30% variation with respect to a
centroid. Using the Monte Carlo simulation results obtained from FCSM a database
is constructed by varying the individual parameters over a prescribed range of the



input vector space around the centroid. The parameters at the centroid are obtained
from the ground truth data of a red pine test stand (Stand 22) in Raco, Michigan.

For the inversion process, first a least-square estimator is used and is shown to
work properly when the number of measured channels is equal to or larger than the
dimension of the input vector space. But since this may not be the case in general
situations, a genetic algorithm (GA) [20] is developed and employed as a search
routine for the nonlinear optimization problem. GAs are known to be very successful
when the dimension of the input vector space is large and/or when the objective
function is nonlinear.

2 Empirical Model Development

In general, the output of the Monte Carlo coherent scattering model can be expressed
as

M:‘C(fapve;davHtaDtvgbams»mw)v (1)

where £ is a complex operator relating the input and output of the model and the
output M is a vector which may contain the backscattering coefficient (62,52, a0,),
scattering matrix phase difference statistics, the scattering phase center height Z,, or
the interferogram correlation coefficient. The input parameters are divided into two
categories: 1) radar system parameters, and 2) target parameters. Radar parameters
include the radar frequency f, the polarization configuration p, and the incidence
angle 6. The number of target parameters can be very large, consisting of the tree
structural parameters and the dielectric properties of the constituent components.
However, the number of these parameters is reduced drastically once a tree type is
chosen. In this case only a few structural parameters are sufficient to allow for natural
variabilities observed for that type of tree. The rest of the structural parameters are
embedded in the fractal code of the tree. In this paper we demonstrate development
of an empirical model for a red pine tree where only six free parameters are sufficient
to describe the stand. These include the trunk diameter d,, tree height H;, tree
density D;, branching angle 6, soil moisture m, and wood moisture m,,. It should
be noted that these parameters themselves are statistical in the coherent model with
prescribed distribution functions and here we are referring to their mean value.
Multi-frequency polarimetric SAR systems operate at discrete frequencies, usually
at P-, L-, C-, and X-band, and the polarization configuration p are vv, vh, and hh.
In this study, we demonstrate a model with three fundamental backscattering coef-
ficients and the associated mean scattering phase center height as the model output
and fix the frequency at C-band (5.3 GHz). The empirical model is developed to



operate over the angular range 25°~ 70°. Therefore the output and input vectors M

and x are defined as:
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As mentioned earlier since no resonance behavior is expected, the output vector M
is a gentle function of the input vector x and the incidence angle 6 which may be
related to each other via a simple empirical relationship

M = L(6;x), (2)

where L is the simple empirical operator and M is the output of the empirical model.
It is expected that M be as close to M as possible.

In general, the output parameters are non-linear functions of the incidence angle
and other input parameters. In order to establish these relationships the coherent
model must be run by varying the incidence angles and other input parameters.
Through an extensive sensitivity study it was found that over a finite domain of the
input vector space a logarithmic relationship between the backscattering coefficient
(linear in dB scale) and a linear relation between the scattering phase center height
and the input parameters exist. The dependence on the incidence angle was found to
be nonlinear.

The first step in the construction of the empirical model is to choose the domain
of the input vector space. In this investigation we chose the structural parameters
of a young red pine stand, a test forest stand in Raco Michigan (Stand 22), and the
seasonal average of soil and vegetation moisture as the centroid of the input domain.
These parameters and their range of variation used in the model development are
shown in Table 1. The range of parameter space is chosen so that the measured
parameters of a red pine test stand (see Table 2) is at the centroid of the parameter
space. The Monte Carlo simulation was then carried out for specific incidence angles
by varying the six free parameters within the prescribed ranges. The average scatter-
ing phase center heights (Z,) for each polarization configuration and backscattering
coefficients (¢° in dB) are shown in Figures 1 and 2 as a function of each parameter
respectively. These figures clearly demonstrate the linear relationship previously de-
scribed. Hence the output vector can be readily approximated by the Taylor series
expansion of the exact model to the first order, and is given by

£(x) = L(x0) + A - (x — x0) (3)
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where xo denotes the input vector at the centroid and A is the matrix of partial

derivatives whose 1j-th element is given by

oL;

= a—rjsz,(o.

a; (4)
a;; simply represents the derivative of the ¢-th output channel £; with respect to the
J-th input parameter z;, evaluated at the centroid x,.

In this matrix, each element was evaluated by calculating the slope of a fitting
line over 5 sample points based on a least square method. In Figures 1 and 2 the
symbols () are the simulation results and the lines are the best linear estimation. It
should be pointed out that each point in each figure represents an ensemble average
of 200 realizations of the Monte Carlo simulation. This indicates that the initial task
of generating a matrix of coeflicients is very tedious and time-consuming. However,
once the empirical model is obtained, it can provide a highly accurate solution to an
arbitrary input in almost real-time. This property of the empirical model is especially
important in the inversion processes.

Results in Figures 1 and 2 are for a fixed incidence angle § = 25°. However, the
simulations at other incidence angles show that the general form of (3) is valid for all
incidence angles with the exception that £(xo) and A are functions of the incidence
angle, i.e.,

L(0;x) = L2(8) + A(8) - (x — Xo). (5)

It is found that £°(f) and A(f) are non-linear, but gentle, functions of the incidence
angle 6 over the range of interest (25° to 70°). In order to obtain the functional
form of £° and A on 6, the aforementioned Monte Carlo simulation was repeated
at several different incidence angles, and the corresponding values £° and A were
evaluated. Polynomial functions are used to capture the angular variations of £° and
A. It was found that £° and A can be accurately expressed by

L) = Lo+ L10 + L£26° + L36°, (6)

and

A(0) = Ao+ A0+ Ay0* + A6’ + A0, (7)

where £; and A; are 6 x 1 and 6 x 6 matrices whose values are reported in the
Appendix. Figure 3 compares the results of the empirical model given by (5) with
those of the Monte Carlo simulation at the centroid (x = X¢). It should be noted
that the choice of the output parameters are arbitrary and depends on the available
set of input data. For example, an empirical model for a two-frequency system with
three backscattering coefficients could be developed using the same procedure.

6



Equation (5) represents the overall empirical model whose accuracy can be eval-
uated through a comparison with the Monte Carlo simulations. For this comparison
a large number Monte Carlo simulations with independent input vectors were carried
out. Figures 4, 5, and 6 show the comparison between the results of the empirical
model and those of the Monte Carlo coherent model using 200 independent input data
sets randomly selected within the aforementioned domain of the empirical model. The
figures show excellent agreement between the empirical model and the Monte Carlo
coherent model, noting that the convergence criteria for the Monte Carlo model is
1+0.5 dB. Having confidence on a fast and accurate empirical model, the inversion
processes can be attempted which is the subject of the next section.

3 Inversion Algorithms

Consider a physical system whose input-output relation is expressed by M = E(x)
where in general M and x are multi-dimensional vectors of arbitrary length. The
inverse problem is mathematically defined as x = Z‘I(M) subject to certain physical
constraints. Although the inverse problem may be well-defined mathematically, in
practice the inverse solution may not exist for two reasons: 1) mathematical con-
struction of the model may not be exact, and 2) the measured vector M may not be
exact because of measurement errors. Hence, instead of casting the problem in terms
of an inverse problem, the problem of finding x is usually cast in terms of a constraint
minimization problem.

Suppose there exists a set of measurements M, the problem is defined as charac-
terization of x so that the objective function (or error function), defined by

£(x) = [I£(x) - M]]*. < (8)

is minimized over a pre-defined domain for x. Here, || - || denotes the norm of the
argument. As mentioned earlier there are a number of inversion processes available
in the literature; however, in this paper by constructing a simple empirical model a
traditional least-square minimization approach and a stochastic global minimization
method are examined.

3.1 Least-Square Approach

As it was shown in Section 2, the scattering problem can be cast in terms of a linear
system of equations of the form £(u) = Au where A is an m x n matrix and u is an
n-dimensional vector in D, D C R". For a given m-dimensional vector G, (8) can be



expanded as

A solution that minimizes £ must satisfy

o€ :
— =0, 7=1,2,...,n (10)
auj

and is referred to as the least-square solution. It is shown that the solution of (10)
(um) can be obtained from the solution of the following matrix equation [21]:

(A*A) -up = A" G, (11)

Here, A is the transpose of A. It is also demonstrated that the solution uy, =
(A*A)"'A"G exists if rank(A) = n. This requirement states that the number of
independent equations should exceed the number of unknowns.

To apply (11) to our empirical model using (3), it is noted that

L(x)—L=A-(x—X), (12)

thus we use the substitution u = x — xo and G = M — £°. Here £° and A are

evaluated from (6) and the solution is given by
Xm = Xo + (A*A) P A*(M - £0). (13)

The least-square solution may not be suitable for the inverse problem at hand
for two reasons. First, the number of output channels m is usually less than that of
unknown parameters n. In this case, rank(A) < n, and A*A is not invertible. Even
when the number of channels is larger than the unknowns, the solution provided by
(13) may not be accurate. This happens when A*A is ill-conditioned. Basically, some
elements of (A*A)™! become very large which amplify the errors in M [22).

3.2 Genetic Algorithms

In recent years, applications of genetic algorithms to a variety of optimization prob-
lems in electromagnetics have been successfully demonstrated [24,25]. The funda-
mental concept of genetic algorithms (GAs) is based on the concept of natural se-
lection in the evolutionary process which is accomplished by genetic recombination
and mutation. The algorithms are based on a number of ad hoc steps including:
1) discretization of the parameter space, 2) development of an arbitrary encoding
algorithm to establish a one-to-one relationship between each code and the discrete
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points of the parameter space. 3) random generation of a trial set known as the initial
population. 4) selection of high performance parameters according to the objective
function known as natural selection, 5) mating and mutation, 6) recursion of steps 4
and 5 until a convergence is reached. Figure 7 shows the flow chart of GAs. Note
that the population size is provided by the user and an initial population of the given
size is generated randomly.

In this study, since we have as many as six input ground truth parameters and
six output channels, it is expected that the objective function is complex and highly
non-linear containing many local minima. In this case, the traditional gradient-based
optimization methods usually converge to a local minimum and fail to locate the
inverted data. One interesting feature of GAs is that the method would provide a list
of optimal solutions instead of a solution. This is important in a sense that a solution
that best meets the physical constraints (not included in the objective function) may
be selected from the list of optimal solutions.

For this problem, each of the input parameters was discretized and encoded into
a 4-bit binary code, creating a discrete input vector space with 22* members. A
population of 240 members was used for each generation and the objective function
was defined by

EX)=|lw- [M=L"—A-(x=x0)] |7, (14)

where w is a user-defined weighting function assigned to individual output channels.
To examine the performance of this GA-based inversion algorithm, many arbitrary
points within the domain of the input vector space were selected and then the Monte
Carlo simulation was used to evaluate the polarimetric backscattering coefficients and
the scattering phase center heights at 5.3 GHz. The output of FCSM for these sim-
ulations were used as a synthetic measured data set M for the inversion algorithm.
Figures 8(a)-8(f) show the performance of the inversion algorithm through compar-
1isons of the input parameters x and the inverted parameters x’. Also shown in each
of the figures is the calculated average error 7, defined by

_ ;‘Vzl ij - -T;|

NAz (15)
where N is the number of points (N=10 in this case), and Az is the range of validity
of the parameter according to the empirical model. It should be noted here that the
quantization error for 4-bit quantization (£3%) is also included in the results. To
examine the importance of the quantization error and the stochastic nature of the
solution in the inversion process, the inversion process was applied to another set
of synthetic measurement data generated by the empirical model. Figures 9(a)-9(f)
show the comparison between the actual input x and the inverted solution x’. It is
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noticed that the error in Figures 9(a)-9(f) are slightly smaller than those obtained
from Figures 8(a)-8(f). This indicates that the quantization error and the stochastic
nature of the solution are considerable factors on the overall error. Increasing the
quantization level to 5 bits increases the members of the input vector space by factor of
2°. This slows down the inversion process since the population in each generation must
also be increased. However, this does not improve the overall accuracy drastically as
the errors inherent in the empirical model and those caused by the stochastic nature
of the GA solution are independent of quantization error.

At last, the developed inversion algorithm is tested using the real measured data
acquired by the JPL TOPSAR over a test stand of red pine forest in Raco, Michigan.
Although only four data points (C-band vv-polarized backscattering coefficients and
scattering phase center heights at incidence angles § = 39° and 53°) are available, the
inversion algorithm can be easily modified via the objective function of the GA. In
this case, the objective function is given by

E(x) = &(x) + &(x), (16)

where
Ei(x) = |w- [My— L3~ Ay (x—x0)| |I%, (17)
E2(x) = |w-[Mz— L3~ Ay (x—x0)] || (18)

Here the subscript 1 and 2 denotes, respectively, the case for the incidence angle
6 = 39° and 53°. Note that the weighting function and the measured vectors in this

case are written as
w=/[100100], (19)
M, = [Z2(6=39") 0 0 o%(6=39) 0 0],
M, = [2*(6=53) 0 0 o2(6=5%) 0 0]

The simulation results are compared with ground truth data [2] in Table 2 where a

very good agreement is shown.

4 Conclusions

In this paper, a simplified empirical model was developed using a high fidelity Monte
Carlo coherent scattering model to be incorporated in an efficient inversion algorithm.
The empirical model was specifically developed for a red pine forest stand which pro-
vides simple expressions for the polarimetric backscattering coefficients and scattering

10



phase center heights at C-band as a function of the incidence angle. The accuracy of
the empirical model was examined by comparing its output with that of the Monte
Carlo fractal-based coherent scattering model. The empirical model in conjunction
with a stochastic search algorithm (genetic algorithm) were used to construct an in-
version algorithm. The accuracy of the inversion algorithm was demonstrated by first
using synthetic measured data generated from the empirical model and the Monte
Carlo FCSM. It was shown that the inversion algorithm can accurately estimate the
input parameters where synthetic data were used. Next we applied the inversion
algorithm to an actual data set, obtained from TOPSAR, composed of vv-polarized
backscattering coefficient and scattering phase center height at C-band and at two
incidence angles. Excellent agreement was obtained between the ground truth data
and the output of the inversion algorithm.
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Appendix

0

In this appendix, the values of coefficient matrices £; and A; used in (6) and (7)
are reported for the red pine stand investigated in this study.

~3.1051  0.2642 —0.0020  0.0000 ]
3.6061 —0.0659  0.0029  0.0000
3.6264 —0.3188  0.0094 —0.0001
Lo Lo Lo Ls | =] 199843 092713 —0.0079  0.0000 |’
—50.1483  2.1623 —0.0431  0.0003
3.5502 —0.3062 —0.0005  0.0000 |
and
[ 1.5204 —0.2244  49.0879 10.8663  5.2289 —59.6487 ]
—0.6424  0.2687  —0.5762  0.7727 —2.4209  —7.0918
A 7.1314  0.1875  10.3344 —7.0854 —3.6540  —2.5728
0 —13.5348 —1.8434 —45.9425 16.2122  2.2269 —108.8944
~1.0359 —1.0341  22.6264 52748  6.6677 —T73.7306
| 47396 —2.3518 —224.1260 —6.9444 —4.8994  114.7993
[ —0.1943  0.0320 —4.2781 —0.9772 —0.7657  5.5036 ]
0.0581 —0.0244 0.0609 —0.0693 0.1572  0.5872
A —0.7710 —0.0071 —0.5252  0.6810 0.3879  0.3659
! 1.3292  0.1763 3.9880 —1.3883  0.3188  11.9278
0.0508  0.1137 —2.1445 —0.2531 —0.5110  6.0220
0.6771  0.1919 19.5566  0.7884  0.9928 —10.1014 |
0.0086 —0.0013  0.1302  0.0316 0.0312 —0.1844 ]
~0.0019  0.0010 —0.0025 0.0029 —0.0038 —0.0198
A 0.0297 —0.0002  0.0005 —0.0233 —0.0161 —0.0121
2 —0.0469 —0.0057 —0.1266  0.0433 —0.0218 —0.4499
—0.0010 —0.0040 0.0673  0.0035 0.0144 —0.1697
| —0.0305 —0.0052 —0.6039 —0.0325 —0.0354  0.3303 |
©—0.0002  0.0000 —0.0017 —0.0004 —0.0005  0.0027 T
0.0000 —0.0000  0.0000 —0.0001  0.0000  0.0003
A —0.0005  0.0000 0.0002 0.0003  0.0003  0.0001
3 0.0007 0.0001  0.0017 —0.0006 0.0004  0.0072
0.0000  0.0001 —0.0009 —0.0000 —0.0002  0.0021
0.0005  0.0001  0.0079  0.0006 0.0005 —0.0047 |
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A,

0.0097
—-0.0014
0.0278
—0.0390
—0.0003

| —0.0339

—0.0013

0.0009
—0.0008
—0.0038
—0.0033
—0.0023

0.0795
—0.0025
—0.0218
—0.0831

0.0469
—0.3794
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0.0222
0.0033
—0.0176
0.0302
—0.0002
—0.0357

0.0306
—0.0016
—0.0142
—0.0284

0.0079
—0.0218

—0.1417 ]
—0.0148
—0.0044
—0.4111
—0.0906

0.2407 |
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Parameter Range Variation
Trunk Diameter 10.9 ~ 14.9(cm) 31 %
Tree Height 8.0 ~ 9.9(m) 21 %
Tree Density | 807 ~ 1027 (trees/Hectare) | 24 %
Branching Angle 13.8 ~ 15.8 (deg) 14 %
Soil Moisture 0.36 ~ 0.56 (g/g) 43 %
Wood Moisture 0.28 ~ 0.48 (g/g) 52 %

Table 1: The ranges of the selected ground truth parameters and the corresponding
percentage variations to the centroid.

Measured Z(0=39°) =3.6m oo,(0 =39°)=-10.26 dB
Channels M Z¥(0 = 53°) = 6.1m 0% (8 = 53°)=-13.07 dB
Parameters di(ecm) | Hi(m) | Dy(#/Hectare) | 6, | m, My
Ground truthx | 12.9 9.00 907 14.8° | 0.46 0.38
Inverted x’ 12.4 9.37 945 13.9° | 0.44 0.37

Table 2: The inversion results using the interferometric TOPSAR data as the mea-
sured channels M. Here x is the actual ground truth data and x’ is the output of the
Inversion process.
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Figure 1: The sensitivity analysis of the C-band polarimetric scattering phase center
height as a function of the physical parameters: (a) trunk diameter, (b) tree height, (c)
tree density, (d) branching angle, (e) soil moisture, and (f) wood moisture, simulated
at incidence angle 6 = 25°.
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Figure 2: The sensitivity analysis of the C-band polarimetric backscattering coefficient
as a function of the physical parameters: (a) trunk diameter, (b) tree height, (c) tree
density, (d) branching angle, (e) soil moisture, and (f) wood moisture, simulated at
incidence angle 6 = 25°.
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Figure 3: The angular dependence of the polarimetric backscatter in terms of: (a)

the scattering phase center height Z. and (b) the backscattering coefficient ¢°. The
simulation results are fitted with polynomials of degree 3.
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ABSTRACT

In this paper the accuracy of the Digital Elevation Model (DEM) generated by the JPL
TOPSAR for extracting canopy height is evaluated. For this purpose an experiment using
C-band TOPSAR at the Michigan Forest Test Site (MFTS) in Michigan’s Upper peninsula
was conducted. Nearly 25 forest stands were chosen in MFTS which included a variety of
tree types, tree heights and densities. For these stands, extensive ground data were also
collected. The most important and difficult-to-characterize ground truth parameter was the
forest ground level data which is required for extracting the height of the scattering phase
center from the interferometric SAR(INSAR) DEM. To accomplish this, differential GPS
(Global Positioning System) measurements were done to accurately (& 5 cm) characterize
the elevation of (1) a grid of points over the forest floor of each stand, and (2) numerous
ground control points (GCPs) over unvegetated areas.

Significant discrepancies between GPS and TOPSAR DEMs and between the two TOP-
SAR DEMs of the same area were observed. The discrepancies are attributed to uncompen-
sated aircraft roll and multipath. An algorithm is developed to remove the residual errors in
roll angle using elevation data from (1) 100-meter resolution U.S. Geological Survey DEM
and (2) the GPS-measured GCPs. With this algorithm the uncertainties are reduced to
within 3 m. Still, comparison between the corrected TOPSAR DEMs shows an average pe-
riodic height discrepancy along the cross-track direction of about +5 m. Simulation results
show that this might have been caused by multipath from an object near one of the INSAR
antennas. Careful examination of the coherence image and the backscatter image also show
such periodic patterns. Recommendations are provided for the extraction of the best esti-
mate of the scattering phase center height and a model is provided to estimate actual tree
height. It is accurate to within 1 meter or 10% for the red pine test stands used here.



1 Introduction

One of the most critical biophysical parameters that is needed for accurate Global Climate
Model (GCM) predictions is biomass. Radar has been used extensively in attempts to
estimate this parameter, especially for trees. Previous work of ours has used the strategy
of accurately classifying the trees to several structural categories followed by class-specific
inversion models for various biomass-related terms [4,5]. One of the most important of
these parameters is the height of the tree canopy. Because a Synthetic Aperture Radar
(SAR) records both amplitude and phase of the target reflections, two such observations
from different locations can be used to infer the elevation of the target. This is called
interferometric SAR, or INSAR.

Besides the backscattering coefficient image, interferometric SARs provide two additional
images that are sensitive to the target parameters. These are the magnitude and phase of the
backscatterer cross correlation between the signals received by the two antennas of INSAR.
The phase of the interferogram is the quantity from which the height of the pixel (with
respect to a reference) is retrieved. The magnitude of the cross correlation, or simply the
correlation coefficient, characterizes the uncertainty with which the height can be measured
[18]. For random media in which the radar signal can penetrate to some extent, such as a
vegetation canopy, the measured height is somewhere within the random volume depending
on the location and relative strengths of the scatterers comprising the medium. The measured
height is the location of the scattering phase center for each pixel which of course is a random
variable. The statistics of this scattering phase center height is a function of size, orientation,
spatial distribution and the vertical extent of the random medium. Therefore the measured
scattering phase center height can be used as an independent and sensitive parameter for
remote sensing of vegetation.

The coherence was used in an attempt to obtain tree height from repeat-pass ERS-1 data
[1,7]. In those studies a model was used to predict tree height from the time variation of
the coherence. Another study [3] used polarimetric phase differences to obtain images of
the phase difference due to the presence of trees, but made no attempt to model the actual
height, as there was no ground truth.

In an attempt to establish the relationship between the canopy parameters and the IN-
SAR parameters (phase of interferogram and correlation coeflicient) simplified theoretical
models based on the distorted Born approximation have been developed [17,18]. These mod-
els are first order and are capable of explaining the phenomenology of the problem rather
accurately. However, due to their underlying simplifying assumptions they are not capable
of producing very accurate quantitative results. To rectify this deficiency, a sophisticated
scattering model based on Monte Carlo simulation of fractal-generated trees was developed
recently [14,15].

For verifying these models and eventually developing an inversion algorithm experimental
data are needed. Since the height of most forest stands range from 10 m to 60 m, accuracy
in height measurement of the order of + 0.5 m is needed. Initially we excluded INSAR data
generated by repeat-pass interferometry as the temporal decorrelation and problems with
baseline estimation hamper height evaluation with such required accuracy. Two-antenna



svstems such as the JPL TOPSAR are potentially capable of height measurements of the
required accuracy.

To examine the feasibility of using INSAR data for estimating tree height. we conducted
a set of experiments with JPL TOPSAR over a well-characterized forest test site. The test
stands at the Michigan Test Site (MFTS) are chosen to include different tree species at
different growth stages and densities. The wealth of data collected at this site over the past
several years makes this an ideal area to use: species composition, diameter. height, and
stand densities have been meticulously measured with ground-based tools [2]. Also, much of
our previous classification work was done at this test site [6.8], and so we are very familiar
with the types and distribution of the vegetation.

This paper is organized as follows: section two describes the test site and the ground-
based measurements. Section three presents the two height estimation algorithms and Sec-
tion four gives the conclusions.

2 Ground Measurements

2.1 Tree height measurements

The MFTS is located in the eastern part of Michigan’s Upper Peninsula. The surveyed
forest stands cover an area of approximately 20 Km x 20 Km centered at Raco. The species
composition, diameters, heights and number densities were measured over a period of several
years ending in 1994 [2]. In some cases heights of trees were measured with calibrated height
poles, in others heights were estimated based on their diameters and species using equations
appropriate to that species under similar growing conditions. Because over 70,000 individual
trees were measured in 70 different stands we feel that the dataset is one of the best available
for testing algorithms for tree height estimation.

To supplement this dataset we wanted closely-spaced and accurate measurements of
ground elevation. The data available from the USGS (U.S. Geological Survey) was neither
accurate enough nor dense enough (100 m spacing), and so we used differential GPS (Global
Positioning System) measurements to obtain our own elevation data.

2.2 GPS Measurements

GPS consists of many satellites in known orbits that are constantly sending signals to re-
ceivers on the ground. The ground receiver uses the known orbits and the time it takes
for each message to propagate from the satellite to triangulate its own position in three
dimensions. The accuracy of the measured position increases with more satellites and more
messages.

We used the Trimble Site Surveyor GPS receiver in order to obtain accuracies on the order
of 2 cm. This involves the use of a fixed base station and any number of rovers. The base
station is a GPS receiver set up over a surveyed benchmark with known three-dimensional



coordinates. It broadcasts its own signal to the rovers to supplement the satellite signals
and a difference vector is calculated that relates the rover to the base station.

The benchmarks we used were surveyed by the U.S. National Geodetic Survey and are
brass plates set in concrete pilings in the ground. The coordinates of these benchmarks can
be obtained from NGS at their web site. Note that the coordinates given are referenced to
various earth models called ellipsoids. There are many of these, and it is best to convert
from those given to one named WGS-84, as that is the one the GPS receivers use internally.
A good review of the ellipsoids used throughout the world is given in Schreier [9].

A typical rover measurement involves: (1) setting the antenna on a measured height pole
with a level bubble; (2) finding a clear view of the satellites through the trees (the L-band
signal is significantly attenuated by even a few branches); (3) initializing so the satellites
are tracked and the position fix is within a meter; and lastly (4) taking a data point by
keeping the pole very still and level, waiting for about 10 seconds for the averaging process
to converge to a given error tolerance, usually 2 cm.

There were two kinds of measurements we needed to take with the GPS receivers: (1)
Ground Control Points, (2) Forest Stand Floor. The ground control points were specially
chosen areas on the ground that we could identify in the SAR images. This usually meant
road intersections. These points were needed in order to assure ourselves of the accuracy of
the USGS and TOPSAR DEMs. The forest stand floor was measured in order to be able to
calculate tree heights above the ground using a simple difference with the TOPSAR DEM.
In order to deal with ground height variability in a stand a grid of points was used. This was
the same grid of points used to measure the tree heights originally and consisted of 40 points
per 200 m x 200 m forest stand. The tree stands chosen for this study were monocultures
all planted at the same time, resulting in a very uniform height distribution. It took between
1 and 3 hours to measure a stand, depending on how often we had to reinitialize because
of lost signal from the overlying canopy. In some large, dense stands it was impossible to
use the GPS receivers at all, and we contented ourselves with measurements along the stand
periphery and field notes about the approximate elevation variation within the stand.

Of course, the USGS and GPS data did not agree exactly, however the errors were within
the expected range given the large (100m) horizontal spacing of the USGS data.

3 Tree Height Estimation

3.1 INSAR Overview

In single-pass INSAR the platform has two antennas as shown in Figure 1. One antenna
transmits and both receive. The path-length differences (§) between the two signals results
in a phase difference (¢) given by:

s=24, )

where ) is the carrier wavelength. Since the geometry of the two antennas is known the
baseline length (B) and the baseline angle (@) can be used to determine the look angle (6):
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where 7 is the range of the target from the transmitting antenna. Using the height of the
radar platforms (H) as an arbitrary reference, the target elevation is given by:

sinfa — ) = —

h=H —rcosé. (3)

The height h is really the height of the scattering phase center for a given pixel. In the
case of trees the height is somewhere below the height of the top of the canopy. The pertinent
parameters for the JPL TOPSAR are given in Table 1, while the details concerning the data
are given in Table 2.

The raw data was processed by JPL into three standard products: (1) Cvv power, (2)
DEM, (3) coherence. It is these standard products that are used in this study. Note that the
TOPSAR flights occurred in April of 1995 and that the most recent height measurements
were taken in the fall of 1994. Since the growing season had not yet started in April, we
believe that there was no significant change in the height of the trees during this time.

3.2 Uncompensated Aircraft Roll Correction

Since the TOPSAR platform [10] is an aircraft, significant effort is expended in measuring
and compensating for the deviation of the airplane from smooth level flight. This is called
motion compensation and has been successfully applied in the AirSAR data which uses the
same platform but different antennas. Motion compensation must correct for variations
from steady, level flight, which includes variations in: height, heading, pitch, and roll. As
mentioned in [16] the compensation of the roll angle variability is very important, and for
TOPSAR the accuracy of this correction is approximately 0.01°.

In comparing the TOPSAR DEMs of the same area from two different TOPSAR images
we noticed that there was serious disagreement between them. This prompted us to examine
the data more carefully. Eventually we came up with a way of explaining much of the
discrepancy with an uncompensated roll angle error of less than 0.3°.

First, we attempted to match the USGS DEM to the TOPSAR DEM which has an
expected height-error of about 2 m [11]. This involved converting the USGS DEM into
height over the NAD27 ellipsoid, and then manually warping it to the TOPSAR image
geometry. Residual errors in aircraft altitude and roll angle are lumped into one parameter,
namely roll angle error, which is a good approximation for very small values of residual
altitude and roll angle errors. The roads and other sparsely-vegetated areas were compared
as seen in Figure 2. Apart from a constant difference between the USGS DEM and the
TOPSAR DEM, Fig. 2c shows a significant variation in the height difference (about 50 m)
as a function of along-track distance. This variation far exceeds the expected uncertainties
in the TOPSAR and USGS DEMs. We interpreted this as a height error caused by the
residual errors in the roll angle. The error in roll angle is directly proportional to the error
in the look angle, which is used to calculate the height. Equation 3 can be used to obtain
what the height error due to an incorrect look angle would be:

5]



dh/df = rsinf =z (4)

where z is ground range. This shows that the height error is = Af. and so will increase
with range and with look-angle error. This i1s shown in Fig. 2b from a given cut along the
cross-track direction (about 13 m for 900 pixels). The look angle error can be caused by
an uncompensated roll angle error. Unfortunately a constant roll angle error does not work
well for the entire image as can be seen from Fig. 2c. Hence, we used an azimuth-dependent
error model. For each azimuth line, 7, we can write:

Ahj = SL'A0] + hoffseh (5)

where hgfsser is some constant height error that can be used to adjust the offset between
the TOPSAR and USGS reference planes. In order to use the USGS DEM to correct the
TOPSAR DEM we used only areas in the TOPSAR DEM that were bare spaces or short
vegetation. Hence we classified the images using the C,, power to three classes: bare, short
vegetation, and trees. Because we only had one channel the approach was based on simple
thresholds with trees being greater than -15 dB, and bare less than -20 dB.

The error model given by (5) is used in a statistical sense over the entire image. This is
done to minimize the error between the USGS and TOPSAR DEMs as the USGS DEM is
coarse and has a height uncertainty of approximately £+ 3-5 m. Determination of the best
value for h,fyser requires the minimization of the following equation:

N

M
S = Z (Ah,’j - IIZ,’AOJ' - hoffset)2 (6)

1=1

[

1=

where ¢ and j refer to the range and azimuth (along-track) coordinates, respectively, and
Ah = hropsar — husgs. For estimation of h,ffse: (2 constant over the entire image) we did
not use every azimuth line in the image because the resultant matrix equation was too large;
instead we subsampled in azimuth, using about 100 lines.
The minimization is carried out by finding a stationary point:
as as

- — = j. 7
By =0, and 70, 0, forallj (7)

This results in the following set of equations:

N /M N
hoffsetMN + Z (Z xi) A0] = Z (8)
j=1 \i=1 j=1

M
2.
M
o fset (Zx,) + Ab; (Zw ) = Z hij, for all j,

1=1

which can be solved for the A8;’s and Aogyser. This hoggset is then used for each azimuth line
to get Af; using a linear least-squares fit to equation 5. The resulting roll angle error is a



continuous function of azimuth. which makes this believable as an error mechanism since the
airplane cannot have a very high frequency roll angle change. Figure 3 shows the calculated
roll angle error for the two TOPSAR scenes. Note that the error is quite small. less than
0.3° in all cases.

Finally the calculated height error is compensated for in the TOPSAR DEM pixel-by-
pixel. To assess how well we did, we used the ground control points (GCPs) that were
collected using GPS. The GCP locations are shown in Figure 4, and the height errors before
and after the roll angle correction are shown in Table 3. This shows that the height error has
been reduced to an average of about 2 meters, although there are still a few points where
the error is much worse.

Note that in calculating the TOPSAR DEM height for a given point involves averaging
over at least 4 x 4 pixels in the neighborhood of that point. This is because the phase noise
standard deviation is large, and averaging will result in a decreased height error, which in
this case is about 3-5 meters, comparable to the USGS DEM height errors. This allows
comparisons using these heights to be meaningful.

3.3 Multipath

Despite our efforts in correcting for the roll angle error there still appears to be some residual
errors left. This is most apparent when looking at the C,, power images, as seen in Figure 5,
where a quasi-periodic sinusoid is apparent with the crests parallel to the azimuth direction.
The spacing of these crests increases from about 60 pixels in the near range to about 130 in
the far range. The same pattern is seen in the DEM data. The magnitude of those errors
is approximately 8 dB and 10 meters peak-to-peak, in the power and elevation images,
respectively. This is a significant effect that must be dealt with in order to estimate tree
heights accurately. In all fairness, these errors are not present at all with some of the
TOPSAR data we have. Unfortunately, for this application this is the only data we could
use.

This problem may be due to multipath [12,13] where an object near the antennas is
reflecting the returned pulse into the antennas. The coherent addition of the direct return
and the multipath return could cause such a pattern. Assume that the multipath object
only reflects into the upper of the two antennas. Also assume that the object is near the
upper antenna. These assumptions are made according to the arrangement of the TOPSAR
and other AirSAR antennas. As shown in Figure 6, we can then model the fields at each
antenna as:

ra, = BT (9)
ra, = BEJeRATHAT) | ik AT+TC+Cha)]

where k = 27 /) is the wave number, the terms A; T, A,T, TC, and C A, are the path lengths,
and d is a diffraction coefficient. If we represent the additional path length due to the
multipath object as AL = TC + A;C — A,T we can write the amplitude error as:
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It can easily be shown that (T'C' — T'A,) increases with increasing range in a nonlinear
fashion which gives rise to a sinusoid whose period increases with range. We can also derive
an expression for the phase difference that this would induce in the interferogram phase.
Representing this error in phase by @, and noting that d < 1 it can be shown that

=d* + 2d cos(kAL) = 2d cos(kAL). (10)

(Z’)error — L[elk(AQT—AlT) + delk(Tc+CA2—A1T)] _ Letk(AQT—AlT) ~ dSin(kAL). (11)

Equations (10) and (11) indicate that the phase and power errors are in phase quadrature.

These equations were used to calculate the expected multipath error which was compared
to the known error. First, the period of the oscillation as a function of range was used to
narrow in on the best position for a single scatterer, then the peak-to-peak variation was
used to get the best diffraction coefficient. Unfortunately, the best we could do with a single
scatterer did not match the range-varying period exactly and so there remained residual
errors. The result was unsatisfactory.

This led us to try another approach. Apparently the TOPSAR processing involves a step
where a measured phase screen is applied to the data in order to remove any multipath that
is repeatable. This phase screen is calculated by JPL at the beginning of each deployment
season, and depends on a very accurate DEM that is compared with the TOPSAR data to
produce the phase error as a function of the look angle. We obtained a copy of this phase
screen and used it as in the multipath equations above in order to correct both the DEM
and power data from TOPSAR. Unfortunately the variations due to this correction still did
not exactly cancel the variations in the data we had, and so this method did not work either.

Consequently, we gave up in our attempt to correct for the multipath error. Unfortunately
this limited the number of forest test stands we could use, since only a few had bare spots
near them that were unaffected by the multipath errors.

3.4 Tree Height Estimation

The corrected DEM is now as consistent with the USGS DEM and the GCP’s collected
with GPS as was possible. The determination of the height of the trees is next. While the
C-band, vv-polarized signal scatters significantly from branches and needles or leaves in the
crown, the scattering phase center is rarely at the top of the trees, so we need a model that
relates it to the true height. Such a model has been developed using fractal-generated trees
by Lin and Sarabandi [14,15).

Using cylinders, disks, and needles a full-wave Monte Carlo simulation was used to esti-
mate powers and scattering phase center heights for several different tree stands, at several
incidence angles. The major lessons are that the height of the scattering phase center varies
with incidence angle and with the extinction distribution in the tree canopy. Typically the
height was higher for large incidence angles and for large total extinctions. However, the
calculated phase center height never achieved the true tree height, and often was significantly



less. down to one-tenth or less of the true height. This means that some kind of model must
be used in order to obtain tree heights from a TOPSAR DEM. even after we estimate the
phase center height.

An heuristic model for tree height of red pine stands given the phase center height.
incidence angle, and extinction [or correlation] is now developed. Figure 7 shows the results
for the fractal model described above as applied to one stand at the MFTS. Recall that the
tree stands chosen for this study were monocultures all planted at the same time, resulting
in a very uniform height distribution. The sigmoidal shape can be modeled with

(6/6,)"
1+ (6/0,)"
where h,, is the phase center height, h, is the true height, # is the incidence angle, 6, is
a free parameter that corresponds to the incidence angle where the curve has an inflection
point, and the power n is also a free parameter, but could depend on extinction, with higher
n corresponding to higher extinction. The best-fit curve to the C,, data is also shown in
Fig. 7. For that data a simple least-squares fit gives n = 2.7 and 6, = 45°. As a first
approximation, for all the other data in this study we will assume that only h, changes.
This gives us a family of curves that we can use to easily estimate h, given h,, and 6. This
is crude, and probably only works for red pine trees at this test site, but further refinements
must await more simulations with the fractal model.

There are two ways of determining the height of the scattering phase center, h,, for
use in height estimation. First, if the TOPSAR DEM is correct in an absolute sense then a
simple subtraction of the known DEM of the area from the USGS data is sufficient. However,
as seen previously, generating correct TOPSAR DEM data is laborious. An alternative is
to use the good relative heights. In this scheme there MUST be a bare and flat area near
the tree stand of interest in order to be able to have confidence that the subtraction gives
meaningful results. Since we were able to find appropriate areas in the images, we used
both methods. Table 4 shows the results of the phase center height estimation and the
tree height estimation for several stands. Only two stands were used for several reasons:
(1) limited to monoculture pine stands so could use model, (2) the stand must appear in
both TOPSAR images in order to have data for two different incidence angles, and (3) an
adjacent bare, flat surface at the same range for subtraction within the DEM while avoiding
multipath errors. For each tree stand, we used the GPS data for the subtraction as well
as the TOPSAR DEM. As you can see both methods yield similar results which compare
well with the ground-based measurements of the tree height. The comparison with any
independently-measured elevation still suffers due to the residual multipath errors, with an
error as high as 2.65 meters, or 30% for stand 22. The worst-case error when using a nearby
flat area for reference is 1 meter, or 11%. It is hoped that removal of the multipath errors will
allow comparison with ground-based measurements to yield accurate tree height estimations.

hoh = (12)



4 Conclusions

While the data from the TOPSAR has problems with roll angle errors and multipath it
appears that these can either be fixed, or judiciously avoided. A nicer method to deal with
the roll angle error would not require a known DEM.

Tree height determination seems feasible, but we need more sophisticated models in order
for it to work for a greater variety of trees. This work is in progress.

Another method of tree height determination could use more frequencies and polariza-
tions so that a reference height is unneeded.

Acknowledgments

The authors appreciate the help of the JPL Radar Science group in providing the TOPSAR
image data used in this study, and specially Dr. Y. Kim for corresponding with us related
to this study.

References

[1] Askne, Jan 1. H., Patrick B. G. Dammert, Lars M. H. Ulander, Gary Smith, “ C-Band
Repeat-Pass Interferometric SAR Observations of the Forest,” IEEE Trans. Geosci.
Remote Sensing, Vol. 35, No. 1, pp. 25-35, Jan. 1997.

[2] Bergen, K.M., Dobson, M.C., Sharik, T.L., Brodie, I., Structure, Composition, and
Above-ground Biomass of SIR-C/X-SAR and ERS-1 Forest Test Stands 1991-1994,
Raco Michigan Site, University of Michigan, Report 026511-7-T, Oct. 1995.

[3] Cloude, Shane R., Kostas P. Papathanassiou, “Polarimetric SAR Interferometry,” IEEE
Trans. Geosci. Remote Sensing, Vol. 36, No. 5, pp. 1551-1565, Sept. 1998.

[4] Dobson, M. Craig, Fawwaz T. Ulaby, and Leland Pierce, “Land-Cover Classification and
Estimation of Terrain Attributes using Synthetic Aperture Radara,” Remote Sensing
of Environment, Vol. 51, No. 1, pp. 199-214, Jan. 1995.

[5] Dobson, M. Craig, Fawwaz T. Ulaby, Leland Pierce, Terry L. Sharik, Kathleen M.
Bergen, Josef M. Kellndorfer, Jogn R. Kendra, Eric Li, Yi-Cheng Lin, Adib Nashashibi,
Kamal Sarabandi and Paul Siqueira, “Estimation of Forest Biophysical Characteristics
in Northern Michigan with SIR-C/X-SAR,” IEEFE Trans. Geosci. Remote Sensing, Vol.
33, No. 4, pp. 877-895, July 1995.

[6] Dobson, M. Craig, Leland E. Pierce, Fawwaz T. Ulaby, “Knowledge-Based Land-Cover
Classification using ERS-1/JERS-1 SAR Composites,” IEEE Transactions on Geo-
sciences and Remote Sensing, Vol. 33, No. 1, pp. 83-99, Jan. 1996.

10



[7] Hagberg. Jan O.. Lars M. H. Ulander. Jan 1. H. Askne. “Repeat-Pass SAR Interferometry
over Forested Terrain,” IEEE Trans. Geosci. Remote Sensing. Vol. 33. No. 2. pp. 331-
340. March 1995.

(8] Pierce, Leland E., Ulaby. Fawwaz T.. Sarabandi, Kamal, Dobson, M. Craig. Knowledge-
Based Classification of Polarimetric SAR Images. IEEE Transactions on (Geosciences
and Remote Sensing, Vol. 32, No. 5, pp. 1081-1086, Sept. 1994

[9] Schreier, G. (editor), SAR Geocoding: Data and Systems, Wichmann, Germany, 1993.

[10] Zebker, H.A., Madsen, S.N., Martin, J., Wheeler, K.B., Miller, T., Lou, Y., Alberti, G.,
Vetralls, S., and Cucci, A., The TOPSAR Interferometric Radar Topographic Mapping
Instrument, IEEE Transactions Geosciences and Remote Sensing, Vol. 30, No. 5, pp.
933-940, 1992.

[11] Madsen, S.N., Zebker, H.A., and Martin, J., Topographic Mapping Using Radar Inter-
ferometry: Processing Techniques, IEEE Trans. Geoscience and Remote Sensing, Vol.
31, No. 1, pp. 246-256, 1993.

[12] Madsen, S.N., and Zebker, H.A., Automated Absolute Phase Retrieval in Across-track
Interferometry, IGARSS ’92: Proceedings of the 1992 International Geosciences and
Remote Sensing Symposium, Houston, Texas, USA, Vol. 2, pp. 1582-1584.

[13] Y.J. Kim, Personal communication.

[14] Lin, Y.C., and Sarabandi, K., A., “ Monte Carlo Coherent Scattering Model for For-
est Canopies Using Fractal Generated Trees, “ IEEE Trans. Geoscience and Remote
Sensing, Vol. 37, No. 1, pp. 440-451, 1998.

[15] Sarabandi, K., and Lin, Y.C., Simulation of Interferometric SAR Response for Charac-
terizing the Scattering Phase Center Statistics of Forest Canopies, submitted to IEEE
Transactions Geosciences and Remote Sensing, (March 1997).

[16] Kim, Y., et al., NASA/JPL Airborne Three-Frequency Polarimetric/Interferometric
SAR System, 1996 Intl. Geosci. and Remote Sensing Symp., pp. 1612-1614, 1996.

[17]Treuhaft, R. N. ; S. N. Madsen, M. Moghaddam, and J. J. van Zyl, Inteferometric
Remote Sensing of Vegetation and Surface Topography, Radio Science, vol. 31, pp.
1449-1485. ‘

[18] Sarabandi,K., Ak-Radar equivalent of Interferometric SARs: A Theoretical Study for
determination of vegetation height, IEEFE Trans. Geosci. Remote Sensing, vol. 35, no.
5, Sept. 1997.

11



Table 1: TOPSAR interferometric parameters

[ Parameter ] TOPSAR valua
Baseline length(B) 2.58meter
Baseline angle() 62.77degree
Radar platform height(H) around 7470meter
Wavelength of carrier frequency()) 5.67cm

Table 2: Description of test site and DEM data from the TOPSAR and USGS.

Michigan Forests Test
Site(MFTS)

Located in the eastern part of Michigan’s Upper Peninsula. The
region is approximately 20 Km square. According to U.S.Geological
Survey, the elevation difference in the whole area of MFTS is less
than 60 m, which means MFTS is relatively flat area.

TOPSAR DEM

Both ground range and azimuth pixel spacing are 10 m. The fol-
lowing data are used.

CCTID:TS0149(Acquired 26-April-1995)
CCTID:TS0171(Acquired 26-April-1995)

Some regions are covered by both of these two data, but are illu-
minated at different incidence angles.

USGS DEM

Original pixel spacing is 100 m in both North-South direction and
Fast-West direction. It is interpolated into 10 m spacing. Elevation
is based on NAD27 ellipsoid.
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Table 3: Assessment of roll angle error compensation using GCPs. The compensation im-
proves the agreement between the differential GPS measured data and TOPSAR DEM. Both
the mean and standard deviation of height difference are improved.

(b) TOPSAR DEM(CCTID

(a) TOPSAR DEM(CCTID:TS0171, referenced DEM: USGS DEM)

GCP hropsar — haps hropsar — haps
No. Before compensation | After compensation
1 -54.3 -2.0
2 -43.7 2.2
3 -50.1 -2.7
4 -47.7 -1.8
5 -43.9 0.3
6 -58.7 -3.2
7 -44.8 1.7
8 -68.6 -6.3
Mean -51.5 -1.5
Standard deviation 8.72 2.82

:TS0149, referenced DEM: corrected TS0171

GCP hropsar — haps hropsar — haps
No. Before compensation | After compensation
1 -46.7 -1.4
2 -44.5 -0.5
3 -44.9 -1.7
4 -48.0 -0.6
5 -44.0 -2.0
6 -36.4 -1.3
7 -41.9 -1.8
8 -44.0 -2.4
Mean -43.8 -1.5
Standard deviation 3.5 0.64
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Table 4: Results of extracted tree height from TOPSAR DEM. Height extracted by method
(2) fits in the trend that the height of scattering phase center will increase as the incidence
angle increases and it always appear below the canopy top, whereas height extracted by

method (1) doesn’t always fit this trend.

a) Extracted by using DGPS data. (Method (1))

Stand phase center height | phase center height | Modeled | Actual tree

No. (CCTID:TS0149) | (CCTID:TS0171) | Tree ht height
[meters] [meters] [meters] | [meters]

9 3.8 70 90,114 87

(incidence angle) (40°) (53°)

68 8.0 3.5 14.2, 8.0 13.8

(incidence angle) (49°) (59°)

(b) Extracted by using elevation difference between
the forest stand and the nearby flat area. (Method (2))

Stand phase center height | phase center height | Modeled | Actual tree

No. (CCTID:TS0149) | (CCTID:TS0171) | Tree ht height
[meters] [meters] [meters] [meters]

22 3.0 6.0 7.0, 9.7 8.7

(incidence angle) (40°) (53°)

68 7.7 9.0 13.6, 13.1 13.8

(incidence angle) (49°) (59°)

Remark:

1) Source of actual tree height and species are from [2].
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Figure 1: Geometry of single-pass interferometric SAR(INSAR)
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the two test forest stands (22 and 68). The DEM image is shown in grey-scale such that low

to high elevation is shown varying from black to white.
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1. Purpose

This report presents the GPS measurement of ground level at SIR-C/X-SAR

and TOPSAR forest test stands. In order to extract the trees' height
information from images of SIR-C/X-SAR and TOPSAR, the ground level
of each stands should be measured in high accuracy. To fulfill this purpose,
differential GPS measurement has been done in May 18 - 24,1997.

At the same time, in order to create the Interferometric SAR(=IFSAR)
images, the location of Ground Control Points(=GCPs) is needed in high
accuracy for registeration of two images. To fulfill this purpose, differential
GPS measurement has been done.

2. Methodology
2-1. Differential GPS

24 GPS satellites orbit the earth twice per day. GPS receivers on the ground
calculate their positions by making distance measurement to four or more
satellites.

If two GPS receivers are located within several miles and one of the their
locations is the point whose coordinates are already known in high accuracy,
differential GPS is applied for higher accurate measurement.

Figure 1 shows the concept of differential GPS. The GPS receiver
A(known point) transmits the information of calculated location to GPS
receiver B(unknown point) through radio link. This enables the GPS receiver
B to calculate its own location in high accuracy. To calculate the location in
high accuracy, the following things are required.

(a) The location of known point(GPS receiver A) should be known in
high accuracy in advance.
(b) GPS receiver B analyzes the time it takes for radio signal to travel
from GPS receiver A to GPS receiver B. So the farther the distance
is, the more chances of multipath will occur. To avoid the multipath,
the distance between the two GPS receivers should be within several
miles.
To satisfy the condition (a), NGS data sheets of Benchmark are used in this
measurement.(See Appendix E)
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2-2. Application to Forest Environments

To apply differential GPS to forest environments, 10-meter pole is used.

If the GPS antenna is installed at the top of the pole, GPS signal will te
received even in the high forests. Figure 2 shows the installation.

. open space

>/ /‘ Vﬁfj\] ‘

/

/

T

//"NN

Figure 2 10-meter pole and GPS antenna



3. Equipment
Table 1 shows the equipment which were used in the measurement and its
accuracy.

Table 1 Equipment used in the measurement

GPS Receiver "Site Surveyor SSi 4000" [Trimble Navigation Co.]
Horizontal +_(lcm +2ppm)

accuracy +_(0.03ft.+2ppm*baseline length)

Vertical +_(2cm +2ppm)

accuracy +_(0.07ft.+2ppm*baseline length)

If the radio link is established, the calculation of location is done in
realtime. This measurement is called "Realtime Kinematic(=RTK) mode".

In case that the radio link is unable to be established, postprocessing is
possible by running the software at the personal computer. This measurement
is called "Postprocess infill(=PP infill) mode".

4. Results
Table 2 shows the results of the measurement. The detail results are shown
in the appendices.

Table 2 The results of the measurement

Number of measured stands 23
Number of points in measured stands 408
Number of locations of Ground Control Points(=GCPs) 29




Appendix A: Daily Log
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Table A-1 shows the daily record. The measurement was done by two
rovers(groups). The detail data record is shown afterwards.

All the data are expressed on WGS coordinate.

Including the cover sheet, appendix A is totally 20 pages.
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Table A-1 GPS measurement daily record (1 of 2)
Day Rover 1 Rover 2
May 18 [Leland,Dennis, Tacyeoul, Y utaka)
(Sun) GCP in Rudyard area
1000-1016(PP infill)
valid points: 5
invalid points: 2
May 19 [Leland,Y utaka) [Dennis,Taeyeoul]
(Mon) Stand 67 Stand 22
1001-1040(PP infill) 2002-2007(RTK)
valid points: 40 valid points: 5§
invalid points: 0 invalid points: 1
May 20 | [Leland,Dennis] [Taeyeoul, Yutaka]
(Tue) GCP in Raco area GCP in Mc Nearney Lake area
R14,R15,R16,R17,R8 R22
1000-1005(RTK) 1000-1005(PP infill)
valid points: 6 valid points: 6
invalid points: 0 invalid points: 0
Stand 59 Stand 58
1006-1045(RTK) 1009-1029(RTK)
valid points: 40 valid points: 21
invalid points: 0 invalid points: 0
Stand 56
1047-1085(RTK)
valid points: 39
invalid points: 0
May 21 | [Leland,Dennis,Yi-Cheng] [Kamal, Taeyeoul, Yutaka]
(Wed) GCP in Raco area Stand 61
R9??? 2000-2012(RTK)
1000(RTK) valid points: 13

valid points: 1
invalid points: 0
Stand 54
1001-1043(RTK)
valid points: 43
invalid points: 0
Stand 38
1044-1085(RTK)
valid points: 42
invalid points: 0

Stand 80
1086-1101(RTK)
valid points: 16

invalid points: 0

invalid points: 0
Stand 68
2014-2032(RTK)
valid points: 19
invalid points: 0

RTK: Data are acquired by realtime kinematic mode.

PP infill: Data are acquired by postprocess infill mode
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able A-1 GPS measurement daily record (2 of 2)
ay Rover 1 Rover 2
[ay 22 | [Dennis,Yi-Cheng] [Kamal, Taeyeoul, Yutaka)
"hu) GCP in Raco area Stand 71
R8 2001-2012(RTK)
1000,1001(RTK) valid points: 12
valid points: 2 invalid points: 0
invalid points: 0 Stand 72
Stand 66 2013-2024(RTK)
1002-1029(RTK) valid points: 12
valid points: 28 invalid points: 0
invalid points: 0 Stand 40
Stand 55 2025-2039(RTK)
1030-1046(RTK) valid points: 15
valid points: 17 invalid points: 0
invalid points: 0 GCP in Raco area
Stand 69 R18,R19,R20
1047-1053(PP infill) 2040-2064(PP infill)
valid points: 3 valid points: 25
invalid points: 4 invalid points: 15
ay 23 [Dennis, Yi-Cheng] [Kamal,Taeyeoul, Yutaka]
'ri) Stand 45 Stand 31
1000-1016(PP infill) 2000-2003(PP infill)
valid points: 17 valid points: 4
invalid points: 0 invalid points: 0
Stand 34 Stand 49
1017-1022(PP infill) 2004-2026(PP infill)
valid points: 4 valid points: 22
invalid points: 2 invalid points: 1
ay 24 | [Dennis,Yi-Cheng] [Kamal,Taeyeoul, Yutaka]
at) Stand 33 Stand 50
1000-1006(RTK) 2000-2007(RTK)
valid points: 7 valid points: 8
invalid points: 0 invalid points: 0
Stand 85 GCP in Mc Nearney Lake area
1007(PP infill) 2008-2018(PP infill)
valid points: 1 valid points: 10
invalid points: 0 invalid points: 1
GCP in RACO area GCP in RACO area
R18,R19,R20,R31 2019-2025(RTK)

1008-1019(PP infill)
valid points: 12
invalid points: 0
GCP in Rudyard area
R33,R34
1020-1027(RTK)

valid points: 6
invalid points: 2

valid points: 7
invalid points: 0

'K:  Data are acquired by realtime kinematic mode.

infill: Data are acquired by postprocess infill mode
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Jun

2 16:55 1997

GCP measurement
May 18 (Sunday) Rudyard area Day #1

rudyard.rep Page 1

The data are WGS coordinate.
Base Station

Pnt #

Latitude

/t

Longitude
3001,46.1872884000,-84.5622481306,204.000,RJ1102 BM "RJ1102"

Height

Code

Rover No.l ====

No RTK mode measurement was done.

PP infill mode

Pnt #
1000, 46.
1001, 46.
1002, 46.
1003, 46.
1004, 46.
1005, 46.
1006, 46.
1007, 46.
1008, 46.
1009, 46.
1010, 46.
1011, 46.
1012, 46.
1013, 46.
1014, 46.
1015, 46.
1016, 46.

Latitude

1870756889, -84

1871502019, -84.
1870113742, -84.
1870087821, -84.
1871423580, -84.
2159930864, -84.
2160548285, -84.

2159567158, -84
2159595341, -84

2160450130, -84.
2451467360,-84.
2451885535, -84.
2450965072, -84.
2450922316, -84.
2451822000, -84.
2319067712, -84.

1725819811, -84

Longitude

EEEETEEE=S=

Height Code
.5716812758,203.
5715828700,202.
5715860187,203.
5717947099, 202.
5717901641, 202.
5716630728,207.
5715898442,206.
.5715958889, 206.
.5717193246,206.
5717210675, 206.
5924850466,211.
5924081648,210.
5924086203, 210.
5925334188,211.
5925362311, 211.
5917093551,65.068,L4-13.4VBM Not Good. Memory is full.
.5719508663,214.580,L5-13.0VBM Not Good. Memory is full.

182,R5-1
900,R5-2
053,R5-3
910,R5-4
922,R5-5
031,R2-1
907,R2-2
842,R2-3
875,R2-4
933,R2-5
120,R4-1
922,R4-2
933,R4-3
020,R4-4
025,R4-5

A-§

GCP
GCP
GCp
GCp
GCP
GCp
GCP
GCp
GCp
GCp
GCp
GCP
GCp
GCp
GCP

"Rs"
"Rsn
“RS"
"Rs "
"Rs“
"RZ"
"R2ll
"RZ"
"Rzll
"R2 "
"R4 "
“R4 "
"R4 "
"R4 "
"R4 "

No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.

N WNDHFEF WU WNDFE OB WM



Jun 2 1

6:47 1997

;CP measurement
tay 19(Mon) Raco area Day #1

lagse Station

'nt 4

Latitude

Longitude

raccla.rep Page .

Height

Code

1002,46.3589376000,-84.8456664300,280.746,RJ0241
'000,46.3563470300,-84.8038236900,274.367,AIR-001

Inmencsccscexesxxxs ROver NO.] =======

=================% /

.TK mode

nt # Latitude Longitude Height Code

000 46.382342331 -84.801919850 276.485 R50 GCP "R50"
P infill mode

nt # Latitude Longitude Height Code
001,46.3901153567,-84.8102929206,278.472,R67-122 Stand 67

002, 46.
003,46.
004, 46.
005, 46.
006,46.
007, 46.
008, 46.
009, 46.
010, 46.
011, 46.
012,46.
013,46.
014, 46.
015, 46.
016,46.
017,46.
018,46.
019, 46.
020, 46.
021,46.
022, 46.
023,46.
024,46.
025,46.
026,46.
027,46.
028,46.
029, 46.
030, 46.
)31, 46.
)32,46.
)33,46.
)34,46.
J35,46.
)36,46.
)37,46.
)38,46.
)39, 46.
)40, 46.

K mode

3903320207, -84.
3905563080, -84.
-84.
-84.
-84.
-84.
.8099755002,280.
-84.
-84.
-84.
-84.
-84.

3907785626,
3910944753,
3913078929,
3915762219,
3917080041,
3914887362,
3912710794,
3909702621,
3905140327,
3902935312,
3900423730,
3898230162,
3897977728,

-84

-84
-84

3905503042, -84

3912179216,-84

3914269833, -84

8102212677,2789.
8101885853,279.
8102541785,279.
8103553184,279.
8104376751,279.
8104398255,279.

8099043301, 279.
8098207622,279.
8097178568, 281.
8098087827,279.
8098721003,279.

.8098969017,279.
.8098215379,278.
-84.
3900217497, -84.
3902453046,-84.

8093393276,278.
8093710389,279.
8093827462,279.

.8093388985,280.
3907776197, -84.
3909922274, -84.

8092989739, 280.
8092192219,279.

.8091899876,279.
3914723283, -84.

8091766301,279.

.8086793304,279.
3912050421, -84.
3909750806, -84.
3906693470, -84.
3903209758, -84.
3900917064, -84.
3898614454, -84.
3900171706, -84.
3901973896, -84.
3904010544, -84.
3905863191, -84.
3908177930, -84.
3910184144, -84.
3911883484,-84.
3914748533,-84.
3895566138, -84.
3895728339, -84.

8087161767,278.
8087802228,279.
8087550522,280.
8087292940,280.
8087105046,279.
8086914054, 280.
8082189129, 280.
8082417540,280.
8082495966,280.
8082545052, 279.
8082667713,278.
8082729834,278.
8082880742,279.
8082972707,279.
8081602981,278.
8102629235,277.

217,R67-132
238,R67-142
241,R67-152
696,R67-162
095,R67-172
219,R67-182
514,R67-282
745,R67-272
936,R67-262
017,R67-252
603,R67-242
640,R67-232
033,R67-222
831,R67-212
973,R67-312
341,R67-322
783,R67-332
496,R67-342
324,R67-352
618,R67-362
160,R67-372
449,R67-382
182,R67-482
690,R67-472
071,R67-462
309,R67-452
636,R67-442
835,R67-432
072,R67~-422
365,R67-512
423,R67-522
007,R67-532
435,R67-542
632,R67-552
514,R67-562
009,R67-572
624,R67-582
969, R67-ROAD-5
436,R67-ROAD-1

A-6

See notebook.



Jun

2 16:47 1997

racola.rep Page

-
<

1041 46.358937606 -84.845666811 280.7668 MORNING-BM just for checking
/* Rover No.2 ==s==ss========s=ssss=======s==s=======%/
RTK mode

Pnt # Latitude Longitude Height Code

2000 46.356347028 -84.803823692 274.367 AIR-001

2001 46.357666139 -84.804970567 274.405 AIR-002

2002 46.355478178 -84.822579681 275.804 S22B00 measurement failed(Taeyeoul)
2003 46.355351597 -84.822109336 276.011 S22-11 Stand 22

2004 46.354171394 -84.821035328 274.415 S22-51

2005 46.353626133 -84.818556731 275.137 S22-58

2006 46.354466206 -84.820438744 275.928 S22-35

2007 46.354800464 -84.819968989 275.841 S22-18

2008 46.357666106 =-84.804970583 274.421 AIR002 just for checking

No PP infill mode

measured by Rover No.2

A-7



Jun

5CP

2 16:54 1997

measurement

racola.rep Page

fay 20 (Tue) Raco area Day #2

'’he data are WGS coordinate.
lase Station

'nt # Latitude
1005,46.3563470306,-84.8038237000,274.367,AIR-001

Tem=m==

.TK mode

'nt # Latitude

000
001
002
003
004
005

006
007
008
009
010
011
012
013
014
015
016
017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
)33
)34
)35
)36
337
)38
)39
)40
)41

46.
46.
46.
46.
46
46.

46.
46.
46
46.
46.
46
46.
46
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46
46.
46.
46.
46
46.
46
46.
46.
46

356880953
356454694
356454703
350713006

.344839564

375190372

367859906
367592900

.367382475

367132597
366978833

.366830272

366711428

.366592236

366569769
366266639
366438761
366399100
366451444
366455650
366452578
366460256
366428572
366591547
366652681
366637300
366679486
366727250
366768269
367554586
367380450
366949694

.366742656

366595133
366392569
366227781

.366012044

365798122

.366019486

366252017
366452269

.366642639

Longitude

Rover No.l

%

-

Height

Code

Longitude

-84.
-84.
-84.
-84.
-84.
-84.

-84.
-84.
-84.
-84.
-84.
-84,
-84.

-84

-84

-84

-84

-84

-84

-84

-84
-84

804882997
824510278
824510278
819791794
814679747
801734792

805234450
805231686
805204844
805103519
804928961
804683567
804417706

.804147569
-84.

803842072

.804098531
-84.
.804613814
-84.
-84.
-84.
-84.

804297275

804949319
805261608
805576981
805899608

.806211783
-84.
-84.
-84.
-84.

806216175
806620786
806959483
807268811

.807577419
-84.
-84.
-84.
-84.
.806250047
-84.
-84.
-84.

807894933
807303108
806302281
806265497

806218267
806179744
806186386

.806109253
-84.
.804992633
.805136383
-84.
-84.

806025161

805258064
805354239

Height

274

275.
276.
275.
276.
275.
275.
275.
275.
275.
275.
275.
275.
275.
275.
276.
275.
276.
276.
276.
276.
276.
276.
276.
273.
275.
276.
275.
276.
276.
276.
276.
276.
275.
275.
275.
275.

.760
271.
271.
275.
275.
276.

009
005
375
618
557

974
150
971
226
749
561
486
362
480
320
381
425
555
679
019
934
098
075
082
326
459
299
352
035
736
068
976
117
069
253
195
012
695
791
652
639

Code
R14
R15
R15-2
R16
R17
R8

GCp
GCp
GCp
GCp
GCP
GCp

at
at
at
at
at
at

RACO
RACO
RACO
RACO
RACO
road

RS9TEST Stand 59

R59-112
R59-122
R59-132
R59-142
R59-152
R59-162
R59-172
R59-182
R59-282
R59-272
R59-262
R59-252
R59-242
R59-232
R59-222
R59-212
R59-362
R59-352
R59-342
R59-332
R59-322
R59-312
R59-512
R59-522
R59-532
R59-533
R59-542
R59-552
R59-562
R59-572
R59-582
R59-382
R59-372
R59-362
R59-352

A-8

airport
airport
airport
airport
airport

runway
runway
runway
runway
runway

intersection
of 336443018



Jun 2 16:54 1997

1042 46.366894772
1043 46.367089233
1044 46.367307589
1045 46.367514544
1046 46.388173150
1047 46.381754772
1048 46.381727869
1049 46.381775167
1050 46.381774139
1051 46.381820583
1052 46.381824156
1053 46.381817558
1054 46.381453267
1055 46.381447494
1056 46.381444344
1057 46.381487336
1058 46.381418861
1059 46.381402597
1060 46.381390578
1061 46.381399756
1062 46.381040956
1063 46.381069522
1064 46.381117000
1065 46.381095117
1066 46.381101233
1067 46.381084858
1068 46.381106006
1069 46.381110975
1070 46.380703642
1071 46.380688039
1072 46.380718872
1073 46.380698569
1074 46.380678775
1075 46.380660481
1076 46.380692603
1077 46.380716006
1078 46.380301953
1079 46.380306083
1081 46.380284794
1082 46.380322958
1083 46.380300125
1084 46.380268908
1085 46.380265614

No PP infill mode

/*

racola.rep Page

-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
~-84.
-84.
-84.

-84

-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
.800336811
-84.

-84

-84
-84
-84

-84
-84

805420578
805370764
805331878
805241700
803176031
801591100
801276542
801019625
800695314
800283914
799756797
799516517

.799394472

799661258
799979831
800279100
800599967
800885431
801252661
801471064
801323078
800996819
800802831

800076058

.799773853
.799424650
.799053322
-84.
.799826900
.800131686
-84.
-84.
-84.
-84.
-84.
-84,
-84.
-84.
-84.
-84.
-84.
-84.

799381139

800529686
800708064
801010111
801297406
801567478
801541378
801314550
800649306
800381447
800170539
799888894
799541300

-
<

275.
275.
275.
276.
278.
276.
275.
275.
275.
277.
277.
2717.
277.
277.
277.
276.
276.
276.
277.
2717.
276.
276.
276.
277.
2717.
277.
2717.

2717

271

277

2717.

271
271

465
960
841
036
957
520
765
205
319
078
343
346
438
330
041
761
757
709
066
307
899
936
956
131
140
180
357

.710
271.
.263
271.
277.
2717.
2717.
271.
277.

522

267
323
558
259
173
321

.242

083

.248
.271
277.
277.
271.

420
099
264

measured by Rover No.1l

RTK mode

Pnt # Latitude
1007 46.356341622
1009 46.373175500
1010 46.373175528
1011 46.373207139
1012 46.373248633
1013 46.373656881

Rover No.2

R59-342
R59-332
R59-322
R59-312
BASE10 Base candidate
R56-112
R56-122
R56-132
R56-142
R56-152
R56-172
R56-182
R56-128
R56-272
R56-262
R56-252
R56-242
R56-232
R56-222
R56-212
R56-312
R56-322
R56-332
R56-342
R56-352
R56-362
R56-372
R56-382
R56-482
R56-472
R56-462
R56-452
R56-42
R56-422
R56-422
R56-412
R56-512
R56-522
R56-542
R56-552
R56-562
R56-572
R56-582

*/

Longitude

-84.
-84.
-84.
.771116314

-84

-84.
.770914731

-84

803834669
770793531
770793528

771399819

Height

274.

304

275.514

275.495

275.252

275.353

275.952

Code
AIR001 Nearl just for checking
S58INIT POINTA Stand 58
S58INIT POINTB

$58-02

S$58-03

$58-21

A-9



in

)14
)15
)16
)17
)18
)19
)20
121
122
123
124
125
126
127
128
129

46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.

130
131
132
133
134
135
136

46.
46.
46.
46.
46.
46.
46.

2 16:54 1997

373723114
373811353
373955225
373891192
374025064
374125456
374254747
374341083
374405289
374537864
374728978
374911622
375153150
375154547
375147022
375143825

375154703
375151878
375287639
375421111
375418719
375284444
375154783

' infill mode
it # Latitude

100, 46.
101, 46.
102, 46.
103, 46.
104, 46.
105, 46.
106,46.

4297625588,
4298219199,
4297385741,
4295992170,
4296658391,
4296928091,
3576660391,

-84.771218011 275.377 S58-22

-84.771512831 275.507 S58-23

-84.771633875 275.389 S58-24

-84.771819656 275.171 S58-24

-84.772070636 274.929 S$58-25

-84.772357878 274.152 S58-26

-84.772626692 273.309 S58-27

-84.770855900 275.193 S58-41

~-84.771090567 275.187 S58-42

-84.771347869 274.912 S58-43

-84.771534067 274.194 S58-44

~84.771728556 273.218 S58-45

-84.771707106 272.882 S58-RS

-84.771377011 273.621 S58-R4

-84.771048308 274.621 S58-R3

-84.770715694 274.917 S58-R2

-84.770503836 274.736 S58-CORNER1 GCP "R42" cornerl
-84.770375394 274.802 S58-CORNER2 GCP "R42" corner2
-84.770373375 274.897 S58-CORNER3 GCP "R42" corner3
-84.770367964 275.173 S58-CORNER4 GCP "R42" cornerd
-84.770498033 275.033 S58-CORNERS GCP "R42" corner5
-84.770503714 274.807 S58-CORNER6 GCP "R42" corner6
-84.770503872 274.743 S58-CORNER7 GCP "R42" corner?
Longitude Height Code

-84.9061364517,266.469,BM NEAR ST45 ----> GCP "R22" Corner_l
-84.9061780181,266.578,BM NEAR ST45 ---->BM N 2
-84.9059882138,266.574,ROAD CORN ST45 --> GCP "R22" Corner_2
-84.9059718765,266.597,ROAD CORN ST45 --> GCP "R22" Corner_3
-84.9061221572,266.561,ROAD CORN ST45 --> GCP "R22" Corner_4
~-84.9060537808,266.666,ROAD CORN ST45 --> GCP "R22" Center
-84.8049707158,274.417,A1IR002 just for checking

A-10



Jun

2 19:09 1997

GCP measurement
May 21 (Wed) Raco area Day #3

raco3a.rep Page 1

The data are WGS coordinate.
Base Station

Pnt # Latitude
3006 46.356347028

/==

RTK mode
Pnt # Latitude

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043

46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46
46
46.
46
46.
46
46.
46.
46
46.
46
46
46
46
46
46
46
46
46
46
46
46
46
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.

=== Rover No.l

365141342
385504494
385503156
385483736
385526697
385560511
385534781
385575900
385581953
385997086

.386000525
.385976581

385971439

.385934336

385912131

.385869464

385879886
385150022

.385150239

385162486

.385143875
.385132667
.385140600
.385147783
.385159828
.386210422
.386239714
.386231797
.386296067
.386335042
.386369461
.386380383
.386368272

386697239
386705694
386682714
386645822
386656178
386621808
386511114
386552322
386618967
384820889
384820964

Longitude

-84.

803823703

Height

274.

367

Code
AIR001

Longitude

-84
-84

-84
-84
-84
-84
-84
-84
-84
-84

-84.
-84.
.801166189
-84.
-84.
-84,
-84.
-84.
-84.
-84.
.799744192
.799412533
-84.
-84.
-84.
-84.
-84.
.799964786
.799609989
.799263061
.799445269
.799765408
-84.
-84.
-84.
-84.
-84,
-84.
.801911567
-84.
-84,

-84

-84
-84

-84
-84
-84
-84
-84

-84

.760581550
.801439514
-84.
-84.
-84.
.800309789
.799935033
.799604081
.799320497
.799440678
.799716156
.799984422
.800298667

801135367
800846850
800592911

800598531
800856125

801516889
801507142
801249689
800947769
800654514
800303267
800032214

801457542
801160500
800875278
800557400
800209319

800045892
800314056
800673644
800960789
801369583
801523122

801858075
801858122

Height

263

278.
.403
.283
.335
278.
.596
271.

278
278
278

278

271
271

278
278
278
278
278
278
278

278
278
278
278

278
278

278
278

277
278

278
277
271

277
271
2711
278

.327

623

485

816

.758
.891
278.
278.
.591
.632
.358
.731
.453
.407
.519
278.
278.
.728
.225
.376
.603
278.

197
171

182
486

818

.529
.539
278.

803

.276
.784
278.
.890
.516
278.
.264
.676
277
278.

452

469

008

.762
.776
.683
.342
277.

836

E=mssmssss=asx=eX /

Code
R8
R54-512 Stand 54
R54-522
R54-532
R54-542
R54-552
R54-562
R54-572
R54-582
R54-482
R54-472
R54-462
R54-452
R54~-442
R54-432
R54-422
R54-412
R54-512
R54-522
R54-532
R54-542
R54-552
R54-562
R54-572
R54-582
R54-212
R54-222
R54-232
R54-242
R54-252
R54-262
R54-272
R54-282
R54-182
R54-172
R54-162
R54-152
R54-142
R54-132
R54-122
R54-112
R54-BL0
R54-BL1
R54-BL1

A-11



un

044
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060
061
062
063
064
065
066
067
068
069
070
071
072
073
074
075
076
077
078
079
080
)81
)82
)83
Jg4
)85

)86
287
)88
)89
)90
)91
)92
)93
294
)95
296
297
)98

2 19:09 1997

46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46
46
46.
46.
46
46.
46.
46.
46
46.
46.
46
46
46.
46
46
46

46.
46
46
46.
46
46.
46.
46.
46
46.
46
46.
46.

389788078
390036983
390183119
390329922
390522706
390733875
391069258
391287794
391128256
391361900
390920581
390713097
390516894
390290008
390077350
389861364
389812314
390006033
390254894
390464608
390685453
390851478
391086333
391277142
391362403

.391135822
.390932669

390706269
390521025

.390293514

390076908
389862158
389802475

.390001525

390213992
390409206

.390643928
.390850350

391071264

.391262450
.389658639
.389653581

340864353

.340898856
.340901892

340962608

.340600489

340570142
340560278
340523606

.340255472

340279442

.340322158

340348314
339919667

raco3a.rep Page 2

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

-84,

-84

-84
-84

.796109789
.796109189
.795913369
.795816925
.795733733
.795668756
.795546231
.795465983
.794847697
.794786933
.794960822
.795088717
.795221828
.795272328
.795438981
.795520647
.795140675
.795022558
.794928458
.794827725
.794720667
.794634239
.794524806
.794463422
.793874522
.793959447
.794045286
.794187758
.794271525
.794358097
.794472142
.794580181
.794059039
.793913897
.793801447
.793743683
.793591692
.793438794
.793350325
.793248003
.793659053
.796257856

905768011

.906358378
-84.
-84.
-84.
-84,

906962819
907612953
907754861
907307519

.906891783
.906372950
-84.
-84.
-84.
-84.
-84.

906200339
906699783
907171717
907703256
907718475

278.
279.
279.
.758
.202
271
.347
.334
.404
.260

278
278
278
277
2717
2717
277

277.
.870
277.
278.
.482
.850
278.
.066

2717

278
277

278

2717.
277.

271
277

271

277
2717

276

271
277

2717
276
2717
271
277
2717

278.
2717.
2717.

271

279
279
279

278
279

896
268
074

553
924
026
035

885
689

.516
.585
271.

147

.210
2717.

170

271
.370
277.

540

.900
271.
277.
.718
.326
2717.

087
417

609

.363
.543
.570
.390
.333
.565
276.
279.

843
639

491
688
804

.756
278.
278.
278.

331
925
904

.138
.267
.324
279.

122

.778
.028

R38-112 Stand 38

R38-122
R38-132
R38-142
R38-152
R38-162
R38-172
R38-182
R38-272
R38-282
R38-262
R38-252
R38-242
R38-232
R38-222
R38-212
R38-312
R38-322
R38-332
R38-342
R38-352
R38-362
R38-372
R38-382
R38-482
R38-472
R38-462
R38-452
R38-442
R38-432
R38-422
R38-412
R38-512
R38-522
R38-532
R38-542
R38-552
R38-562
R38-572
R38-582
R38-bl10
R38-bl1l

R80-11
R80-12
R80-13
R80-14
R80-24
R80-23
R80-22
R80-21
R80-31
R80-32
R80-33
R80-34
R80-44

A-12

Stand 80



Jun

2 19:09 1997

raco3a.rep Page 3

1099 46.339957861 -84.907255611 279.110 R80-43
1100 46.340021633 -84.906807128 279.471 R80-42
1101 46.340051022 -84.906184628 279.336 RB0-41
No PP infill mode measured by Rover No.l

/* = Rover No.2

RTK mode

Pnt # Latitude Longitude Height  Code
2000 46.367813819 -84.812976461 276.940 S61-R1 Stand 61
2001 46.367538775 -84.813256864 277.033 S61-T11
2003 46.366957700 -84.813403606 277.028 S61-T13
2004 46.366959606 -84.813406689 277.034 S61-T13
2005 46.366164253 -84.813711631 277.565 S61-T15
2006 46.366169942 -84.814388119 277.213 S61-T15
2007 46.367847589 -84.813896900 277.483 S61-R2
2008 46.367845217 -84.814411350 277.629 S61-R3
2009 46.367859342 -84.814802392 277.833 S61-R4
2010 46.367850494 -84.815340022 278.125 S61-R5S
2011 46.367411161 -84.815059242 277.611 S61-T42
2012 46.367157322 -84.815114481 277.333 S61-T52
2014 46.367783572 -84.786611078 273.305 S68-R1  Stand 68
2015 46.367791731 -84.786089939 273.340 S68-R2
2016 46.367798503 -84.785581544 273.161 S68-R3
2017 46.367803117 -84.785068611 273.929 S68-R4
2018 46.367798425 -84.784539567 273.677 S68-R5
2019 46.368418719 -84.784632419 274.303 S68-T51
2020 46.368414850 -84.784629156 273.282 S68-T51
2021 46.369071008 -84.784691983 273.143 S68-T52
2022 46.369512683 -84.784717133 274.117 S68-T53
2023 46.369277558 -84.784869981 272.761 S68-T54
2025 46.369436500 -84.786126814 273.654 S68-T45
2026 46.369444392 -84.786620183 273.580 S68-T35
2027 46.369376408 -84.787182458 274.931 S68-T25
2028 46.368768047 -84.787050372 275.052 S68-T32
2029 46.368676894 -84.786991508 272.730 S68-T31
2030 46.368651675 -84.786410053 273.519 S68-T21
2031 46.368747019 -84.785859956 272.979 S68-T22
2032 46.368739253 -84.785120672 273.047 S68-T23
2033 46.356350897 -84.803821389 274.302

No PP infill mode measured by Rover No.2

AIR-001 just for checking

A-13



-

un 2 16:54 1997 raco4a.rep Page 1

CP measurement
ay 22 (Thursday) Raco area Day #4

he data are WGS coordinate.

ase Station

nt # Latitude Longitude Height Code
002,46.3881731700,-84.8031762400,278.946, BASE10A

LRt 7 == Rover No.l == =============¥%
TK mode
nt # Latitude Longitude Height Code

000 46.388173172 -84.803176236 278.946 RS

001 46.388166236 -84.803181056 278.938 RB-CHECK

002 46.382977881 -84.807120883 273.131 R66-11 Stand 66
003 46.382977933 -84.807120892 273.635 R66-112
004 46.383351053 -84.807208094 274.095 R66-12
005 46.383802664 -84.807285931 273.528 R66-13
006 46.384324011 -84.807254783 273.886 R66-14
007 46.384126281 -84.807694833 273.190 R66-24
008 46.383911286 -84.807682567 272.555 R66-23
009 46.383667886 -84.807757156 272.101 R66-22.
010 46.383421642 -84.807834303 272.387 R66-22.3
011 46.383188706 -84.807929464 272.695 R66-25
012 46.382978575 -84.807938097 273.046 R66-26
013 46.382792661 -84.807895261 272.503 R66-27
014 46.382948294 -84.808358242 272.113 R66-41
015 46.383137072 -84.808178281 272.584 R66-42
016 46.383347686 -84.808017217 272.193 R66-43
017 46.383554844 -84.807833181 272.358 R66-44
018 46.383751947 -84.807661597 272.549 R66-45
019 46.383922425 -84.807499028 273.542 R66-46
020 46.384081192 -84.807387072 274.037 R66-47
021 46.384262981 -84.807244036 273.978 R66-48
022 46.384116369 -84.806909236 274.901 R66-38
023 46.383932647 -84.807043806 274.192 R66-37
024 46.383778628 -84.807175783 273.538 R66-36
025 46.383595239 -84.807294456 273.327 R66-35
026 46.383386392 -84.807483767 273.329 R66-34
027 46.383195089 -84.807615903 273.154 R66-33
028 46.383026636 -84.807744708 272.986 R66-32
029 46.382845403 -84.807836383 272.552 R66-31

(Ve

030 46.398455031 -84.795589928 281.691 R55-11 Stand 55
031 46.398676514 -84.795176511 281.377 R55-12
032 46.398904494 -84.794775864 281.526 R55-13
033 46.399215561 -84.794534700 280.996 R55-14
034 46.399607292 -84.794845378 280.100 R55-24
035 46.399377392 -84.795316981 280.923 R55-23
036 46.399239753 -84.795645567 281.301 R55-22
037 46.399109081 -84.796099161 281.420 R55-21
038 46.399294797 -84.796416011 281.740 R55-31
039 46.399468872 -84.796112136 281.217 R55-32
040 46.399741500 -84.795581458 281.090 R55-33
041 46.399909403 -84.795213953 279.879 R55-34
042 46.400113900 -84.795537344 280.331 R55-44

A-14



Jun

1043 46.
1044 46.
1045 46.
1046 46.

2 16:54 1997

399919100
399730617
399546383
399702561

PP infill mode

Pnt #
1047, 46.
1048, 46.
1049, 46.
1050, 46.
1051, 46.
1052, 46.
1053, 46.

/*

Latitude

4048937315,
4049365707,
4047676075,
4055185944,
4049030472,
4054099000,
4057799194,

RTK mode

Pnt # Latitude

2000
2001
2002
2003
2004
2005
2007
2008
2009
2010
2011
2012

46.
46
46.
46
46
46
46
46
46
46.
46.
46

2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024

46
46
46
46
46.
46.
46
46
46
46.
46.
46.

2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035

46.
46.
46
46
46.
46
46
46.
46.
46
46.

356348533

.390223167

390194797

.390215258
.390183361
.390283386
.390746569
.390911217
.390762506

391341567
391439022

.391597147

.389923261
.389964342
.389974114
.390406753

390316242
390694903

.391101447
.391200369
.391426872

391803644
392210481
392194483

391111836
390988736

.391564658
.391555519

391556806

.391549497
.391648186

391752728
391781081

.391238889

390324272

raco4a.rep Page 2

-84
-84
-84
-84

-84
-84
-84
-84
-84
-84
-84

Rover No.2

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

.795876806
.796282606
.796595486
.796989983

Longitude

.7386432491,
.7383223638,
.7379993578,
.7382674861,
.7384378667,
.7384945694,
.7381197528,

281.
281.
281.
281.

364 R55-43
571 RS55-42
639 R55-41
992 R55-51

Height Code

271
271

178
2217
341
249

.272,R69-11
.287,R69-12
271.

927,R69-13

.112,R69-14
.756,R69-15
.713,R69-17
.478,R69-18

Stand 69

Not Good.
Not Good.
Not Good.
Not Good.

Memory
Memory
Memory
Memory

was
was
was
was

Longitude
-84,
.765548475
.765147622
.764702297
.763911497
.763241019
.763620067
.765158344
.766047581
.766071275
.765572256
.763916400

803822056

.762884100
.762104206
.761145825
.761218017
.762203517
.762436144
.762864014
.761974664
.760631175
.760716350
.760845792
.761957697

.755114625
.754577050
.754977950
.754448842
.753937856
.753373394
.752932339
.752380517
.751774747
.751523853
.751265589

Height Code

274
274

272
272
273

272
274

272
272

273.
273.
.680 S72-T51
275.
.749 §72-T22
274.

272

274

272
272

271
272

274
274
272

273
274

274
274

827 §71-T21

409 S71-T52

.135 S§71-T22
275.
.738 S71-T13
.299 S71-T23
.245 S71-T53

468 S71-T12

479 S72-T11
053 s72-T31

077 §72-T52

913 S72-T23

.734 S72-T24
.160 S72-T34
273.
.040 S72-T45
.423 S72-T46
272.

924 S72-T44

435 S72-T26

.096 540-T11
.374 540-T21
.450 S40-T23
272.
272.
272.

871 S40-T33
918 S540-T43
982 S40-T53

.744 S40-T63
.171 S40-T73
274.
.721 540-T82
.390 S40-T81

685 S40-T83

A-15

Stand 71

Stand 72

Stand 40

.356 AIR001 just for checking
.429 S71-T11
272.
.162 s71-T31
.069 S71-T41
.058 S71-T51
272.

*/

full
full
full
full



un 2 16:54 1997

036 46.390388747
037 46.390575847
038 46.390791981

raco4a.rep Page 3

-84.751728369
-84.752711903
-84.753706117

273.930 S40-T71
273.748 S40-T61
274.284 S40-TS51
274.471 S40-T41

039 46.

390976528

P infill mode

nt #
040,46.
041, 46.
042, 46.
043, 46.
044, 46
045, 46.
046, 46.
047, 46.
048, 46.
049, 46.
050,46
051, 46
052, 46
053,46
054, 46
055,46
056,46
057, 46.
058, 46
059, 46.
060,46
061, 46.
062,46
063,46
064,46

Latitude

4042942552, -84
4044018162,-84
4043883303, -84
4042878505, -84

.4041332027,-84

4040676061, -84
4040730130,-84
4041331362,-84
4040949452, -84
4043478102, -84

.3696386596, -84
.3692960958, -84
.3692526867, -84
.3692066236, -84
.3753719534,-84
.3750873072, -84
.3751883760,-84

3751714324,-84

.3750818698, -84

3896185989, -84

.3898563539, -84

3898819871, -84

.3897391906, -84
.3896612350, -84
.3897006541, -84

-84.754567169

Longitude
.7392223628,272.
.7392304077,272.
.7391176508,272.
.7391207019,272.
.7391172883,272.
.7391176308,272.
.7392110507,272.
.7392097999,272
.7391640552,272
.7391624788,272
.7392186814,202.
.7388804146,199.
.7388282896,154.
.7391163874,174
.7389104231,204
.7388523601,196.
.7387607832,197
.7390817597,268.
.7387220582,212.
.7391013943,263
.7392369441,243.
.7391537674,277.
.7391128107,291
.7391497828,276.
.7390836882,242

Height Code

399,R21A
365,R21B
431,R21C
440,R21D
454,R21E
468,R21F
476,R21G

.479,R21H
.561,R211I
.504,R21J

125,R18A
837,R18B
804,R18C

.292,R18D
.387,R19A

343,R19E

.745,R19B

893,R19C
382,R19D

.278,R20E

927,R20A
634,R20B

.512,R20C

082,R20D

.232,R20D

A-16

GCP
GCP
GCP
GCp
GCP
GCP
GCP
GCp
GCP
GCP
Not
Not
Not
Not
Not
Not
Not
Not
Not
Not
Not
Not
Not
Not
Not

HR21“
"Rzlﬂ
"RZI“
"Rzlﬂ
"Rzl"
"R21l|
"Rzlll
"R21|l
"RZlﬂ
I!RZlOI
Good.
Good.
Good.
Good.
Good.
Good.
Good.
Good.
Good.
Good.
Good.
Good.
Good.
Good.
Good.

No.
No.
No.10
Memory
Memory
Memory
Memory
Memory
Memory
Memory
Memory
Memory
Memory
Memory
Memory
Memory
Memory
Memory

z
o
WO JaWUmbs W -

was
was
was
was
was
was
was
was
was
was
was
was
was
was
was

full
full
full
full
full
full
full
full
full
full
full
full
full
full
full



Jun

2 16:55 1997

GCP measurement
May 23(Friday) Raco area Day #5

racoSa.rep Page 1

The data are WGS coordinate.
Base Station

Pnt # North

East

Height

Code

3001,46.3563470300,-84.8038237000,274.367,AIR001

/t

- Rover No.l

No RTK mode measurement was done by Rover No.2

PP infill mode
Pnt # Latitude

1000, 46.
1001, 46.
1002, 46.
1003, 46.
1004, 46.
1005, 46.
1006, 46.
1007, 46.
1008, 46.
1009, 46.

1010, 46

1011, 46.
1012, 46.
1013, 46.
1014, 46.
1015, 46.

1016, 46

1017, 46.
1018, 46.
1019, 46.
1020, 46.

1021, 46

1022, 46.

4365839577, -84.
4366218777, -84.
4374355212, -84.
4372892501, -84.
4372894440,-84.
4369403120, -84.
4365483460, -84.
4365480911, -84.
4365978184, -84.
4366627572, -84.
.4362817201, -84.
4360954328, -84.
4362133052, -84.
4362134354, -84.
4362293337, -84.
4360253642,-84.
.4358002985, -84.

4297585419, -84.
4297583075, -84.
4283677891, -84.
4300459221, -84.
.4295527084,-84.
4291308060, -84.

/*

Longitude
9187931110, 255.
9184608646,255.
9176143379, 255.
9174154600,254.
9174157271, 255.
9171518857,255.
9170620612,255.

Rover No.2

9175889154, 255
9180329024, 255

9184352662,255

9175049825,255
9169745528,255
9170291355,255
9173617144,256

9076556245,276.

9076557435,268

9102622806,242

Height Code

337,R45-11
601,R45-12
150,R45-13
983,R45-23
543,R45-23
732,R45-33
869,R45-32

.826,R45-33
.833,R45-34
9183520006, 255.

699,R45-35

.268,R45-41
9180471209,255.
9175049734,255.

561,R45-42
493,R45-43

.487,R45-43
.944,R45-44
.799,R45-54
.713,R45-53

400,S34-11

.706,534-11
9085358781,270.
9096448955, 269.
9100049274,197.

109,534-18
077,534-3
634,534-54

.284,S34-54

Stand 45

Stand 34

Not Good.
Not Good.

==t/

Memory was full
Memory was full

No RTK mode measurement was done by Rover No.2

PP infill mode
Pnt # Latitude

2000, 46.
2001, 46.
2002, 46.
2003, 46.

2004, 46.
2005, 46.
2006, 46.
2007, 46.
2008, 46.
2009, 46.

4309067575, -84.
4303569257,-84.
4305381461,-84.
4303660329, -84.
4302623675, -84.

4300308731, -84

Longitude
4339206424, -84.
4339082715, -84.
4327372279, -84.
4324554032, -84.

9050283954,256
9060329670,257
9012592083,257

9017260754, 259
9011065354,259

9010633171, 258.
9005200489, 205.
9009847520,259.

Height Code
9060179304, 256.
.342,5831-T1
9046723278, 256.
.515,831-R5

163,S31-R1

645,531-T2

A-17

Stand 31

*/

.559,S49-BASE1 Stand 49
.287,549-BASE2
.541,549-T11
197,549-T12
246,549-T13
731,549-T23



un

010, 46.
011, 46.
012, 46.
013, 46.
014, 46.

015,46

016, 46.
017, 46.
018, 46.
019, 46.
020, 46.
021, 46.
022, 46.
023,46.
024,46.

025,46

026, 46.

2 16:55 1997

4298352713, -84.
4297100957, -84.
4296476971, -84.
4295384146, -84.
4296505475, -84.
.4297327994,-84.
4297933404, -84.
4299891044, -84.
4300136680,-84.
4300791292, -84.
4301459191, -84.
4302067742, -84.
4300712672, -84.
4297600451, -84.
4296037331, -84.
.4296432952,-84.
4295179658, -84.

raccbSa.rep Page 2

9011805030,261
9012287543,263

9014200266,263

9020575414,261

.339,549-T24
9011904800,262.
.229,549-T35
9013181699,263.
.711,849-T46
9013710273,262.
9014471757,262.
9016304519,261.
9017078434,261.
8017117465,260.
9017549974,260.
9017837576,260.
.314,549-T3ROAD
9022895670,263.
9022320765,263.
9019489311,263.
9017728642,263.

448,549-T25
618,549-T45

966,S49-T35
133,549-T36
663,549-T34
811,549-T33
945,549-T32
450,549-T331
139,549-T31

478,549-T41
931,549-T42
854,549-T43
967,549-T44
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Jun 2 16:55 1997 raco6a.rep Page 1
GCP measurement
May 24 (Saturday) Raco area Day #6

The data are WGS coordinate.
Base Station

Pnt # Latitude Longitude Height Code

3001 46.429762561 -84.906136458 266.469 R22-AT-CORNER located at Mc Nearney Lake
5001 46.358937600 -84.845666433 280.746 RJ0241 located at Raco

6001 46.187288400 -84.562248133 204.000 RJ1102 located at Rudyard

[ === Rover No.l */

RTK mode

Pnt # Latitude Longitude Height Code

1000 46.431094403 -84.910565575 268.339 R33-11 Stand 33
1001 46.431391442 -84.911817011 269.639 R33-31
1002 46.431715600 -84.912801706 269.574 R33-51
1003 46.431896214 -84.912336172 269.344 R33-53
1004 46.432338517 -84.912333939 269.554 R33-58
1005 46.431849892 -84.911089378 268.382 R33-34
1006 46.431998686 -84.910379150 267.223 R33-18

1020 46.230411150 84.571541517 210.555 IT33-1 GCP "R33" No.l (Rudyard area)

1021 46.230394158 84.571827400 210.142 IT33-2 Not Good. (by Yi-Cheng)

1022 46.230559117 84.571815422 210.235 IT33-3 Not Good. (by Yi-Cheng)

1023 46.230559069 84.571815319 210.620 IT33-32 GCP "R33" No.2 (Rudyard area)
1024 46.230559042 84.571612122 210.558 IT33-42 GCP "R33" No.3 (Rudyard area)
1025 46.230471825 84.550923908 209.141 IT34-1 GCP "R34" No.l (Rudyard area)

1026 46.230474958 84.550780092 209.158 IT34-2 GCP "R34" No.2 (Rudyard area)

1027 46.230584964 84.550770667 209.170 IT34-3 GCP "R34" No.3 (Rudyard area)

PP infill mode

Pnt # Latitude Longitude Height Code
1007,46.3942790996,-84.9706821837,278.604,R85-1 Stand 85
1008,46.3694893633,-84.7388115976,259.044,1T-1 GCP "R18" No.
1009,46.3694390760,-84.7390001988,259.091,1T-2 GCP "R18" No.
1010,46.3693180115,-84.7388104672,258.946,IT-3 GCP "R18" No.
1011,46.3732296627,-84.7390470582,259.416,IT19-1 GCP "R19" No.
1012,46.3733355559,-84.7390545540,259.473,IT19-2 GCP "R19" No.
1013,46.3733039973,-84.7389944168,259.513,IT19-3 GCP "R19" No.
1014,46.3896860152,-84.7390268249,266.384,1T20-1 GCP "R20" No.
1015,46.3896005033,-84.7390261682,266.409,IT20-2 GCP "R20"™ No.
1016,46.3895905163,-84.7391350773,266.300,1IT20-3 GCP "R20" No.
1017,46.3751789172,-84.7809876803,275.045,IT31-1 GCP "R31" No.
1018,46.3751902311,-84.7808610433,274.628,IT31-2 GCP "R31"™ No.
1019,46.3752989637,-84.7808818752,274.445,1IT31-3 GCP "R31"™ No.

WNEFE WNDEHE WNEE WN P

/* Rover No.2 */
RTK mode

Pnt # Latitude Longitude Height Code

2000 46.426453714 -84.900390139 268.155 S50-T1 Stand 50

2001 46.426775761 -84.899897294 266.754 S50-T12

2002 46.427709986 -84.898846422 264.892 S50-T13

A-19



'un 2 16:55 1997

003 46.427754147 -84.
004 46.425699444 -84.
005 46.425727914 -84.
006 46.425772539 -84.
007 46.425977581 -84.
019 46.358734100 -84
020 46.375215489 -84.
021 46.356631278 -84
022 46.358503917 -84.
023 46.367233003 -84.
024 46.367112186 -84.
025 46.351503847 -84
P infill mode

nt # Latitude
008,46.4549477881,-84.
009,46.4549553575, -84.
010,46.4555509192,-84.
011,46.4569101202,-84.
012,46.4586133798,-84.
013,46.4649589117,-84.
014,46.4730625042,-84.
015,46.4731295504,-84.
016,46.4729805411,-84.
017,46.4865157492, -85.
018,46.4865525296, -85.

racoba.rep Page 2

A-20

898418281 264.534 S50-T23
898554119 268.047 S50-R4
899038236 268.416 S50-R4A
899008414 268.635 S50-R4B
899728903 267.909 S50-R3
.829831186 278.615 R1IONEAR GCP "R1l0ONear"
833054431 283.468 R10E Center of intersection "R10"
.893252253 282.384 R30 GCp "R30"
893683442 281.662 R6 GCP "R6"
893898458 277.844 R78 GCP "R7" No.l
893884428 276.955 R78E GCP "R7" No.2
.905825956 275.119 R24 GCP "R24"
Longitude Height Code
9058569749,205.738,R11F GCP "R11"™ No.l
9059144442,205.665,R11E GCP "R11"™ No.2 (Center)
9059012910,204.829,R11NEAR] Near "R11"
9058848591,205.425,R11INEAR-HILL]1 Near "R11"
9058626065,205.821, CRYDERMAN1 GCP "R40"
9058862222,185.549, CORNER-LAKE  GCP "R41"
9573431082,213.650,R12A GCP "R12" No.1l
9569849900,214.061,R12B GCP "R12" No.2
9566907434,214.475,R12C GCP "R12" No.3
0394154128,211.261,R13A GCP "R13" No.l
0393407835,206.746,R13B Not Good. (by Yutaka)



Appendix B: Data of Each Stand

B-1



Table B-1 shows the information on measured stands.
Figure B-1 shows location of each stand .

The detail data record is shown afterwards.

All the data are expressed on WGS coordinate.

Including the cover sheet, appendix B is totally 28 pages.
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Table B-1  GPS measurement results at each stand (1 of 2)

Raco Area

Stand | Tree Tree Mode | Measured | Valid In-valid GPS measured Height

No. | description | Mean Date point point Average  Minimun Maximum Swd.dev.

Height (m) (m) (m) (m)

1) (m) 1)

22 Red Pine | 8.74 RTK | 5/19 5 1 275.466 274 415 276.011 0.683
(sa) 2) @994 |3 (Mon)

38 Jack 5 RTK | 5721 42 0 277.722 276543 279.639 0.658
Pine(sa) (Wed)

40 Red Pine | 2-3 RTK |5/2 15 0 273.856 272.450 274.721 0.723
(seedling) )

54 Jack 5 RTK |[5/21 43 0 278.292 277277 278.818 0.364
Pine(s) | (Weq)

55 Jack S RTK |52 17 0 281.186 279.879 281.992 0.589
Pine(sa) (Thu) _

56 Jack 2)[11 RTK |[5/20 39 0 277.042 275.205 277.710 0.540
Pine(ma) _ (Mon) _

58 Jack 3 RTK |5/20 21 0 274.769 272.882 275.952 0.869
Pine(sa) | (Mon)

59 Jack 6 RTK | 5720 40 0 275.884 275.320 276.459 0.311
Pine(sa) | (Mon) _ _ 1

61 Jack 13 RTK | 521 13 0 277.402 276.940 278.125 0.370
Pine(ma) | (Wed)

66 Jack Pine RTK | 5/22 28 0 273.146 272.101 274.901 0.724
(seedling) (Thu) _ _ _

67 Jack 15 Infill |5/19 40 0 279.496 277.436 281.017 0.711
Pine(ma) 3) | (Mon) _ _ _ ]

68 RedPine |11 RTK [ 5121 19 0 273.584 272.730 275.052 0.667
(pole) (Wed) _ _

69 Aspen 6 Infill |5/22 3 4 271.495 271.272 271.927 0.374
(s2) ) _ _

71 Red Pine |11 RTK |5/2 12 0 273.076 272.069 275.468 1.219
(pole) | (Thu) _ _ —

72 RedPine |14 RTK |5/22 12 0 273.222 271.040 275.077 1.239
(pole) | (T _ _ ___

80 Red Pine |2-3 RTK | 5721 16 0 278.780 277.688 279.471 0.592
(seedling) (Wed)

Remark 1) Tree description and tree mean height information are acquired from
the following reference.

“Structure, Composition, and Above-ground Biomass of SIR-C/X- SAR and ERS-1 Forest Test Stands 1991-1994, Raco Michi

Sile"

Kathleen M.Bergen, M.Craig Dobson, Terry L.Sharik, Ian Brodie
October 30,1995 , Report 026511-7-T
Remark 2) The meanings of abbreviation are shown below.
(ma): mature
(sa): sapling

Remark 3) The meanings of abbreviation are shown below.
(RTK): realtime kinematic mode

(Infill): postprocessing infill mode



le B-1 GPS measurement results at each stand (2 of 2)

Nearney Lake area

Tree Tree Mode | Measured | Valid Invahd GPS measured Height
description | Mean Date point point Average Minimum Maximum  Sid.dev
Height (m) (m) (m)
1) (m) 1)
Hardwood | 18 Infill | 5/23 4 0 256.666 256.163 257.515 0.600
(ma) 2) 3 (Fri)
Aspen(sa) |12 3)RT [ 5724 7 0 268.865 267.223 269.639 0914
2) K (Sat)
Hardwood | 20 Infill | 5/23 4 2 271.073 268.706 276.400 3.601
(ma) (Fri)
Aspen(sa) |3 Infill | 5/23 17 0 255.638 254.983 256.713 0.385
(Fri) __ |
Aspen(sa) | 6 Infill | 5/23 22 1 261.605 257.559 263.967 1.937
1l ___| () _ ___ |
Red Pine |16 RTK | 5724 8 0 267.168 264.534 268.635 1.617
(ma) (Sa) _
Hardwood | 15 Infill |5/24 1 0 278.604 278.604 278.604 0.000
(ma) (Sat)
k 1) Tree description and tree mean height information are acquired from
the following reference.
“Structure, Composition, and Above-ground Biomass of SIR-C/X- SAR and ERS-1 Forest Test Stands 1991-1994, Raco Michigan
Site”

Kathleen M.Bergen, M.Craig Dobson, Terry L. Sharik, Ian Brodie
October 30,1995 , Report 026511-7-T
k 2) The meanings of abbreviation are shown below.
(ma): mature
(sa): sapling
k 3) The meanings of abbreviation are shown below.
(RTK): realtime kinematic mode
(Infill): postprocessing infill mode
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stand22.dat Page 1

P measurement at Stand 22
ay 19(Mon) Raco area Day #1
Longitude

nt ¢
003
004
205
206
207

46
46
46
46
46

Latitude

.355351597
.354171394
.353626133
.354466206
.354800464

-84
-84
-84
-84
-84

.822109336
.821035328
.818556731
.820438744
.819968989

Height

276.011
274.415
275.137
275.928
275.841

Code

§$22-11
§22-51
§22-58
S§22-35
S22-18



Jun 2 17:37 1997 stand3l.dat Page 1

GCP measurement at Stand 31

May 23 (Friday) Raco area Day #5

Pnt # Latitude Longitude Height Code
2000,46.4339206424,-84.9060179304,256.163,S31-R1
2001,46.4339082715,-84.9050283954,256.342,S31-T1
2002,46.4327372279,-84.9046723278,256.645,S31-T2
2003,46.4324554032,-84.9060329670,257.515,831-R5

B-7
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stand33.dat Page 1

CP measurement at Stand 33

ay 24 (Saturday) Raco area Day #6

nt # Latitude

000
001
002
003
004
005
006

46.

46

46

431094403

.431391442
46.
46.
.432338517
46.
46.

431715600
431896214

431849892
431998686

Longitude

-84.
-84.
-84.
-84.
-84.
-84.
-84.

910565575
911817011
912801706
912336172
912333939
911089378
910379150

Height

268.
269.
269.
269.
269.

268
267

339
639
574
344
554

.382
.223

Code

R33-11
R33-31
R33-51
R33-53
R33-58
R33-34
R33-18



Jun 2 17:36 1997 stand34.dat Page !

GCP measurement at Stand 34

May 23(Friday) Raco area Day #5

Pnt # Latitude Longitude Height Code
1017,46.4297585419,-84.9076556245,276.400,S34-11
1018, 46.4297583075,-84.9076557435,268.706,534-11
1019,46.4283677891,-84.9085358781,270.109,534-18
1020,46.4300459221,-84.9096448955,269.077,534-3
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stand38.dat Page 1

CP measurement at Stand 38
ay 21(Wed) Raco area Day #3
nt # Latitude

044
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060
061
)62
063
064
065
)66
)67
)68
)69
)70
)71
)72
)73
)74
)75
)76
)71
)78
)79
)80
)81
)82
)83
)84
)85

46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46
46
46
46
46
46
46.
46
46
46.
46
46
46.
46.
46
46.
46
46.
46
46.
46.
46.
46
46
46
46.
46
46
46
46.
46
46.

389788078
390036983
390183119
390329922
390522706
390733875
391069258
391287794
391128256
391361900

.390920581
.390713097
.390516894
.390290008
.390077350
.389861364

389812314

.390006033
.390254894

390464608

.390685453
.390851478

391086333
391277142

.391362403

391135822

.390932669

390706269

.390521025

390293514
390076908
389862158

.389802475
.390001525
.390213992

390409206

.390643928
.390850350
.391071264

391262450

.389658639

389653581

Longitude

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

.796109789
.796109189
.795913369
.795816925
.795733733
.795668756
.795546231
.795465983
.794847697
.794786933
.794960822
.795088717
.795221828
.795272328
.795438981
.795520647
.795140675
.795022558
.794928458
.794827725
.794720667
.794634239
.794524806
.794463422
.793874522
.793959447
.794045286
.794187758
.794271525
.794358097
.794472142
.794580181
.794059039
.793913897
.793801447
.793743683
.793591692
.793438794
.793350325
.793248003
.793659053
.796257856

Height

278.

279

278
278
278
2717

271
2717

271
277

271
277
2717
277
271

271
271
271
277

271
271

276

896

.268
279.
.758
.202
.271
.347
277.
2717.
.260
.553
2717.
2717.
278.
278.
2717.
278.
278.
271.
277.

074

334
404

870
924
026
482
850
035
066
885
689

.516
.585
277.
.210
.170
271
.370
.540
276.
2717.
277.
.718
.326
.609
.363
276.
.570
.390
2717.
277.

147

900
087
417

543

333
565

.843
279.

639

Code
R38-112
R38-122
R38-132
R38-142
R38-152
R38-162
R38-172
R38-182
R38-272
R38-282
R38-262
R38-252
R38-242
R38-232
R38-222
R38-212
R38-312
R38-322
R38-332
R38-342
R38-352
R38-362
R38-372
R38-382
R38-482
R38-472
R38-462
R38-452
R38-442
R38-432
R38-422
R38-412
R38-512
R38-522
R38-532
R38-542
R38-552
R38-562
R38-572
R38-582
R38-bl0
R38-bll
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2 17:33 1997

stand40.dat Page 1

GCP measurement at Stand 40

May 22 (Thursday) Raco area Day #4

Pnt # Latitude

2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039

46
46
46

46
46

46
46

46
46
46

.391111836
.390988736
.391564658
46.

391555519

.391556806
.391549497
46.
46.

391648186
391752728

.391781081
.391238889
46.
46.

390324272
390388747

.390575847
.390791981
.390976528

Longitude

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

.755114625
.754577050
.754977950
.754448842
.753937856
.753373394
.752932339
.752380517
.751774747
.751523853
.751265589
.751728369
.752711903
.753706117
.754567169

Height

274

272

273

274

274.
273.
273.
.284
274,

274

.096
274.

374

.450
272.
272.
272.

871
918
982

.744
274.
274.
.721

171
685

390
930
748

471

Code
S40-T11 Stand 40
S40-T21
S40-T23
S40-T33
S40-T43
S40-TS3
S40-Té63
S40-T73
S40-T83
S40-T82
S40-T81
S40-T71
S40-Té61
S40-T51
S40-T41

B-11



an

P measurement at Stand

2 17:34 1997

stand45.dat Page 1

45

1y 23 (Friday) Raco area Day #5

it #

)00, 46.
)01, 46.
)02, 46.
)03, 46.
)04, 46.
)05, 46.
)06, 46.
)07, 46.
)08, 46.
109, 46.
)10, 46.
111, 46.
112, 46.
113, 46.
114, 46.
115, 46.
116, 46.

Latitude
4365839577, -84.
4366218777, -84.
4374355212, -84.
4372892501, -84.
4372894440, -84.
4369403120, -84.
4365483460, -84.
4365480911, -84.
4365978184, -84.
4366627572, -84,
4362817201, -84.
4360954328, -84.
4362133052, -84.
4362134354, -84.
4362293337, -84,
4360253642, -84.
4358002985, -84.

Longitude

9187931110, 255

9174157271,255

9170620612, 255
9175889154, 255

9180329024, 255.
9183520006, 255.
.268,R45-41
9180471209, 255.
.493,R45-43
9175049825, 255.
9169745528, 255.
.799,R45-54
.713,R45-53

9184352662,255

9175049734, 255

9170291355, 255
9173617144,256

Height
.337,R45-11
9184608646, 255.
9176143379, 255.
9174154600,254.

Code

601,R45-12
150,R45-13
983,R45-23

.543,R45-23
9171518857,255.

732,R45-33

.869,R45-32
.826,R45-33

833,R45-34
699,R45-35

561,R45-42

487,R45-43
944,R45-44
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Jun

3 10:52 1997

stan

d49.dat Page 1

GCP measurement at Stand 49
May 23 (Friday) Raco area Day #5

Pnt ¢
2004, 46.
2005, 46.
2006, 46.
2007, 46.
2009, 46.
2010, 46.
2011, 46.
2012, 46.
2013, 46.
2014, 46.
2015, 46.
2016, 46.
2017, 46.
2018, 46.
2019,46.
2020, 46.
2021, 46.
2022,46.
2023, 46.
2024, 46.
2025,46.
2026,46.

Remark)

Latitude

L
4309067575, -84.
4303569257, -84.
4305381461, -84.
4303660329, -84.
4300308731, -84.
4298352713, -84.
4297100957, -84.
4296476971, -84.
4295384146, -84.
4296505475, -84.
4297327994, -84.
4297933404, -84.
4299891044, -84
4300136680, -84.
4300791292, -84.
4301459191, -84.
4302067742, -84.
4300712672,-84.
4297600451, -84.
4296037331, -84.
4296432952, -84.
4295179658, -84.

Point #2008 is

ongitude
9012592083,257

9011065354, 259
9010633171,258

9011805030,261
9012287543,263
9014200266,263

9014471757,262

9016304519,261.
.811,549-T33

9017078434,261

9017117465,260.
.450,549-T331
.139,549-T31

9020575414,261.
9022895670,263.
9022320765,263.
9019489311,263.
9017728642,263.

9017549974,260
9017837576,260

excluded because of incorrect measurement.

Height
.559,549-BASE1
9017260754, 259.
.541,5849-T11
.197,549-T12
9009847520, 259.
.339,549-T24
9011904800, 262.
.229,549-T35
9013181699,263.
.711,S549-T46
9013710273,262.
.133,549-T36

Code

287,549-BASE2

731,549-T23
448,549-T25
618,549-T45
966,549-T35
663,549-T34
945,549-T32
314,S49-T3ROAD
478,549-T41
931,S549-T42

854,549-T43
967,549-T44
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stand50.dat Page 1

CP measurement at Stand 50
ay 24 (Saturday)
nt # Latitude

000
001
002
003
004
005
006
007

46.
46.
46.
.427754147
46.
46.
46.

46

46

426453714
426775761
427709986

425699444
425727914
425772539

.425977581

Raco area Day #6

Longitude

-84.
-84.
-84.
-84.
-84.

-84
-84
-84

900390139
8998597294
898846422
898418281
898554119

.899038236
.899008414
.899728903

Height

268.
266.
.892
.534
.047
.416
268.
267.

264
264
268
268

155
754

635
909

Code
S50-T1
S50-T12
$50-T13
$50-T23
S50-R4
S50-R4A
S50-R4B
S50-R3

B-14

Stand 50



Jun

2 19:10 1997

stand54.dat Page 1

GCP measurement at Stand 54
May 21(Wed) Raco area Day #3
Pnt # Latitude

1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043

46.
46.
46.
46.
46.
46.
46.
46.
46.
46
46
46
46
46
46
46
46
46
46
46
46.
46
46
46
46
46
46
46
46
46
46.
46.
46
46.
46
46
46
46.
46
46.
46.
46.
46.

385504494
385503156
385483736
385526697
385560511
385534781
385575900
385581953
385997086

.386000525
.385976581
.385971439
.385934336
.385912131
.385869464
.385879886
.385150022
.385150239
.385162486
.385143875

385132667

.385140600
.385147783
.385159828
.386210422
.386239714
.386231797
.386296067
.386335042
.386369461

386380383
386368272

.386697239

386705694

.386682714
.386645822
.386656178

386621808

.386511114

386552322
386618967
384820889
384820964

Longitude

-84.
-84
-84
-84.
-84.
-84
-84
-84
-84
-84
-84
-84.
-84.
-84,
-84.
-84.
-84.
-84.
-84,
-84
-84,
-84.
-84
-84
-84.
-84.
-84.
-84,
-84,
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84,
-84.
-84.
-84,
-84.
-84,

801439514

.801135367
.800846850

800592911
800309789

.799935033
.799604081
.799320497
.799440678
.799716156
.799984422

800298667
800598531
800856125
801166189
801516889
801507142
801249689
800947769

.800654514

800303267
800032214

.799744192
.799412533

801457542
801160500
800875278
800557400
800209319
799964786
799609989
799263061
799445269
799765408
800045892
800314056
800673644
800960789
801369583
801523122
801911567
801858075
801858122

Height

278.
278.
.283
.335
278.

278
278

278

277

278
278
278
278
278

278
278

278

278

278

278

278

271

271
277

278

623
403

485

.596
2717.

816

.758
277.
278.
278.
278.
278.
.358
.731
.453
278.
.519
278.
278.

891
197
171
591
632

407

182
486

.728
.225
.376
278.
278.
278.

603
818
529

.539
278.

803

.276
.784
278.
277.

452
890

.516
278.
.264
2717.

469

676

277
278.
.762
.776
2717.
.342
277.

008

683

836

Code
R54-512
R54-522
R54-532
R54-542
R54-552
R54-562
R54-572
R54-582
R54-482
R54-472
R54-462
R54-452
R54-442
R54-432
R54-422
R54-412
R54-512
R54-522
R54-532
R54-542
R54-552
R54-562
R54-572
R54-582
R54-212
R54-222
R54-232
R54-242
R54-252
R54-262
R54-272
R54-282
R54-182
R54-172
R54-~162
R54-152
R54-142
R54-132
R54-122
R54-112
R54-BL0
R54-BL1
R54-BL1

B-15



un

2 17:26 1997

stand55.dat Page 1

CP measurement at Stand 55

ay 22(Thursday) Raco area Day #4

nt # Latitude

030
031
032
033
034
035
036
037
038
039
040
041
042
043
044
045
046

46.
46.
46.
46.
46.
46
46.
46.
46
46
46
46
46
46
46.
46.
46

398455031
398676514
398904494
399215561
399607292

.399377392

399239753
399109081

.399294797
.399468872
.399741500
.399909403
.400113900
.399919100

399730617
399546383

.399702561

Longitude

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

.795589928
.795176511
.794775864
.794534700
.794845378
.795316981
.795645567
.796099161
.796416011
.796112136
.795581458
.795213953
.795537344
.795876806
.796282606
.796595486
.796989983

Height

281.
281.
.526

281

280.
280.
280.
281.
281.
.740
.217

281
281

281.
279.
.331
.364
571

280
281
281

281.
281.

691
3717

996
100
923
301
420

090
879

639
992

Code
R55-11
R55-12
R55-13
R55-14
R55-24
R55-23
R55-22
R55-21
R55-31
R55-32
R55-33
R55-34
R55-44
R55-43
R55-42
R55-41
R55-51

B-16



Jun

2.17:12 1997

stand56.dat Page 1

GCP measurement at Stand 56
May 20(Tue) Raco area Day #2
Pnt 4 Latitude

1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1081
1082
1083
1084
1085

46.
46.
46.
46.
46.
46.
46.
46
46.
46
46
46
46.
46
46
46.
46
46
46
46
46
46
46
46
46.
46.
46.
46
46.
46
46
46.
46
46
46.
46.
46
46.

381754772
381727869
381775167
381774139
381820583
381824156
381817558

.381453267

381447494

.381444344
.381487336
.381418861

381402597

.381390578
.381399756

381040956

.381069522
.381117000
.381095117
.381101233
.381084858
.381106006
.381110975
.380703642

380688039
380718872
380698569

.380678775

380660481

.380692603
.380716006

380301953

.380306083
.380284794

380322958
380300125

.380268908

380265614

Longitude

~-84.
-84.
-84
-84.
-84.
-84
-84
-84
-84
-84
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84
-84.
-84.
-84.
-84,
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84,
-84.

801591100
801276542

.801019625

800695314
800283914

.799756797
.799516517
.799394472
.799661258
.799979831

800279100
800599967
800885431
801252661
801471064
801323078
800996819
800802831
800336811
800076058

.799773853

799424650
799053322
799381139
799826900
800131686
800529686
800708064
801010111
801297406
801567478
801541378
801314550
800649306
800381447
800170539
799888894
799541300

Height

276.
.765
.205
.319
.078
.343
.346
.438
.330
2717.
276.
.757
276.
.066
.307
276.
276.
276.
271.
2717.
271.

275
275
275
271
277
277
277
271

276

277
271

277
271
277
271
271

277
271
277
2717
271

277
277

277

520

041
761

709

899
936
956
131
140
180

.357
.710
.522
.263
.267
2717.

323

.558
.259
.173
.321
.242
2717.

083

.248
271
271.
271.

420
099

.264

Code
R56-112
R56-122
R56-132
R56-142
R56-152
R56-172
R56-182
R56-128
R56-272
R56-262
R56-252
R56-242
R56-232
R56-222
R56-212
R56-312
R56-322
R56-332
R56-342
R56-352
R56-362
R56-372
R56-382
R56-482
R56-472
R56-462
R56-452
R56-42
R56-422
R56-422
R56-412
R56-512
R56-522
R56~542
R56-552
R56-562
R56-572
R56-582

B-17



an

2 17:15 1997

standS58.dat Page 1

P measurement at Stand 58
ay 20 (Tue) Raco area Day #2
1t # Latitude

)09
)10
)11
J12
)13
114
)15
)16
)17
)18
)19
)20
)21
122
)23
)24
)25
)26
)27
)28
)29

46.
46.
.373207139

46
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
46
46.
46.

373175500
373175528

373248633
373656881
373723114
373811353
373955225
373891192
374025064
374125456
374254747
374341083
374405289
374537864
374728978
374911622
375153150

.375154547

375147022
375143825

Longitude

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

.770793531
.770793528
.771116314
.771399819
.770914731
.771218011
.771512831
.771633875
.771819656
.772070636
.772357878
.772626692
.770855900
.771090567
.771347869
.771534067
.771728556
.771707106
.771377011
.771048308
.770715694

Height

275.
275.
275.
.353
275.
275.
.507
.389
275.
274.
274.
.309
275.
.187

275

275
275

273

275

274.
274.

273
272

274

514
495
252

952
377

171
929
152

193

912
194

.218
.882
273.
274.

621
621

.917

Code
S58INIT POINTA
SS8INIT POINTB
S$58-02
$58-03
$58-21
§58-22
$58-23
$58-24
S58-24
§58-25
S$58-26
§58-27
S$58-41
$58-42
S58-43
$58-44
S$58-45
S58-R5
S58-R4
S$58-R3
S58-R2

B-18



Jun

2 17:10 1997

stand59.dat Page 1

GCP measurement at Stand 59
May 20 (Tue) Raco area Day #2
Longitude

Pnt #
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045

46

46.
.367132597
.366978833
46.
46.
.366592236
46.
.366266639
.366438761
.366399100
.366451444
.366455650
.366452578
46.
46.
46.
46.
46.
46.

46
46

46

46
46
46
46
46
46

46
46

46
46

46

46.
46.
46.
.366452269
.366642639

46
46

46.
46.
.367307589
.367514544

46
46

Latitude
46.
.367592900

367859906

367382475

366830272
366711428

366569769

366460256
366428572
366591547
366652681
366637300
366679486

.366727250
46.
.367554586
.367380450
.366949694
46.
46.
46.
46.
.366012044

366768269

366742656
366595133
366392569
366227781

365798122
366019486
366252017

366894772
367089233

-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84,
-84,
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.

805234450
805231686
805204844
805103519
804928961
804683567
804417706
804147569
803842072
804098531
804297275
804613814
804949319
805261608
805576981
805899608
806211783
806216175
806620786
806959483
807268811
807577419
807894933
807303108
806302281
806265497
806250047
806218267
806179744
806186386
806109253
806025161
804992633
805136383
805258064
805354239
805420578
805370764
805331878
805241700

Height

275.
.150
275.
276.
275.
.561
275.

276

275

275

275

276

275

276

974
971
226
749

486

.362
275.
275.
275.
275.
.555
275.
276.
275.
276.
276.
276.
276.
276.
276.
276.
273.
275.
276.
275.
276.
276.

480
320
381
425

679
019
934
098
075
082
326
459
299
352
035
736
068
976
117
069

.253
276.
276.
275.
275.
275.

195
012
695
791
652

.639
275.
275.
275.

465
960
841

.036

Code

R59TEST
R59-112
R59-122
R59-132
R59-142
R59-152
R59-162
R59-172
R59-182
R59-282
R59-272
R59-262
R59-252
R59-242
R59-232
R59-222
R59-212
R59-362
R59-352
R59-342
R59-332
R59-322
R59-312
R59-512
R59-522
R59-532
R59-533
R59-542
R59-552
R59-562
R59-572
R59-582
R59-382
R59-372
R59-362
R59-352
R59-342
R59-332
R59-322
R59-312

B-19



an

2 17:21 1997

standél.dat Page 1

P measurement at Stand 61
ay 21 (Wed) Raco area Day #3
2t # Latitude

300
301
)03
)04
)OS
)06
)07
)08
)09
)10
)11
)12

46

46.
46.
46.
46.
46.
46.
46.
46.
46.
46.
.367157322

46

.367813819

367538775
366957700
366959606
366164253
366169942
367847589
367845217
367859342
367850494
367411161

Longitude

-84.
-84.
.813403606
.813406689
-84.
.814388119
-84.
.814411350
.814802392
.815340022
.815059242
-84.

-84
-84

-84

-84
-84
-84
-84

812976461
813256864

813711631

813896900

815114481

Height

276.
277.

277

277

2717

940
033

.028
277.
277.

034
565

.213
277.
271.
271.
278.
271.
.333

483
629
833
125
611

Code
S61-R1
S61-T11
S61-T13
S61-T13
S61-T15
S61-T15
S61-R2
S61-R3
S61-R4
S61-R5
S61-T42
S61-TS52

B-20



Jun

2 17:24 1997

stand66.dat Page 1

GCP measurement at Stand 66

May 22 (Thursday) Raco area Day #4

Pnt # Latitude

1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029

46.
46.
46.
46.
46
46.
46.
46
46
46
46.
46.
46.
46.
46.
46.
46
46.
46.
46
46
46
46.
46.
46.
46
46
46

382977881
382977933
383351053
383802664

.384324011

384126281
383911286

.383667886
.383421642
.383188706

382978575
382792661
382948294
383137072
383347686
383554844

.383751947

383922425
384081192

.384262981
.384116369
.383932647

383778628
383595239
383386392

.383195089
.383026636
.382845403

Longitude

-84.
-84.
-84.
-84.
-84.
-84.
.807682567
-84.
-84.

-84

-84

-84

-84
-84
-84

-84.
.807244036

-84

-84.
-84,
-84.
-84.
-84.
-84,
-84.
-84.

807120883
807120892
807208094
807285931
807254783
807694833

807757156
807834303

.807929464
-84.
.807895261
-84.
-84.
-84.
.807833181
.807661597
.807499028

807938097

808358242
808178281
808017217

807387072

806909236
807043806
807175783
807294456
807483767
807615903
807744708
807836383

Height

273.
273.
274.

273

272

272

272

272

272
272

274
273
273
273
273

272

131
635
085

.528
273.
273.

886
190

.555
272.

101

.387
272.
273.
.503
272,
.584
272.

695
046

113

193

.358
.549
273.
274,
273.
274.

542
037
978
901

.192
.538
.327
.329
.154
272,
.552

986

Code
R66-11
R66-112
R66-12
R66-13
R66-14
R66-24
R66-23
R66-22.
R66-22.
R66-25
R66-26
R66-27
R66-41
R66-42
R66-43
R66-44
R66-45
R66-46
R66-47
R66-48
R66-38
R66-37
R66-36
R66-35
R66-34
R66-33
R66-32
R66-31

B-21
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uan

2 17:11

1967

standé7.dat Page 1

P measurement at Stand 67
ay 19(Mon) Raco area Day #1

nt #
001, 46.
202, 46.
)03, 46.
)04, 46.
)05, 46.
)06, 46.
)07, 46.
.08, 46.
)09, 46.
)10, 46.
)11, 46
)12, 46
13,46
)14, 46
)15, 46.
16,46
)17, 46
)18, 46.
)19, 46
120, 46.
121, 46
122,46
123, 46.
124, 46.
125, 46.
126,46
127,46
128,46
129,46
130, 46
131, 46.
132, 46.
33,46
34, 46
35, 46.
36,46.
37,46
38, 46
39,46
40,46

Latitude

.3909702621,
.3905140327,
.3902935312,
.3900423730,

.3897977728,
.3900217497,

.3905503042,

.3909922274,
.3912179216,

.3909750806,
.3906693470,
.3903209758,
.3900917064,
.3898614454,

.3904010544,
.3905863191,

.3911883484,
.3914748533,
.3895566138, -84
.3895728339, -84

3901153567,
3903320207,
3905563080,
3907785626,
3910944753,
3913078929,
3915762219,
3917080041,
3914887362,
3912710794, -84

-84

3898230162,

-84
-84
-84

3902453046,
3907776197,
3914723283,

3914269833,
3912050421,

-84
-84
-84
-84

3900171706,
3901973896,

-84
-84

3908177930,-84

3910184144,

Longitude
8102929206,278.
.217,R67-132
.238,R67-142
.241,R67-152
8103553184,279.
8104376751,279.
8104398255,279.
.514,R67-282
.745,R67-272

-84.
-84.
-84.
-84.
-84.
-84.
-84,
-84.
-84.
.8098207622,279.
-84,

-84.
-84.
-84.
-84.

-84.
-84.
-84.

-84.

-84,

-84.

-84.

-84.
-84.

8102212677,279
8101885853,279
8102541785,279

8099755002, 280
8099043301,279

8097178568, 281

.8093827462,279
.8093388985,280
8092989739, 280

8087802228,279
.8087550522,280

.8087105046,279

.8082189129,280
.8082417540,280

8082729834,278

Height

Code
472,R67-122

696,R67-162
095,R67-172
219,R67-182

936,R67-262

.017,R67-252
.8098087827,279.
8098721003,279.
8098969017,279.
8098215379,278.
8093393276,278.
.8093710389,279.
.783,R67-332
.496,R67-342
.324,R67-352
8092192219,279.
8091899876,279.
.8091766301,279.
.8086793304,279.
8087161767,278.

603,R67-242
640,R67-232
033,R67-222
831,R67-212
973,R67-312
341,R67-322

618,R67-362
160,R67-372
449,R67-382
182,R67-482
690,R67-472

.071,R67-462
.309,R67-452
8087292940, 280.

636,R67-442

.835,R67-432
8086914054, 280.
.365,R67-512
.423,R67-522
8082495966,280.
8082545052,279.
.8082667713,278.
-84.
-84.
-84.

072,R67-422

007,R67-532
435,R67-542
632,R67-552

.514,R67-562
8082880742,279.
8082972707,279.
.8081602981,278.
.8102629235,277.

009,R67-572
624,R67-582
969, R67-ROAD-5
436,R67-ROAD-1
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3 10:42 1997

standé8.dat Page 1

GCP measurement at Stand 68
May 21 (Wed) Raco area Day #3
Pnt # Latitude

2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2025
2026
2027
2028
2029
2030
2031
2032

46.
46.
46.
46.
46.
46.
46.
46.
46
46
46
46
46
46
46
46
46.
46

367783572
367791731
367798503
367803117
367798425
368418719
368414850
369071008

.369512683
.369277558
.369436500
.369444392
.369376408
.368768047
.368676894
.368651675

368747019

.368739253

Longitude

-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84,
-84.
-84.
-84.
-84.
-84.
-84,
-84.

786611078
786089939
785581544
785068611
784539567
784632419
784629156
784691983
784717133
784869981
786126814
786620183
787182458
787050372
786991508
786410053
785859956
785120672

Height

273.

273
273

274
273

272

272

273
272

305

.340
.161
273.
273.
.303
.282
273.
274.

929
677

143
117

.761
273.
273.
274.
275.

654
580
931
052

.730
.519
.979
273.

047

Code
S68-R1
S68-R2
S68-R3
S68-R4
S68-R5S
S68-T51
S68-T51
$68-T52
S68-T53
S68-T54
S68-T45
S68-T35
S68-T25
S68-T32
$68-T31
S68-T21
S68-T22
S68-T23
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un 2 17:28 1997 standé69.dat Page 1

CP measurement at Stand 69

ay 22(Thursday) Raco area Day #4

nt # Latitude Longitude Height Code
047,46.4048937315,-84.7386432491,271.272,R69-11
048,46.4049365707,-84.7383223638,271.287,R69-12
049,46.4047676075,-84.7379993578,271.927,R69-13
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stand7l.dat Page 1

GCP measurement at Stand 71

May 22(Thursday) Raco area Day #4

Pnt # Latitude

2001
2002
2003
2004
2005
2007
2008
2009
2010
2011
2012

46
46
46.
46
46
46
46.
46
46
46
46.

.390223167
.390194797

390215258

.390183361
.390283386
.390746569

390911217

.390762506
.391341567
.391439022

391597147

Longitude

-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.

765548475
765147622
764702297
763911497
763241019
763620067
765158344
766047581
766071275
765572256
763916400

Height

274.
272.
272.
.069
273.
.409
272.
275.
.738
.299
.245

272

272

274

272
272

429
827
162

058

135
468

Code
S71-T11
S71-T21
S71-T31
S71-T41
S71-TS51
S71-T52
S71-T22
S71-T12
S$71-T13
S71-T23
S71-TS53
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stand72.dat Page 1

CP measurement at Stand 72

ay 22(Thursday) Raco area Day #4

nt # Latitude

013
014
015
016
017
018
019
320
)21
)22
323
)24

46.
46
46.
46.
46.
46.
46.
46
46.
46
46.
46.

389923261

.389964342

389974114
390406753
390316242
390694903
391101447

.391200369

391426872

.391803644

392210481
392194483

Longitude

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

.762884100
.762104206
.761145825
.761218017
.762203517
.762436144
.762864014
.761974664
.760631175
.760716350
.760845792
.761957697

Height

273.
273.
272.
275.
.749
274.

274

272

271

272

479
053
680
077

913

.734
272.
273.
.040
272.
.435

160
924

423

Code
$72-T11
$72-T31
$72-T51
$72-T52
$72-T22
S72-T23
S72-T24
S$72-T34
S72-T44
S72-T45
S72-T46
S$72-T26
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stand80.dat Page 1

GCP measurement at Stand 80
May 21 (Wed) Raco area Day #3
Pnt # Latitude

1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101

46.
.340898856
46.
.340962608
.340600489
.340570142
46.

46

46
46
46

46
46
46
46

46
46
46
46

340864353

340901892

340560278

.340523606
.340255472
.340279442
.340322158
46.

340348314

.339919667
.339957861
.340021633
.340051022

Longitude

-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.
-84.

905768011
906358378
906962819
807612953
907754861
907307519
906891783
906372950
906200339
906699783
907171717
907703256
907718475
907255611
906807128
906184628

Height

278.
277.
277.

277
278

279
279

278

279.
279.
279.
279.

491
688
804

.756
.331
278.
278.

925
904

.138
.267
279.
279.

324
122

.778

028
110
471
336

Code
R80-11
R80-12
RB0-13
RB80-14
R80-24
RB80-23
R80-22
R80-21
R80-31
R80-32
R80-33
RB80-34
RB80-44
R80-43
R80-42
R80-41

B-27
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CP measurement at Stand 85

ay 24 (Saturday) Raco area Day #6

nt # Latitude Longitude Height Code
007,46.3942790996,-84.9706821837,278.604,R85-1
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Appendix C: Brief Description of Stands
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Appendix C consists of three parts.

(1) The location and description of each stand ... Page C-3 - C-7
The information is based on the following reference.

Reference)

“Structure, Composition, and Above-ground Biomass of SIR-C/X-SAR
and ERS-1 Forest Test Stands 1991-1994, Raco Michigan Site”
Kathleen M.Bergen, M.Craig Dobson, Terry L.Sharik, Ian Brodie

October 30,1995
Report 026511-7-T

(2) 3 dimensional plots of eachstand ... Page C-8 - C-30
Each measured datum is plotted three dimensionally.

(3) The brief sketches of some stands ... Page C-31 -C-39

During the measurement, sketches were made in some stands, not all of
the stands.

C-2



Stand 22 (D)--Red pine--sapling (C55-S35)

Raco Airfield, NW corner. Entrance to airport is south oftf M-28, 0.1 mi.
west of Rt. 3157. Baseline starts 30 m. down from NW corner of airfield and
runs along stand edge on azimuth of 155 deg. Transect #1 begins at m. 30 on
the baseline and runs on 110 deg. azimuth. Sample points begin a minimum of
20 m. from the baseline (plantation edge), except for transect #5 where the
minimum was 30 m. Location of the first sample point on the transects is 19, 23,
4, 6, and 9 m. beyond the minimum distance, respectively.

Stand 31 (Q)--Northern hardwoods--pole (C20-S8)
W side of Rt. 3159, 0.2 mi. N of Rt. 3156. Baseline runs along stand

edge on az of 180 deg. Transect #1 starts at m. 19 along the baseline and runs
on az of 90 deg, with first sample point a min. of 30 m. from the edge. Location
of the first sample point on the transects is 1, 24, 3, 22, and 21 m. beyond the
minimum distance, respectively.

— --sapling (C20-S10)**

On Rt. 3156, 0.15 mi. W of intersection with Rt. 3159. Original baseline
ran along stand edge on az. of 115 deg for a distance of 320 m. Transect #1
started at m. 14 along baseline on an az. of 0 deg., first sample point was a min.
of 20 m. from the edge. There were 8 transects with 5 sample points per
transect. Due to stand irregularities, transects 9 and 10 were added (with 4
points per transect) to the west of transect #1 to compensate for missing plots on
Transects 6, 7, and 8, which now contain 1, 2, and 4 points, respectively.
Transect #9 starts 33 m. W of a logging trail which runs on an az of 20 deg.
Location of the first sample point is 22, 15, 18, 13, 20, 19, 10, 16, 17, and 1 m.
beyond the minimum distance for transects 1-10 respectively.

= - (C19-S24)*
On N side of Rd. opposite Stand S, starting 75 m. W of intersection with
Rt. 3161. Baseline runs along stand edge on az. of 295 deg. Transect #1 starts
at m. 39 on the baseline and runs on an az of 205 deg; first sample point is a
minimum of 30 m. from the edge. Transect #5 has only 5 points because of
space constraints. Location of the first sample point on the transects is 7, 13, 8,
16, and 6 m. beyond the minimum distance, respectively.

Stand 38 (X)--Jack pine--sapling (C31-S50)

On Rt. 3036, 0.25 mi. E of junction with Rt. 3018. Baseline runs along
the N side of Rt. 3036, on az. of 90 deg.; m. 200 on the baseline is 61.8 m. W of
the E edge of the stand. Transect #1 starts at m. 5 along the baseline and runs
on an az. of 20 deg.; first sample point is min. of 10 m. from the baseline.
Location of first sample point on the transects is 5, 16, 3, 13, and 7 m. beyond
the minimum distance, respectively.



-- ine--sapling (C29-R18)**

On Rt. 3366, 0.25 mi. E of junction with Rt. 3041. Baseline runs along
the N side of Rt. 3366 for a distance of 440 m, on az. of 120 deg.; baseline starts
38 m. E of W edge of stand, while m. 440 on baseline is 42 m. W of E end of
stand. There are 9 transects along the baseline, with a variable number of
sample points per transect to accommodate the irregular shape of the stand.
The number of points are 3, 2, 3, 3,6, 7, 7, 6, and 3 respectively. Transect #1
starts at m. 38 along the baseline and runs on an az. of 30 deg., first sample
point is a min. of 10 m. from the baseline. Location of first sample point on the
transects is 22, 11, 10, 21, 23, 1, 23, 6, 22, 9, and 22 m. beyond the minimum
distance, respectively.

Stand 45 (EE)--Aspen--sapling (C20-R30)

Take Rt. 3156 0.9 mi. NW of junction with Rt. 3159, turn right (NE) onto
spur road for 75 m. to W-central edge of stand. Baseline starts 20 m. in from
spur road and runs along the edge of the stand on an az. of 152 deg. Transect
#1 begins at m. 9 on the baseline and runs on an az. of 36 deg., first sample
point is a minimum of 30 m. from the baseline. Location of first sample point on
the transects is 15, 8, 7, 10, and 17 m. beyond the minimum distance,
respectively. Wire flags marking sample points are reversed, with yellow at the
upper stratum plot center and red at the middle stratum plot centers. Rebars
may be absent at the ends of the baseline. There are scattered individuals in
the overstory which have not been removed as of 10-19-92 (ditto for 7/94).

Stand 49 (JJ)--Aspen--sapling (C21-S9 & 10)**

On Rt 3640, 0.3 mi. NE of junction with Rt. 3156. Baseline starts 40 m.
from the NE corner of the stand and runs on an az. of approx. 230 deg. along
the NW edge of the stand. Transect #1 begins at m. 36 on the baseline and
runs on an az. of 100 deg.; first sample point is a minimum of 20 m. from the
baseline. Due to size limitations, only 38 sample points were established along
5 transects, with 5, 6, 8, 10, and 9 sample points, respectively. Location of first
sample point of the transects is 10, 4, 7 (177?), 3, and 9 m. beyond the minimum
distance, respectively. On transect #5 a truck trail passes between sample
points 3 and 4, thus moved point #4 20 m. down the transect.

Stand 50 (KK)--Red pine--mature (C21-S8)**

On Rt. 3156, 0.33 mi. SE of junction with Rt. 3159. Baseline starts 40 m.
from W edge of stand and runs along N side of Rt. 3156, on an az. of 118 deg.
Transect #1 begins at m. 9 on the baseline and runs on an az. of 360 deg.; first
sample point is a min. of 20 m. from the baseline. Because of stand
irregularities, transect #5 was skipped and a sixth transect added. The number
of sample points per transect is 6, 8, 8, 9, and 9, respectively. Location of first
sample point on the transects is 11, 1, 12, 16, and 3, respectively.



Stand 54--Jack pine--sapling (C31-S38)
On FS 3018, m. 0.0 is 0.3 mi. south of junction with FS 3036. Baseline

runs along the east side of 3018, on an az. of 180 deg. Transect #1 begins at
m. 7 on the baseline and runs on an az. of 87 deg. First sample pointis a
minimum of 20 m. from the baseline. Location of first sample point on the
transects is 9, 15, 12, 15, and 6 m. beyond the minimum distance, respectively.

Stand 55--Jack pine--sapling (C31-S52)

On north side of FS 3366, a reference point is 0.3 mi. east of junction with
FS 3018. From reference point, baseline m. 0.0 is 62.5 m. into the forest at an
az. of 18 deg. Transect #1 begins at m. 36 on the baseline and runs on an az.
of 288 deg. First sample point is a minimum of 0 m. from the baseline.
Location of first sample point on the transects is 6, 25, 11, 3, and 5 m,
respectively.

- ' (C31-S62)

OnFS 3018 m. 0 0 is 40 m. south of junction with FS 3037. Baseline
runs along the east side of FS 3018, on and az. of 180 deg. Transect #1 begins
at m. 18 on the baseline and runs on an az. of 90 deg. First sample point is a
minimum of 20 m. from the baseline. Location of first sample point on the
transects is 3, 6, 22, 2, and 6 m. beyond the minimum distance, respectively.

- ine-- (C49-S33)

On FS 3040, m. 200 is 20 m. south of junction with FS 3364. Baseline
runs along the west side of FS 3040, on an az. of 0 deg. Transect #1 begins at
m. 11 on the baseline and runs on an az. of 270 deg. First sample point is a
minimum of 20 m. from the baseline. Location of first sample point on the
transects is 19, 24, 18, 9, and 18 m. beyond the minimum distance, respectively.

Stand 59--Jack pine--sapling (C48-S5)

On FS 3040, m. 200 is 0.2 mi. west of junction with FS 3018. Baseline
runs along the south side of FS 3040, on an az. of 269 deg. Transect #1 begins
at m. 30 on the baseline and runs on an az. of 180 deg. First sample point is a
minimum of 20 m. from the baseline. Location of first sample point on the
transects is 6, 20, 6, 17, and 22 m. beyond the minimum distance, respectively.

— ine-- (C48-S13)
On FS 3040, m. 0.0 is 50 m. west of junction with FS 3039. Baseline runs
along the south side of FS 3040, on an az. of 88 deg. Transect #1 begins at m.
24 on the baseline and runs on an az. of 180 deg. First sample point is a
minimum of 30 m. from the baseline. Location of first sample point on the
transects is 15, 6, 6, 22, and 2 m. beyond the minimum distance, respectively.

C-5



-- ine-- ling (C32-S21)

On FS 3037, m. 160 is 0.2 mi. west of junction with FS 3018. Baseline
runs along the north side of FS 3037, on an az. of 270 deg. Transect #1 begins
at m. 29 on the baseline and runs on an az. of 36 deg. (Road crosses baseline
at 50 m. mark.) First sample point is a minimum of 80 m. from the baseline.
Location of first sample point on the transects is 13, 14, 2, and 25 m. beyond the
minimum distance, respectively. The stand shape is irregular with 4 transects
having 10 plots each.

Stand 67--Jack pine--mature (C32-S22)

On FS 3036, m. 200 is 0.3 mi. west of junction with FS 3018. Baseline
runs along the north side of FS 3036, on an az. of 90 deg. Transect #1 begins
at m. 24 on the baseline and runs on an az. of 0 deg. First sample point is a
minimum of 30 m. from the baseline. Location of first sample point on the
transects is 4, 8, 14, 8, and 22 m. beyond the minimum distance, respectively.

- (C49-S9)

On FS 3040 m. 0 0 is 0.8 mi. east of junction with FS 3018. Baseline
runs along the north side of FS 3040, on an az. of 90 deg. Transect #1 begins
at m. 29 on the baseline and runs on an az. of 355 deg. First sample point is a
minimum of 50 m. from the baseline. Location of first sample point on the
transects is 19, 14, 17, 15, and 22 m. beyond the minimum distance,
respectively. A jack pine inclusion occurs at 125 m. on the baseline and goes in
approx. 60 m.

Stand 69--Aspen (upland)--sapling (C23-S23)

On FS 3154, m. 200 is 0.1 mi. north of junction with FS 3622. Baseline
runs along the east side of FS 3154, on an az. of 180 deg. Transect #1 begins
at m. 23 on the baseline and runs on an az. of 90 deg. First sample point is a
minimum of 20 m. from the baseline. Location of first sample point on the
transects is 18, 11, 21, 5, and 12 m. beyond the minimum distance, respectively.
15 plots were measured in 1993. (T1 plots 1-5, T2 plots 1-4, T3 plots 1-3, T4
plots 4 & 6, T5 plot 5). Later reconfigured for GPS survey to be 8 transects (320
m.) by 5 plots ea. deep.

nd 71--Red pine--pole (C30-S52)

On FS 3036, m. 200 is 220 m. west of junction with FS 3041. Baseline
runs along the north side of FS 3036, on an az. of 90 deg. Transect #1 begins
at m. 3 on the baseline and runs on an az. of 0 deg. First sample point is a
minimum of 30 m. from the baseline. Location of first sample point on the
transects is 12, 21, 9, 19, and 11 m. beyond the minimum distance, respectively.
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Stand 72--Red pine--pole (C30-S52)
On FS 3036, m. 200 is 17.5 m. west of junction with FS 3041. Baseline

runs along the north side of FS 3036, on an az. of 90 deg. Transect #1 begins
at m. 9 on the baseline and runs on an az. of 0 deg. First sample pointis a
minimum of 30 m. from the baseline. Location of first sample point on the
transects is 13, 15, 30, 4, and 2 m. beyond the minimum distance, respectively.

-- ine-- ling (C58-S39)
On FS 3139, m. 160 is 0.4 mi. south of junction with M-28. Baseline runs
along the west side of FS 3139, on an az. of 0 deg. Transect #1 begins at m. 28
on the baseline and runs on an az. of 260 deg. First sample point is a minimum
of 65 m. from the baseline. Location of first sample point on the transects is 3,
25, 24, and 5 m. beyond the minimum distance, respectively. The stand shape
is irregular having 4 transects with 10 plots each.

Stand 85--Northern hardwoods--pole (C44-S19)
On trail to Peck and Rye Lake, m. 0.0 is 0.3 mi. north of junction with FS

3162. Baseline runs along the west side of the trail to Peck and Rye lake, on an
az. of 360 deg. Transect #1 begins at m. 31 on the baseline and runs on an az.
of 270 deg. First sample point is a minimum of 20 m. from the baseline.
Location of first sample point on the transects is 14, 5, 12, 1, and 8 m. beyond
the minimum distance, respectively.

*All baselines are 200 m. long with 5 transects situated along them and with 8
sample points per transect, unless otherwise indicated. Sample points on a
transect are at intervals of 25 m, with the first point located at a random distance
of 1-25 m. from the baseline or from the “minimum distance from the baseline”,
depending on the stand. White wire flags mark locations of transects on the
baseline, while red and yellow flags mark the centers of the upper- and middle-
stratum plot centers, respectively , unless otherwise noted. Magnetic
declination is 5 deg. W.

**Some irregularities in plot layout or homogeneity of vegetation, topography,
and/or soil conditions



GPS Height for Stand 22
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GPS Height for Stand 31
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GPS Height for Stand 33
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GPS Height for Stand 34
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GPS Height for Stand 38
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GPS Height for Stand 40
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GPS Height for Stand 45
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GPS Height for Stand 49
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GPS Height for Stand 50
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GPS Height for Stand 54
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GPS Height for Stand 55
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GPS Height for Stand 56
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South <- Latitude -> North
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GPS Height for Stand 59
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GPS Height for Stand 61
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-ongitude(*-1) —> East South <~ Latitude -> North
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0 measured data

GPS Height for Stand 66

Longitude(*-1) —> East

South <- Latitude —> North
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GPS Height for Stand 67

8054

: RN/ N
280 ; ) 2222 N\ 0 %2.9%.
NN/ /77NN NS00ty ¥
N B NS
' RSN 117,222 0 I 2 NN\ SOy v 777
o0l M RN SR LA
N M I SNSRI,
K NS
7854 Ve NS

oral 4
77.5\~"“.

84.81

84.8005 46.3915

46.391
84.809

84.8085 46.39
Longitude(*-1) —> East , South <~ Latitude —> North

46.3905
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Eorad

-

5
I

270

o8l

266«..,_9»""'

84.787
84.7865
84.786
84.7855
84.785

Longitude(*-1) —> East

GPS Height for Stand 68

46.368

measured dafa

46.
46.369
46.3685

South <- Latitude —> North



GPS Height for Stand 69

.| o measured data

719q..
med.
7zl
76l
sl
74l

4.7386

84.7384 46.4049

84.7382 46.4048
46.4048
84.738

Longitude(*-1) —> East | South <~ Latitude > North
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GPS Height for Stand 71

| © measured data

276 4.

2754

Height [m]

2734

o72d

84766
84.7655 .
84.765 N ..
847645 N ..
84.764

84.7635
Longitude(*~1) > East 46'3902 South <- Latitude —> North

46.3914
46.3912

46.391
46.390
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GPS Height for Stand 72

. | © measured data

46.3915
847615 .. . 46.391

46.3905

N 46.39
Longitude(*-1) —> East | South <~ Latitude —> North
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GPS Height for Stand 80

1.0 measured data

279.5\“_:_,._...

or7el o

84.9075

46.3408
46.3406

84.907

84.9065 46.3404

46.3402
84.906 46.34

Longitude(*-1) —> East | South <~ Latitude -> North
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GPS Height for Stand 85

1-©  measured data

20-4\

02d.

0.4

0.2 0.4

Longitude(*-1) —> East _ South <~ Latitude —> North



Stand 22 - Red pine - not sapling( ~10 m)

Measured by Dennis Taeyeoul on May 19(Mon.).

Species ; All trees are red pine(99.9%).

Tree height ; ~10m

Ground surface ; very flat

Tree density ; Red pines were regularly planted following East-West direction(see below figure)
Weather ; a little rain, very windy, ~8 ©C, not good condition to get data. M2

MeySuted Yo’m*f

Shtmne Meicju‘“{y Tirer



Stand 31 - Maple - pole

Measured by Kamal, Yutaka, Taeyeoul on May 23(Fri.).

Species ; Almost of all trees are Maples(> 90%).

Tree height ; greatcmm

Ground surface ; flat

Tree density ; not dense, 1 tree/2m*2m

Weather ; no rain, very small wind, ~15 ©C, very good condition to get data.

A
Data  Takow privts T
) w:
K, v i
|
p
|
|
|
X|! X
|
:
7

/ e / Hi ld

SALT PotaT FORP \;

T P

Almaost f/d/ spuT poruT  RoMES SLOPE T Tacreastng

. -

O\HW T6 (or End of Nase (e ) -Lo Southem o\’(re«:?'/m
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Stand 40 - Red Pine - sapling

Measured by Kamal, Yutaka, Taeyeoul on May 22(Thu.).

Species ; Almost of all red pine trees are regularly planted(> 90%). randomly growing jack pine.
Tree height ; greater than ~ 2m

Ground surface ; flat

Tree density ; spacing of 2m by 1m.

Weather ; no rain, no wind, ~15 ©C, very good condition to get data.

Rt 3ok
&

Re 366

/ |
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Stand 49 - Aspen - sapling

Measured by Kamal, Yutaka, Taeyeoul on May 23(Fn.).

Species ; Almost of all trees are aspen(> 90%).

Tree height ; 3 ~ 5m

Ground surface ; Ground level is linearly slanted, i.e. increasing from T1 to TS.
Tree density ; very dense, hard to move

Weather ; no rain, very small wind, ~15 ©C, very good condition to get data.

N
1|7-I’W\¢\S€<»%'/o|'\- BASE. LINE T
T /.
7 %p ly (ocafed
fm\éow\ 0
%) 2
& ’ Gomaall I-{lu
/ 0 7

. 5/(6

L -




Stand 50 - Red Pine - mature

Measured by Kamal, Yutaka, Taeyeoul on May 24(Sat.).

Species ; All tall trees are Maples(> 90%).

Tree height ; ~ 20m, branches come out from height of ~10m.

Ground surface ; flat

Tree density ; not dense, 1 tree/2m*2m

Weather ; no rain, very small wind, ~15 OC, very good condition to get data.

— .
STAVP ‘o
3 S

| ¥

ZN& L

' d
< ~ahey Hhan Sto's Groun
Eround o,f» Road gt 2166 (S htak

absud 40 Cr—

C-35



Stand 58 - Jack Pine - sapling

Measured by Yutaka, Taeyeoul on May 20(Tue.).

Species ; Almost of all trees are Jack pine(> 99.9%).

Tree height ; ~ 2m

Ground surface ; flat

Tree density ; Tree spacing is aoubt 2.5m by 2.5m, irregularly.

Weather ; no rain, very small wind, ~10 O©C, very good condition to get data.

Fs 2364
[ . 1
f 1 DhseLE
|
|
1
hS 2040
/ /
H »
A
— L e
L& L D\?,hsﬁu,ua
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Stand 61 - Jack Pine - mature

Measured by Yutaka, Taeyeoul on May 21(Wed.).

Species ; All trees are Jack pine(> 99.9%).

Tree height ; ~ 15m

Ground surface ; flat

Tree density ; randomly located, tree spacing is 2.5m by 2.5m.

Weather ; no rain, very small wind, ~15 ©C, very good condition to get data.

RS 3039

RS 3ouo

C.37



Stand 68 - Red Pine - mature

Measured by Kamal, Yutaka, Taeyeoul on May 21(Wed.).

Species ; All trees are Jack pine(> 99.9%).

Tree height ; greater than ~ 15m

Ground surface ; some locations are higher, generally flat.

Tree density ; regularly planted, tree spacing is 2.5m by 2.5m.
Weather ; no rain, no wind, ~15 ©C, very good condition to get data.

F<30lf

o It Lﬁgl\m’% /) 0

I TR
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Stand 71 and 72 - Red Pine - pole

Measured by Kamal, Yutaka, Taeyeoul on May 22(Thu.).
Species ; All trees are Red pine(> 99.9%).

Tree height ; 10 ~ 15m

Ground surface ; flat and 2 ~3 hills

Tree density ; Almost of all red pine was already logged. There are several trees near hills.

Weather ; no rain, no wind, ~15 OC, very good condition to get data.

SNy SN

Lty

6 Sratl ’/7l/*-19
(TZle>

—7-/ RS 2036

|/

BASE-L we
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Appendix D:
Data of Ground Control Point(=GCP) Location

D-1



Table D-1 shows the information on GCPs.
Figure D-1 shows location of each GCP.

The detail data record is shown afterwards.

All the data are expressed on WGS coordinate.

Including the cover sheet, appendix D is totally 7 pages.
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Jun 2 19:12 1997

GCP measurement of

Pnt #¢ Latitude

1005,46.2159930864,
1006,46.2160548285,
1007,46.2159567158,
1008,46.2159595341,
1009,46.2160450130,

1010,46.2451467360,
1011,46.2451885535,
1012,46.2450965072,
1013,46.2450922316,
1014,46.2451822000,

1000,46.1870756889,
1001,46.1871502019,
1002,46.1870113742,
1003,46.1870087821,
1004,46.1871423580,

2022 46.358503917
2023 46.367233003
2024 46.367112186
1005 46.375190372
1000
1001
1000
2020
2019

46.388173172
46.388166236
46.365141342
46.375215489
46.358734100

2008,46.4549477881,
2009,46.4549553575,

2014,46.4730625042,
2015,46.4731295504,
2016,46.4729805411,

2017,46.4865157492,
1000 46.356880953
1001 46.356454694
1002 46.356454703
1003 46.350713006
1004 46.344839564

1008,46.3694893633,
1009,46.3694390760,
1010,46.3693180115,

1011,46.3732296627,
1012,46.3733355559,
1013,46.3733039973,

gcpl.rep Page 1

Ground Control Points (=GCPs)

Longitude

-84.
-84.
-84.
-84.
-84.

-84.
-84.
-84.
-84.
-84.

-84.
-84
-84
-84
-84

-84
-84.
-84

-84,

-84.
-84.
-84
-84
-84

-84.
-84.

-84.
-84.
-84.

-85.
-84.
-84.
-84.
-84.
-84.

-84.
-84.
-84.

-84.
-84.
-84.

.893683442

.893884428

.760581550
.833054431
.829831186

5716630728,207

5717193246,206

5924850466,211.
5924081648,210.
5924086203, 210.
5925334188,211.
5925362311, 211.

5716812758,203.
.5715828700,202.
.5715860187,203.
.5717947099, 202.
.5717901641, 202.

893898458

801734792 276

803176236
803181056

278

263

9058569749, 205.
9059144442,205.

9573431082,213.
.061,R12B
.475,R12C

9569849900,214
9566907434,214

0394154128,211.
.760 R14

804882997
824510278
824510278
819791794
814679747

274

277
275

7388115976, 259.
7390001988,259.
7388104672,258.

7390470582,259
7390545540, 259
7389944168,259

281.
271.
276.

.557

.946
278.
.327
283.
278.

271.
.005 R15-2
.375 R16

275.

Height Code
.031,R2-1
5715898442,206.
5715958889, 206.

907,R2-2
842,R2-3

.875,R2-4
5717210675,206.

933: R2-5

120,R4-1
922,R4-2
9331 R4"3
020,R4-4
025,R4-5

182,R5-1
900,R5-2
053,R5-3
910,R5-4
922,R5-5

R6
R78
R78E

662
844
955

R8
R8
938

R8

468 R10E

615

738,R11F
665,R11E

650,R12A

261,R13A

009 R15

618 R17

044,1T-1

.416,1IT19-1
.473,1IT19-2
.513,IT19-3

R8-CHECK

R10NEAR

GCp
GCp
GCp
GCp
GCp

GCp
GCp
GCp
GCP
GCP

GCp
GCP
GCP
GCP
GCP

GCP
GCP
GCP

GCp

"R.Z"
ﬂRz"
WRZW
WRZ"
WRZN

No.
No.
No.
No.
No.

" s W -

RR4N
'R4“
'lR4l|
HR4"
“R4ﬂ

No.
No.
No.
No.
No.

v W+

ﬂRs"
“RS LB
"RS"
“RS“
"RS"

No.
No.
No.
No.
No.

v W=

"RG"
ﬂR?"
"R’,"

No.1l
No.2

at road intersection

of 336463018

Maybe wrong
Maybe wrong
Maybe GCP "R9"

GCp
GCP

GCP
GCP

GCP
GCp
GCP

GCP
GCP
GCp
GCP
GCp
GCP

GCP
GCp
GCP

GCp
GCp
GCP

"R10" (Center)
"R10Near"

"R11" No.
"R11"™ No.

N =

"R12"
"R12"
"R12"

No.
No.
No.

w N =

"R13"
"R14"
"R15"
"R15"
"R16"
"R17"

No.1l

"R18"
"R18"
"R18"

No.
No.
No.

wNn

"R19"
"R19"
"R19"

No.
No.
No.

wN -

(Center)



un

014, 46.
015, 46.
016,46.

040, 46.
041, 46.
042, 46.
043, 46
044, 46.
)45, 46.
)46, 46
)47, 46.
)48, 46.
)49, 46.

)00, 46.
)02, 46.
)03, 46.
)04, 46.
)05, 46.

125 46.
121 46
117, 46.
118, 46.
119, 46.
120

123
24

46
46
46

25
26
27

46
46.
46.

12,46
13,46

30
31
32
33
34
35
36

46.
46.
46.
46.
46
46
46.

2 19:12 1997

3896860152,
3896005033,
3895905163,

4042942552,
4044018162,
4043883303,
.4042878505,
4041332027,
4040676061,
.4040730130,
4041331362,
4040949452,
4043478102,

4297625588,
4297385741,
4295992170,
4296658391,
4296928091,

351503847

.356631278

3751789172,
3751902311,
3752989637,

.230411150
.230559069
.230559042

.230471825

230474958
230584964

.4586133798,
.4649589117,

375154703
375151878
375287639
375421111

.375418719
.375284444

375154783

gcp2.rep Page 2

-84
-84
-84

-84
-84
-84
-84
-84
-84
-84
-84
-84
-84

-84.
-84.
.9059718765,266.

-84

-84.
-84.

-84
-84
-84

-84
-84
-84

-84
-84
-84

-84,
-84.

-84
-84
-84
-84
-84

-84

84.

84.

.571541517
.571815319
.571612122

.550923908
.550780092
.550770667

.770503836
.770375394
.770373375
.770367964
.770498033
-84.
.770503872

.7390268249,266.
.7390261682,266
.7391350773,266.

.7392223628,272
.7392304077,272
.7391176508,272.
.7391207019,272
.7391172883,272
.7391176308,272.
.7392110507,272.
.7392097999,272
.7391640552,272
.7391624788,272

9061364517,266.

9059882138,266

9061221572,266

9060537808,266.

905825956 275.

893252253 282

.7809876803,275
.7808610433,274.
.7808818752,274

210

210

209

9058626065,205.

9058862222,185

274
274

770503714 274

274

210.

209.
209.

274,
275.
2175.

384,1T20-1 GCP "R20"
.409,IT20-2 GCP "R20"
300,1T20-3 GCP "R20"
.399,R21A GCP "R21"
.365,R21B GCP "R21"
431,R21C GCP "R21"
.440,R21D GCP "R21"
.454,R21E GCP "R21"
468,R21F GCP "R21"
476,R21G GCP "R21"
.479,R21H GCP "R21"
.561,R211I GCP "R21"
.504,R21J GCP "R21"
469,BM NEAR ST45 --->GCP
.574,ROAD CORN ST45 ->GCP
597,ROAD CORN ST45 ->GCP
.561,ROAD CORN ST45 ->GCP
666, ROAD CORN ST45 ->GCP
119 R24 GCP "R24"
.384 R30 GCP "R30"
.045,1T31-1 GCP "R31"
628,IT31-2 GCP "R31"
.445,1T31-3 GCP "R31"
.555 IT33-1 GCP "R3
620 IT33-32 GCP "R3
.558 IT33-42 GCP "R3
141 1IT34-1 GCP "R3
158 IT34-2 GCP "R3
.170 I1T34-3 GCP "R3
821,CRYDERMAN1 GCP "R4
.549,CORNER-LAKE GCP "R4
.736 S58-CORNER1 GCP "R42"
.802 S58-CORNER2 GCP "R42"
897 S58-CORNER3 GCP "R42"
173 S58-CORNER4 GCP "R42"
033 S58-CORNER5 GCP "R42"
.807 S58-CORNER6 GCP "R42"
.743 S58-CORNER7 GCP "R42"
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Two benchmarks are used in this measurement. Here are the orignal
sources of these two benchmarks.
Including the cover sheet, appendix E is totally 6 pages.
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The NGS Data Sheet

DATABASE = Sybase , PROGRAM = datasheet, VEKSION = 5.21

Retrieval Date = MAY 8, 1997 Version = 5.21
Starting Datasheet Retrieval... ' :
1 National Geodetic Survey, Retrieval Date = MAY 8, 1997
RJ1102 [ R R E R R F R AR RN R R R R R R E R R R EEE R R R EE L RN R R R R R R A R R R R R R R R R R R AR XXX
RJ1102 DESIGNATION - OVERPASS
RJ1102 PID - RJ1102
RJ1102 STATE/COUNTY- MI/CHIPPEWA
RJ1102 USGS QUAD - RUDYARD (1977) ',
RJ1102 »
RJ1102 *CURRENT SURVEY CONTROL
RJ1102
RJ1102* NAD 83(1994)- <44 11 14.238231N) 084 33..44_09326(W) ADJUSTED
RJ1102* NAVD 88 - 204. (met~rs) 669. (feet) SCALED
RJ1102
RJ1102 LAPLACE "ORR- -3.49 (seconds) DEFLEC9¢
RJ1102 GEOID HEIGHT- -36.07 (me'ers) GEOID96
RJ1102
RJ1102 HORZ ORDER - THIRD
RJ1102
RJ1102
RJ1102

RJ1102.The horizontal coordinates were established by classical geodetic methods

RJ1102.and adjusted by the National Geodetic Survey in February 1997.

RJ1102

RJ1102.The orthometric height was scaled from a topographic map.

RJ1102

ggi%g%.The Laplace correction was compute¢ from DEFLE9€ derived dafle~tinnc

RJ1102.The geoid height was determined by GEOID96.

RJ1102

RJ1102; North East Units Scale Converg.
RJ1102;SPC MI N 158,934.365 8,188,150.489 MT 0.99990429 +1 45 43.1
RJ1102;UTM 16 5,117,745.562 688,120.601 MT 1.00003505 +1 45 34.6

RJ1102

RJ1102: Primary Azimuth Mark Grid Az
RJ1102:SPC MI N - OVERPASS AZ MK 265 03 18.2
RJ1102:UTM 16 - OVERPASS AZ MK 265 03 26.7
RJ1102

RJ1102|~====ccermmcec e ccc e r e r s rrrrrrr e rr e c e m e s m e
RJ1102| PID Reference Object Distance Geod. Az
RJ1102 : dddmmss.s
RJ1102 OVERPASS RM 1 29.329 METERS 12119
RJ1102 OVERPASS RM 2 16.923 METERS 20456
RJ1102| RJ1112 MAPLE HILL MICROWAVE MAST APPROX.17.4 KM 2584451.2
RJ1102 OVERPASS AZ MK 2664901.3
RJ1102| RJ1101 RUDYARD BELL TEL CO MICROWAVE APPROX. 6.1 KM 3483321.4
RJ1102|-=====----mmmmmc e cm e m———————— ittt ettt el ettt
RJ1102

RJ1102 SUPERSEDED SURVEY CONTROL

RJ1102 .

RJ1102 NAD 83(1986)- 46 11 14.23079(N) 084 33 44.09122 (W) ADJUSTED
RJ1102 NAD 27 - 46 11 14.16536(N) 084 33 .43.92730(W) ADJUSTED
RJ1102 ’

RJ1102.Superseded values are not recommended for survey control.
RJ1102.NGS no longer adjusts projects to the NAD 27 or NGVD 29 datums.
RJ1102.See file format.dat to determine how the superseded data were derived.

RJ1102
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RJ1102 HISTORY - Date Condition Recov. By

RJ1102 HISTORY - 1965 MONUMENTED CGSs
RJ1102
RJ1102 STATION DESCRIPTION
RJ1102

RJ1102‘'DESCRIBED BY COAST AND GEODETIC SURVEY 1965 (LMC)

RJ1102°'THE STATION IS LOCATED NEAR THE NORTHWEST CORNER OF A BRIDGE, WHERE
RJ1102'STATE HIGHWAY 48

RJ1102'CROSSES OVER INTERSTATE HIGHWAY 75, ' ABOUT 3- 1/2 MILES
RJ1102'SOUTHEAST OF RUDYARD, 6-1/2 MILES

RJ1102'WEST-SOUTHWEST OF KINROSS, AND ON

RJ1102‘STATE OWNED PROPERTY.

RJ1102°

RJ1102'TO REACH THE STATION FROM THE POST OFFICE IN RUDYARD, GO EAST ON
RJ1102'MAIN STREET FOR

RJ1102°'0.4 MILE TO A CROSSROAD. TURN RIGHT AND GO SOUTH ON
RJ1102‘MACKINAC TRAIL AND STATE HIGHWAY

RJ1102°48 FOR 3 MILES TO A SIDE ROAD LEFT.

RJ1102'TURN LEFT AND GO EAST ON HIGHWAY 48 FOR 1.5 MILES

RJ1102'TO A CROSSROAD AND

RJ1102‘THE AZIMUTH MARK ON THE RIGHT. CONTINUE EAST ON HIGHWAY 48 FOR 0. 45

RJ1102‘'MILE TO THE
RJ1102°‘STATION ON THE LEFT NEAR THE NORTHWEST CORNER OF THE BRIDGE.

RJ1102°
RJ1102‘STATION MARKS ARE STANDARD DISKS STAMPED OVERPASS 1965. THE

RJ1102'SURFACE DISK IS

RJ1102'SET IN A ROUND CONCRETE MONUMENT WHICH IS FLUSH WITH
RJ1102'WITH THE SURFACE OF THE GROUND.

RJ1102°TT IS 213 FEET WEST OF THE CENTER OF

RJ1102‘THE SOUTH BOUND LANE OF INTERSTATE 75, 173 FEET

DJllﬂ?' SOUTKWRST. . QOF A FENCE
RJ1102'CORNER, 133 FEET SOUTH OF A WIRE FENCE, AND Y1 FEET NOKTHEAST OF

RJ1102’'THE NORTHWEST

RJ1102'CORNER OF THE BRIDGE. THE UNDERGROUND DISK IS SET IN AN
RJ1102'IRREGULAR MASS OF CONCRETE

RJ1102'44 INCHES BELOW THE SURFACE OF THE GROUND.

RJ1102°

RJ1102'REFERENCE MARK NO. 1, A STANDARD DISK STAMPED OVERPASS NO 1 1965,
RJ1102'CEMENTED IN A

RJ1102'DRILLED HOLE IN THE NORTH END OF THE 3RD CONCRETE FOOTING
RJ1102°EAST OF THE WEST END OF THE

RJ1102'BRIDGE. THE FOOTING PROJECTS 30 INCHES.

RJ1102°

RJ1102'REFERENCE MARK NO. 2, A STANDARD DISK STAMPED OVERPASS NO 2 1965,
RJ1102‘CEMENTED IN A

RJ1102'DRILLED HOLE IN THE NORTH END OF THE 1ST CONCRETE FOOTING
RJ1102'EAST OF THE WEST END OF THE

RJ1102'BRIDGE. THE FOOTING PROJECTS 14 INCHES.

RJ1102°

RJ1102'AZIMUTH MARK, A STANDARD DISK STAMPED OVERPASS 1965, IS SET IN A
RJ1102 'ROUND CONCRETE .

RJ1102'MONUMENT WHICH PROJECTS 4 INCHES. IT IS 57 FEET SOUTH

RJ1102‘'OF THE CENTER OF STATE HIGHWAY

RJ1102'48, 32 FEET WEST OF THE CENTER OF A

RJ1102'GRAVELED ROAD, 3 FEET NORTH OF A TELEPHONE POLE,

RJ1102'AND 2 FEET SOUTH OF A

RJ1102'METAL WITNESS POST.

*++* retrieval complete.
Elapsed Time = 00:00:02
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The NGS Data Sheet

DATABASE = Sybase ,PROGRAM = datasheet, VERSION = 5.21

Retrieval Date = MAY 5, 1997 Version = 5.21
Starting Datasheet Retrieval...
1 National Geodetic Survey, Retrieval Date = MAY 5, 1997
RJ0241 [EZEXZZZXZXEEXEXEEEEEZEEEAZEZAEREAEAEAE AAEEAEZEZZZAEEAZ AR EEENFE RN R ER RN R R EEE R XXX XX N ]
RJ0241 DESIGNATION - T 44
RJ0241 PID - RJ0241
RJ0241 STATE/COUNTY- MI/CHIPPEWA
RJ0241 USGS QUAD - SULLIVAN CREEK (1978)
RJ0241
RJ0241 *CURRENT SURVEY CONTROL
RJ0241
RJ0241* NAD 83(1994)- 46 21 32.17537(N) 084 S50 44.39915(W) ADJUSTED
RJ0241* NAVD 88 - 280.746 (meters) 921.08 (feet) ADJUSTED
RJ0241
RJ0241 X - 396,162.391 (meters) COMP
RJ0241 Y - =4,391,871.074 (meters) CcOoMP
RJ0241 2 - 4,593,049.896 (meters) COMP
RJ0241 LAPLACE CORR- -5.88 (seconds) DEFLEC96
RJ0241 ELLIP HEIGHT- 244.86 (meters) GPS OBS
RJ0241 GEOID HEIGHT- -35.89 (meters) GEOID96
RJ0241 DYNAMIC HT - 280.758 (meters) 921.12 (feet) COMP
RJ0241 MODELED GRAV- 980,650.3 (mgal) NAVD 88
RJ0241
RJ0241 HORZ ORDER - FIRST
RJ0241 VERT ORDER - FIRST CLASS II
RJ0241 ELLP ORDER - FOURTH CLASS I
RJ0241
RJ0241
RJ0241

RJ0241.The horizontal coordinates were established by GPS observations
RJ0241.and adjusted by the National Geodetic Survey in February 1997.
RJ0241

RJ0241.The orthometric height was determined by differential leveling
RJ0241.and adjusted by the National Geodetic Survey in June 1991.

RJ0241

RJ0241.The X, Y, and Z were computed from the position and the ellipsoidal ht.
RJ0241 :

RJ0241.The Laplace correction was computed from DEFLEC96 derived deflections.
RJ0241

RJ0241.The ellipsoidal height was determined by GPS observations
RJ0241.and is referenced to NAD 83.

RJ0241

RJ0241.The geoid height was determined by GEOID96.

RJ0241

RJ0241.The dynamic height is computed by dividing the NAVD 88
RJ0241.geopotential number by the normal gravity value computed on the
RJ0241.Geodetic Reference System of 1980 (GRS 80) ellipsoid at 45
RJ0241.degrees latitude (G = 980.6199 gals.).

RJ0241

RJ0241.The modeled gravity was interpolated from observed gravity values.

RJ0241

RJ0241; North East Units Scale Converg.
RJ0241;SPC MI N - 177,371.816 8,165,763.023 MT 0.99990366 +1 33 25.7
RJ0241;UTM 16 - 5,136,184.510 665,731.283 MT 0.99993764 +1 33 33.8
RJ0241

RJ0241 SUPERSEDED SURVEY CONTROL

RJ0241
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RJ0241 NAD 83(1986)- 46 21 32.16828(N) 084 S50 44.39628(W) ADJUSTED
RJ0241 NGVD 29 - 280.702 (meters) 920.94 (feet) ADJ UNCH
RJ0241

RJ0241.Superseded values are not recommended for survey control.

RJ0241.NGS no longer adjusts projects to the NAD 27 or NGVD 29 datums.
RJ0241.See file format.dat to determine how the superseded data were derived.
RJ0241

RJ0241_MARKER: DB = BENCH MARK DISK

RJ0241_SETTING: 7 SET IN TOP OF CONCRETE MONUMENT (ROUND)
RJ0241_STAMPING: T 44 1934

RJ0241_STABILITY: C = MAY HOLD, BUT OF TYPE COMMONLY SUBJECT TO
RJ0241+STABILITY: SURFACE MOTION

RJ0241_SATELLITE: THE SITE LOCATION WAS REPORTED AS SUITABLE FOR
RJ0241+SATELLITE: SATELLITE OBSERVATIONS - May 01, 1991

RJ0241

RJ0241 HISTORY - Date Condition Recov. By
RJ0241 HISTORY - 1934 MONUMENTED CGS
RJ0241 HISTORY - 1935 GOOD NGS
RJ0241 HISTORY - 1988 GOOD USE
ACCl4i  HISTORY - 19910501 GOOD NOS
RJ0241

RJ0241 STATION DESCRIPTION
RJ0241

RJ0241'DESCRIBED BY NATIONAL GEODETIC SURVEY 1935

RJ0241°'5.9 MI E FROM STRONGS.

RJ0241°5.9 MILES EAST ALONG THE DULUTH, SOUTH SHORE AND ATLANTIC
RJ0241'RAILWAY FROM STRONGS, CHIPPEWA COUNTY, 5 FEET SOUTH OF MILEPOST
RJ0241°26, AND 20 FEET NORTH OF THE TRACK. A STANDARD DISK, STAMPED
RJ0241'T 44 1934 AND SET IN THE TOP OF A CONCRETE POST.

370241

370241 . STATION RECOVERY (1988)

70241 ,

WJ0241'RECOVERY NOTE BY US ENGINEERS 1988 (RAB)

1J0241'THE STATION IS LOCATED ABOUT 5.9 MILE EAST OF STRONGS MICHIGAN.
\J0241" . ,

\J0241'TO REACH THE STATION FROM STRONGS MICHIGAN, GO EAST FOR 9.5 KM
130241 (5.9 MI) ALONG M-28 TO STATION LOCATED 6 METERS (20 FEET) NORTH OF
.J0241 ' ABANDONED RAILROAD GRADE WHICH IS ALONG NORTH SIDE OF HIGHWAY M-28.
J0241

J0241 STATION RECOVERY (1991)

J0241 :

J0241’RECOVERY NOTE BY NATIONAL OCEAN SURVEY 1991

J0241'RECOVERED IN GOOD CONDITION.

** retrieval complete.
lapsed Time = 00:00:02



