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ABSTRACT

CLASSIFICATION, BIOMASS ESTIMATION, AND CARBON DYNAMICS OF A
NORTHERN FOREST USING SIR-C/X-SAR IMAGERY

by
Kathleen M. Bergen

Chair: Charles E. Olson, Jr.

Because of the significance of C resident in forest trees, efforts are being directed to better
quantify the amount and distribution of this component of the global C cycle. The need for
information over large areas has lead to the implementation of remote sensing instruments
such as synthetic aperture radar (SAR). This dissertation addresses all of the stages needed
to derive the parameters fundamental to assessing C storage and change using a primarily
SAR-based methodology. These include: 1) ground reference data, 2) forest classification,
3) biomass estimation, and 4) C estimation. The imagery used is multi-temporal SIR-C/X-
SAR imagery of the NASA Michigan Forests Test Site (MFTS) in the Hiawatha National
Forest in northern Michigan.

Ground data was collected and analyzed for 70 forest test stands. These data include
stand structural and biomass statistics used for image classification and construction of
biomass, C, and ANPP (above-ground net primary production) estimation functions. A
hierarchical structural methodology is used to classify SIR-C/X-SAR scenes to Level II
(forest community). Overall unbiased accuracies are compared and results show that multi-
temporal (97%) may show improvement over single-date (April 90%, Sept. 95%, and Oct.
98%), and definitely shows good improvement over pooled (April 90%, Sept. 77%) classifica-
tions. Empirical biomass estimation algorithms are developed for each structural type and
when combined with the classified image, above-ground biomass is mapped in the image
domain at 5.79 x 10° kg in 51,448 ha’s. Finally, three components of C storage and change
are estimated: (1) C stored in above- and below-ground living vegetation(3.22 x 10° kg),
(2) C gain from ANPP (0.75 to 1.31 kg/m?/yr), and (3) C removed by forest harvesting
(6.02 x 10° kg).

Results confirm that it is possible to successfully develop a multi-stage approach to
estimate C storage and change using SIR-C/X-SAR imagery as the major data set. This
provides a new method for estimating these parameters at the landscape level. The method
improves on previous ones by incorporating actual (as opposed to potential) vegetation
cover, plus the amount of vegetation, and results in quantifications which are significantly

closer to measured calibration values.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Introduction

The past several decades have seen a scaling-up of ecological research. Where 20 years
ago over 50% of quantitative ecology was carried out on plot scales of a meter square and
global geography was primarily descriptive, current large portions of the ecology research
agenda are being directed to rigorous quantification and modeling of Earth system states
and processes on scales from regional to global (Shugart et al., 1992). This focus builds on
knowledge gained from intensive small scale research and combines it with new data and
techniques to assess a larger picture.

The impetus for this scaling up may be attibuted to the convergence of several factors.
Beginning in the 1950s there have been a series of environmental problems whose potential
mitigation has required the understanding and quantification of how processes operate over
larger regions. The pesticide DDT, acid rain, global climate change, desertification, and loss
of habitat and biodiversity are several of the major issues which have shaped the ecology
science agenda and its funding in recent years.

At the same time, advances have been made in both the theory and the tools to enable
study of these issues at a much larger scale and with a more intensively quantitative focus.
On the theory side are the maturing of a working body of knowledge in spatial analysis,
electromagnetics, modeling, ecology, and earth systems science. These are combined with
rapidly increasing computing power, more and better digital satellite data, and specialized
computing software including geographic information systems, image processing, modeling,
and statistics. Together these provide the basis from which to efficiently tackle analysis of
regional to global environmental issues.

All of the problems mentioned above, and in particular that related to global climate
change, require large-scale knowledge of vegetation: the distribution of vegetation and
landscape units, the amount or biomass of vegetation, and the amount of carbon (C) stored
in terrestrial vegetation and its fluxes. Remote sensing is seen as the key to providing this
information up to a global scale. Development and demonstration of a methodology to to



derive such vegetation information using synthetic aperture radar (SAR) remotely sensed
imagery is currently being tested at the NASA Michigan Forests Test Site (MFTS), and
this is the focus of this dissertation.

Why use SAR? Synthetic aperture radars do not record reflected or emitted solar radia-
tion as do optical sensors (such as Landsat), but are active sensors which transmit their own
energy and then record its reflectance back to the sensor. SARs use the microwave portion
of the electromagnetic spectrum, and have wavelengths ranging from 1 cm to 60 cm. In
forests, optical sensors in the short wavelength visible and near-infrared are responding to
internal leaf structural and pigment characteristics. At its longer wavelengths, the magni-
tude of SAR reflectance is dependent on larger structural characteristics (tree architecture)
and moisture content. With such longer wavelengths SAR may also effectively penetrate the
forest canopy to provide information on tree bole biomass, tree moisture, soil moisture, and
surface topography. Because it is independent of solar illumination, and precipitation and
clouds are invisible to SAR’s longer wavelengths, this sensor is used for diurnal monitoring,
and for acquisition of information in frequently cloud-covered boreal or tropical regions.
Thus SAR is expected to have advantages in quantifying biophysical parameters (biomass,
C storage), and in mapping vegetation, and this provides the foundation for the research
goals described below.

1.2 Contributions and Goals of this Dissertation

Several North American study sites located in different biomes have been initiated by
NASA as long term research sites for the purpose of Synthetic Aperture Radar (SAR) veg-
etation ecology studies. These test sites were initiated in particular for the SIR-C/X-SAR
program. SIR-C/X-SAR is a multi-channel SAR which was flown aboard the space shut-
tle Endeavor in April 1994, and again in October, 1994. NASA SIR-C/X-SAR test sites
whose efforts are directed toward ecological investigation include the Michigan Forests, USA
(north temperate-boreal forest transition), Duke Forest, USA (southern pine-hardwoods),
Prince Albert and Nelson House, Canada (extreme boreal), Howland Maine, USA (boreal),
Manaus, Brazil (upland and plain tropical forests), and Sena Madureira, Brazil (tropical
forests) sites (Stofan et al., 1995). These and other affiliated research sites are contributing
to analysis of the multi-date SIR-C/X-SAR data set. The MFTS was established in 1990,
and the purpose of the research associated with this site is to investigate the use of SAR
image data in land-cover classification, biophysical parameters estimation, image calibra-
tion, and development of theoretical microwave canopy scattering models. The location
of the test site in Michigan and its situtation within the northern hardwood-conifer forest
(NHCF) is shown in Figure 1.1.

Since its inception in 1990, the MFTS has been imaged not only by SIR-C/X-SAR, but
also by ERS-1/2 and JERS-1, and has received frequent JPL AIRSAR overflights. These
SAR sensors are discussed in section 1.3. Analysis of the image data to achieve the goals of



Figure 1.1: Michigan Forests Test Site (MFTS) and northern hardwood and
conifer forest (NHCF) (adapted from Mladenoff and Pastor,
1993, Bormann and Likens 1979).

the test site has proceeded in step with image acquisition. The research goals of this disser-
tation have been central to meeting those for landcover classification and forest biophysical
parameters estimation using SIR-C/X-SAR data. Additionally this dissertation extends
beyond these to estimate C storage and change and recommend methods for incorporating
such information in larger empirical and process models.

The specific contributions of this dissertation are:

1. Development of the test site reference data set, including test stand structure and

biomass,
2. Multi-temporal land-cover classification,
3. Forest biomass estimation, and
4. Quantification of C storage and change.

These are developed and discussed below with emphasis on the purpose of each.

1. Development of the Test Site Data Set:

Most classification procedures, including those developed for the present study, are given
some form of training data from ground surveys which are used to statistically define the
classes that are to be separated. Also, biomass estimation algorithms developed by empir-
ical regression relate biomass of known areas on the ground with image backscatter from

3



the same areas on the imagery using some combination of channels. Empirical based C
estimations such as those for above-ground net primary productivity (ANPP) over a con-
tinuous geographic region incorporate allometric equations developed in part from ground
measurements.

For these reasons an extensive database of ground reference data was intended to be
a major effort of the MFTS from the beginning. Toward this end 70 four-ha permanent
test stands representing the distribution of forest cover in the test site were established in
the MFTS beginning in 1990. Chapter 2 documents the sampling methodology, statistical
analysis, and results for the detailed measurements which were made in each stand to
quantify stand community composition, structure, and biomass. This database is central to
the SIR-C/X-SAR derived land-cover classification, biomass estimation, and C estimation
analysed in this dissertation but will also be used by additional researchers at the University
of Michigan Radiation Laboratory and at other institutions.

2. Land-cover Classification:

Land-cover classification at the MFTS is both a goal in itself and is also a prerequisite
for boimass and C estimation which use information on forest structural type in their
algorithms. Three aspects of SAR-based classification are explored in this dissertation.
These are: (1) use of structural attributes for determining classes, (2) the appropriateness
of various classification methodologies, and (3) the possible advantages of multi-temporal
classifications. Because of its longer wavelengths (1 - 60 cm), SAR response is to larger
structural characteristics of vegetation. These structural characteristics vary by species
and/or community, and this is the primary physical basis upon which SAR vegetation class
discrimination results. To derive classifications, several methodologies may be employed
and include Bayesian, knowledge-based, supervised, unsupervised, and other methodological
variants. Here a hierarchical classifier is used which combines a knowledge-based technique
to deliniate very general land-cover categories, and then a Bayesian algorithm is used to
further subdivide these into more detailed classes. Finally, multi-temporal aspects are
explored because biophysical systems in temperate regions undergo distinct changes in each
annual cycle, and for forested ecosystems this includes moisture and phenological changes.
The dual-flight program (April and October) for the SIR-C/X-SAR instrument aboard the
shuttle Endeavor was designed expressly to acquire imagery at different stages of such cycles.
This provides a new opportunity in terrain classification where phenology and moisture
changes may be used as additional information. Methodologies, analyses and results for
SIR-C/X-SAR land-cover classifications are presented in chapter 3.

3. Biomass Estimation:

A goal of this dissertation is to map forest biomass in the image domain. Because SAR
operates at much longer wavelengths than optical sensors, it can therefore effectively pene-
trate even a closed forest canopy and provide information on the tree boles, branches, and
underlying surface. For this reason, and because there is a quantifiable relationship between



vegetation biomass and SAR backscatter, SAR has been considered to be especially suited
to estimating forest biomass. The biomass results in this dissertation follow a methodology
previously developed for the MFTS (Dobson et al., 1995). Application of this methodol-
ogy follows the classification results in chapter 2 because biomass algorithms have been
found to be structurally (class) dependent (Dobson et al., 1995). In the biomass estimation
methodology functions are developed using least squares regression which predict biomass
as a function of selected SAR frequency and polarization. Different functions are developed
for each of the forest communities (structural categories) at the site. Resulting algorithms

are then applied on a pixel basis to map biomass over the region.

4. Quantification of Carbon Storage and Change:

There are three goals in the present study to demonstrate the application of SAR to
estimating C storage and change: (1) estimate C stored in living vegetation at the MFTS
(both above- and below-ground), (2) determine C gain from above-ground net primary
productivity (ANPP), and (3) measure changes in C balance related to forest disturbance
(clearcutting). To estimate C storage and ANPP a method is developed which uses as
inputs the classified image, the biomass image, and allometric equations available in the
literature which relate below-ground biomass or ANPP to individual stem diameters. New
algorithms are developed which relate below-ground biomass to above-ground biomass and
ANPP for each structural class at the stand level. Results are mapped in the image domain
as above-ground C, below-ground C, total C and ANPP. In addition, a second method is
developed to predict C removed by forest harvesting which uses a combination of image
differencing and simple decision rules. Results are maps of clearcuts and quantification of
C removed. This is the first study to publish results on C parameters derived from SAR
imagery.

The remainder of this introduction provides background information on SAR physical
fundamentals, a literature review, and the status of research on SAR applications in ecology.

1.3 SAR Fundamentals

Radars are active sensors operating in the microwave portion of the electromagnetic
spectrum which effectively ranges from 1 to 60 cm wavelengths. A SAR, or synthetic
aperture radar, is a radar in which a very long antenna is artificially synthesized for the
purpose of greatly increasing resolution of the instrument while maintaining a relatively
compact physical size. The capabilities of each SAR can be characterized by two fac-
tors, its frequency(s)/wavelength(s) {wavelength = A = 30/ f(GHz)) and polarization(s).
Those that have the capability to operate in several frequencies/wavelengths and all pos-
sible polarizations are called multi-frequency polarimetric SARs. The four predominant
frequencies/wavelengths used in available imaging radars are: X-band (10 GHz, 3.0 cm),
C-band (5.3 GHz, 5.6 cm), L-band (1.225 GHz, 24.5 cm), and P-band (0.44 GHz, 68 cm).



The length of the SAR wavelength determines the extent to which it can penetrate a forest
canopy. Different polarizations of the electromagnetic waves can also be transmitted and/or
received in any of the above wavelengths (e.g., hh is horizontal receive, horizontal send, hv
is horizontal receive, vertical send). Different geometries of earth features affect the polar-
ization of the energy received, and thus polarization signatures can also be a discriminating
tool. SARs can be absolutely calibrated so that backscatter values across many different
images from different times can be directly compared.

For forest applications of SAR it is important to understand the causes of backscatter.
With optical sensors operating in the visible portion of the spectrum, response is primarily
from pigments at the cellular level in canopy leaves. In the near-infrared portion (0.7-1.2),
the response has been determined to be from internal leaf structure - cell wall/air inter-
face, and in the remainder of the infrared mainly from moisture content (Rhode and Olson,
1971; Willstater and Stoll, 1918). The longer wavelengths used with SAR respond primar-
ily to two properties: structure/geometry and electrical properties/moisture. Structural
characteristics which radar return is dependent upon include shape, size, and orientation
of individual scatterers (such as leaves and small branches at X or C bands, and entire
trees at L or P bands) plus structure of the entire community (density, height, row spacing
and orientation). The electrical properties of a feature may be measured by its complex
dielectric constant. Pure water has a dielectric constant of about 80, dry natural materials
(including tree bark and heartwood, and dead trees) have a dielectric constant in the range
of three to eight, and the vascular cambium of healthy forest trees in the summer condi-
tion ranges from approximately 15-30, differentiating to some extent by species (Ulaby et
al., 1981; Bergen et al., 1994; Bergen et al., 1995b). Trees (unless seedlings), with their
relatively large surface areas and high moisture contents, are particularly good reflectors of
radar energy and can produce very high (bright on the imagery) backscatter amplitudes.

The earliest spaceborne imaging radar was Seasat-1, an L-band, hh SAR. It failed 99 days
after launch, but provided intriguing images indicating potential applications for geology,
land cover mapping, water resources, and agriculture in addition to the ocean features and
processes for which it was designed. Thus NASA adopted a program to launch three imaging
SARS onboard space shuttle missions over the next fifteen years. The first of these was
SIR-A, also an L-band, hh polarized SAR. The SIR-A mission was a success, and one of the
interesting discoveries made with SIR-A was its capabilities to image subsurface (buried)
river channels and archeological features in arid areas. SIR-B was launched in 1984 with
an L-band, hh polarized SAR which had a tilt feature that could be activiated to look at
the earth from varying look angles. SIR-B data was used extensively in early vegetation
studies, both agricultural and forest.

After a delay in the shuttle schedule, the third SAR, SIR-C, was finally launched in April
1994 onboard the space shuttle Endeavor. It was flown a second time in September/October
1994 for the purposes of providing data from two seasons. SIR-C is a L and C-band multi-
polarization SAR and was joined by an X-band vv polarized SAR carried as part of the



shuttle payload for the Federal Republic of Germany. SIR-C/X-SAR is the first spaceborne
multi-frequency, fully polarimetric SAR. The aim of the SIR-C/X-SAR shuttle missions was
to collect imagery for environmental monitoring and global change studies. The MFTS was
one of several test sites world-wide to be imaged during this shuttle mission, and in addition
to the stand structure and biomass data collected from 1991-1994, extensive time-sensitive
ground measurements (especially tree moisture, soil moisture, snowpack and precipitation)
were carried out during the shuttle overpasses (Bergen et al., 1994; Bergen et al., 1995b).

Several other space agencies have launched spaceborne orbiting SAR satellites. In 1991,
the European Space Agency launched ERS-1, a C-band SAR with a resolution of 30 m.
In 1993 the National Space Development Agency of Japan launched JERS-1, an L-band
SAR with a resolution of 25 m. ERS-2 was launched in 1995 and has the same parameters
as ERS-1 which is still orbiting. RADARSAT is a Canadian C-vv SAR launched in 1996,
which is used extensively for ice monitoring.

In addition to spaceborne SARs, several airborne SARs have provided imagery for ter-
restrial applications. The most widely flown is the NASA/JPL AIRSAR. The AIRSAR is
a multi-frequency/multi- polarization SAR (C, L, and P frequencies and hh, vv, and hv
polarizations) with a resolution of 7 m.

Early AIRSAR and spaceborne SARs including SEASAT and SIR-A were processed
optically and not digitally. The resulting imagery could be optically scanned and digitized
into “gray values” between 0-64 or 0-255. The advent of SIR-B, AIRSAR, SIR-C/X-SAR
and ERS-1 beginning in the mid-late 1980’s provided the first fully digital data where the
numbers associated with each pixel are the actual amplitude and phase of the backscattered
signal. With this information absolute image calibrations and much more refined data
extraction are possible, but this capability is still relatively new. While this dissertation
uses SIR-C/X-SAR data, it builds upon methodologies and results from all of the above
instruments, especially those developed with AIRSAR and ERS/JERS.

1.4 Background on SAR in Vegetation Ecology

SAR applications in vegetation ecology cover a number of areas including land-cover
classification and biophysical parameters estimation. The following sections (1) provide a
literature review or background on related research to date, and (2) develop the foundation
for the methodologies and results presented in the chapters 3-5 on classification, biomass
estimation, and estimation of C storage and change, respectively.

1.4.1 Land-Cover Classification: The Hierarchical Structural Approach

Significant development of the classification conceptual model of SAR response to dif-
ferent earth terrain has come from theoretical results synthesized using MIMICS. MIMICS
is a forward scattering model for single-frequency and polarimetric SAR based on radia-



tive transfer theory, and may be employed to predict backscattering response as a function
of earth terrain and sensor parameters (Ulaby et al., 1990). MIMICS simulations have
confirmed the importance of vegetation structure and dielectric properties in classification
efforts, and these have been incorporated into the theory underlying the classifier design
used in this project.

SAR response at a given wavelength (A) and polarization is known to be determined
by (1) structural or geometric properties and (2) dielectric properties. The contributing
structural properties of vegetation are (1) size distribution of vegetation components (for
trees main stem, branches, and foliage), (2) orientation of scatterers, and (3) densities of
structural elements. Dielectric properties may be defined in terms of discontinuities at
boundaries determined largely by volumetric water content, the phase of water (liquid or
frozen), and specific dry density of the scatterers. To date a solution for separating the
effects of structure and moisture has not been achieved by the SAR research community.
However, the moisture contribution to the signal in general is small in the MFTS SIR-
C/X-SAR images analyzed compared to that of structure. In the case of multi-temporal
classification moisture differences are not noise, but are useful information which can be
used to discriminate forest classes or to infer changes in canopy and soil moisture status.

Structural categories or growth forms relevant to SAR are presented in Figure 1.2 (Dob-
son et al., 1993). A more in-depth discussion of the conceptual model for structural clas-
sification of vegetation is developed in Dobson et al. (1996), where the structural classes
are compared with MIMICS simulations of each of the classes over a range of size or “age”
distributions at C-vv and L-hh. Results of this show that backscatter is sensitive to both
the structure and the quantity of structure (vegetation biomass). To separate different veg-
etation types on these bases, the backscattering coefficient (¢°) must be separable in the
spectral, spatial, or temporal domains. In Dobson et al. (1996) only the spectral domain is
used but with two frequency/polarization combinations (C-vv, L-hh) whose spectral gradi-
ent 0f /o is significantly different to allow successful separation of gross structural classes
(e.g., grass, excurrent trees, decurrent trees).

In addition to scattering models such as MIMICS, there is a growing body of research
using existing SAR datasets which also present strong evidence for the structural control
component of the relationship between terrain and backscatter. Several knowledge-based
approaches in this category have been investigated. An unsupervised knowledge-based tech-
nique has been developed and used by Van Zyl (1989), and later by Moghaddam and Free-
man (1993), where polarimetric data is used in identifying dominant scattering mechanisms
from the average Mueller matrix. This is followed by application of a set of hierarchical
decision rules to classify very general landcover categories. An approach developed at the
University of Michigan (Pierce et al., 1994a) on AIRSAR and SIR-C imagery uses sim-
ple knowledge-based rules and is discussed below. Additional work at the University of
Michigan used an explicit knowledge-based structural classifier to discriminate very general
land-cover and a Bayesian methodology for further subdivision of these classes. (Pierce et
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al., 1995).

The JPL AIRSAR is a fully polarimetric airborne SAR operating at P (0.4 GHz), L
(1.25 GHz), and C (5.3 GHz) bands. Beginning in 1990, use of JPL AIRSAR at L- and
C-bands as a SIR-C testbed for terrain classification was explored in an ecoregion similar
to the MFTS at the University of Michigan Biological Station (UMBS) at Douglas Lake
near Pellston, Michigan. This work led to the formalization of structural, knowledge-based,
and hierarchical land-cover classification concepts (Pierce et al., 1994). Two structural
classification levels are defined. General landcover, or Level I categories, are surfaces (wa-
ter, airports, highways), short vegetation (agricultural, marsh, other herbaceous and short
shrubs), and tall vegetation (forest trees, forested wetlands). A Level II classification retains
the surfaces and short vegetation categories but further delineates the tall vegetation into
categories based on growth-form. Here vegetation is differentiated by gross architecture
such as shrub, excurrent, decurrent, and columnar, plus smaller branching and foliage char-
acteristics such as branch size and orientation, leaf type, and/or needle length. The basis for
these structural categories is recognizable in Figure 2. A Level I single date knowledge-based
classification yielded accuracies greater than 97% based on spatially independent training
and testing populations. Extension of this to a Level II classification for tall vegetation
using a Bayesian classifier resulted in discrimination of several different forest communities
each with classifiation accuracy of better than 96% (Pierce et al., 1994b).

In July of 1991, the ERS-1 SAR was launched into orbit. Its C-vv polarization (5.36
GHz) and inclination angle of 23° has made it optimal for discrimination of earth processes
including ice and agricultural crop canopy studies. A second orbiting SAR, JERS-1, was
launched in April of 1992, operating at L-band HH polarization (1.25 GHz). For the largely
forested MFTS, a single ERS-1 image produced accuracies of 74.9 and 63.5% for Level I and
Level II classifications, respectively. In the same study, an analysis using JERS-1 produced
overall classifiation accuracies of 97.7 and 65.9% for Level I and Level II, respectively (Dob-
son et al., 1996). Thus, when used alone, especially at Level II, both ERS-1 and JERS-1
have been found to yield sub-optimal results for land-cover classification. However, when
the two sensors are used synergistically, allowing the difference in wavelengths to be ex-
ploited to differentiate structural properties of surfaces and vegetation, generalized use for
land-cover classification is vastly improved, and this has been demonstrated in a Level II
classification. When used in combination by a hierarchical knowledge-based classifier, the
structural information content provided by the two SARs with different wavelengths, po-
larizations and angles of incidence significantly improved the classification results at Level
II to 94% accuracy (Dobson et al., 1996).

The general advantage of a structural and knowledge-based decision approach is centered
on the fact that it does not rely upon a priori knowledge of a local area or region, is not
image-specific, and thus is much more likely to be transportable. To date, this technique
is operational for Level I JERS/ERS, AIRSAR, and SIR-C/X-SAR data, and has been
demonstrated at Level II for JERS/ERS. The advantages of this transportable structural
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classifier for world-wide land-use mapping is discussed in depth by Dobson et al. (1996).
For example, a long-term goal of the classification efforts for the MFTS is to eventually
determine a way to have a fixed set of rules with constants that are adaptable to each
image for at least Level I. In this way the same algorithm can be used, while allowing
the same discrimination procedure to adapt to the local conditions. The combination of
additional structural categories at Level II and a fully polarimetric SAR such as AIRSAR
and SIR-C/X-SAR result in a classification problem which is much more complex in a
multivariate sense. Here the power of Bayesian techniques in dealing with multivariate
datasets are advantageous.

These results from AIRSAR and ERS/JERS raise expectations for a single instrument
such as SIR-C/X-SAR with its total of seven power polarization-frequency channel com-
binations plus four additional polarization phase-difference channels. It is expected that
when the additional dimension of multi-temporal data is added that there is the potential
for even greater discriminating power. A brief discussion of multi-temporal SAR efforts is

given below.

1.4.2 The Multi-Temporal Approach

Theoretical and experimental work has also been done which demonstrates that the
use of multi-date imagery should provide additional, useful information for classification.
Temporal change observed by AIRSAR, and as quantified in backscatter, has been related
to surface and canopy properties of northern hardwoods forests in the MFTS (Dobson et
al., 1991). Investigations have been carried out to quantify and explain multi-temporal
backscatter for ecoregions other than north-temperate forests, including a semi-arid region
in California (McDonald et al., 1990). Both of these explore multi-date imagery within
the same season but provide confirmation of temporal change contributions to the SAR
signal. In their research on northern forest classification using temporal multifrequency
and multipolarimetric SAR (airborne) images, Ranson and Sun (1994) found that use of a
temporal data set improved classification accuracy when compared to single date.

Multi-date techniques have been fairly widely applied using optical imagery. A layered
multi-temporal approach was investigated for classifying Landsat MSS (Lozano-Garcia and
Hoffer, 1985). In a study to map forest cover types in New Hampshire using multi-temporal
Landsat Thematic Mapper imagery, researchers concluded that multi-temporal classifica-
tions achieved improved accuracy over those from a single date (Schriever and Congalton,
1993). Indices have been constructed from Landsat data to characterize temporal patterns
of spectral response of vegetation (Samson, 1993). NDVI is extracted from multi-date
AVHRR to monitor seasonal trends such as “green-up” on a regional to global basis.

Recently, researchers in Wisconsin demonstrated the use of phenological variation to ar-
rive at improved forest classifications (Wolter et al., 1995). In their stepwise approach, phe-
nological change (particularly leaf flush and leaf senescence) of a particular species/community
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occurring between two time periods is analyzed to separate species/communities which are
then masked from the imagery. Further classification then proceeds in a continuing step-
wise fashion on the remaining portions of the imagery. In this study which attempted to
classify to the species level, an overall classification accuracy of 83.2% was reached. When
categories were aggregated to forest communities, accuracy was improved to 93.6%. The
authors conclude that a multitemporal approach is an advantageous method in ecoregions
where phenological changes occur consistently over large areas.

Both the successes and challenges acknowledged in the above discussions of classifi-
cation methodologies and multi-temporal classifications suggest that SIR-C/X-SAR may
combine the advantages of several former or current sensors in efforts towards improved
land-cover classifications. The challenge in the present project is to marry the advantages
of the multi-temporal dataset for this fully polarimetric, high resolution SAR with robust
hierarchical structural-based classification methodologies; both of which have shown inde-
pendent successes. The results should be SAR-derived terrain classifications which may
serve a variety of purposes. These include improved land-cover maps, inputs to empirical
and process-based ecosystem models, and the dataset prerequisites to class-specific inver-
sions from which quantitative estimates of biophysical parameters may be extracted.

1.4.3 Biomass Estimation

The premise that SAR imagery may be used to estimate forest biomass is supported by
research to date. In the past five years, a number of exploratory studies have demonstrated
the relationship between above-ground standing forest biomass and SAR backscatter at
several wavelengths (Dobson et al., 1992; Kasischke, 1992; Kasischke et al., 1994; Le Toan
et al., 1992, Rignot et al., 1993, Dobson et al., 1995, and others). Several of these studies
have sought to assess the relative usefulness of the several SAR standard frequencies and
polarizations in biomass estimation. Dobson et al. (1992) examined the dependence of
radar backscatter on aboveground biomass of mono-species loblolly pine (Pinus taeda) and
maritime pine (Pinus pinaster) plantations using P (0.44 GHz), L (1.225 GHz), and C (5.3
GHz) polarimetric (hh, hv, vv) airborne SAR data. They found that radar backscatter
increased linearly with increasing conifer biomass until reaching a saturation level which
was higher at the lower frequencies (L and P). They found the biomass saturation level to be
approximately 200 t/ha at P-band and 100 t/ha at L-band. At C-band, biomass saturated
at a much lower level and was also more weakly correlated to above-ground biomass. The
coefficient of determination (r?) between backscatter and biomass for P and L bands, each
at three polarizations, varied from 0.894 to 0.957. At C-band r? varied from 0.511 to 0.749.
The relatively better success at the longer wavelengths is because the shorter wavelength is
primarily back-scattered from the canopy leaves and twigs and thus provides no information
on the trunk component which may contain over 60% of the above-ground biomass.

Le Toan et al. (1992) demonstrated the possibilities of using multi-frequency/multi-
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polarization JPL AIRSAR (P,L,C; hh,vv,hv) to estimate forest biomass. Their test site in
SW France was composed almost entirely of plantations of maritime pine (Pinus pinaster)
ranging in age from 8 to 46 yrs. They found that the dynamic range of the SAR backscatter,
and thus the potential for retrieving the most significant information, was highest in P-
band and decreased with increasing frequencies. They also determined that cross-polarized
backscatter (hv) was the most sensitive to forest biomass variation. The best coefficient of
determination was obtained between P-hv and trunk biomass (r? = 0.95). They looked at
a variety of variables and found that there was a strong positive relationship between radar
backscatter and height, biomass, dbh, basal area, and age in decreasing order. No significant
correlation was found with tree density. They suggest that their experimental results show
potential usefulness especially for P-band SAR to estimate forest biomass. They suggest
that “cross comparison with observations on other forest sites and validation of observations
by physical modeling are a requisite to the development of application programs (Le Toan
et al., 1992).”

Kasischke et al. (1994) studied ERS-1 C-vv single polarization SAR to determine its
possibilities for estimation of forest biomass in young loblolly pine forests in North Carolina.
The authors hoped to show that while C-band SAR has been found to be less useful in
older and mature closed-canopy stands, it still may be useful in estimating biomass for
young open canopied stands. They found correlation coefficients between 0.87 and .93 for
the young stands and concluded that the C-vv ERS-1 SAR has potential for monitoring
biomass changes during early successional stages of north-temperate conifers.

Other studies have concentrated on assessing or refining methodologies for deriving
biomass information from SAR imagery. In his dissertation, Kasischke (1992) described
his analysis for the estimation of biomass from AIRSAR imagery with in-depth attention
to tree biomass components for well-studied plantations of loblolly pine. His dissertation
is part of an on-going study to develop a better model of the cause-effect relationship
between the structure of Loblolly pines (branching sizes, angles; needle sizes, angles, etc.)
and the SAR backscatter coefficient. He found significant correlations, and concluded that
using regression approaches to do this was useful in the exploratory stage and for effiecient
estimates, and that theoretical scattering models which incorporate these findings and make
it possible to apply the inverse process using backscatter to predict biomass should be
investigated further.

Dobson et al. (1995a) published the results of a first analysis to extract biophysical
quantities from SIR-C/X-SAR data. This study demonstrated that forest structure must
be taken into account prior to developing retrieval algorithms. Thus the process involved
first classifying the imagery and then developing the empirical relationships between the
imagery and biophysical parameters of interest for each structural category. To account for
this, SAR data is used to estimate the fundamental biomass components of height, basal area
(BA), and crown biomass. The trunk biomass (the highest proportion) is then estimated
from estimates of BA and height combined with a priori knowledge of structural class taper
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factors. Lastly crown biomass and trunk biomass are combined to arrive at total biomass.
Results showed that biophysical characteristics were estimated with relatively small rms
errors. Total aboveground biomass (0-25 kg/m?) was estimated with an rms error of 1.4

kg/m2. The rms error is the root mean square error as given by:

_ /E(:z: - z)?
rms = ——;— (1.1)

where where Z is the arithmetic mean, (z — z)? is the squared deviation of an individual

observation from the arithmetic mean, and n is number of samples.

1.4.4 Interfacing SAR and Carbon Cycle Modeling

This section introduces the rationale for interest in deriving C estimates from remotely
sensed data and discusses the potentials for SAR-derived quantifications in particular. The
terrestrial component of the C (C) cycle has been and continues to be extensively studied
at the level of internal organism and local ecosystem processes. Of more recent emphasis
is the regional to global scale quantification and modeling of these processes prompted to
a large degree by the centrality of CO; to the issues of global warming. With CO; as the
primary greenhouse gas after water vapor, the C cycle holds a key position in any potential
climate change. Due to a number of reasons, including uncertainties in projected C balances
between global sources and sinks (Tans et al., 1990), there is great interest in studying the
role of the terrestrial biosphere in the C cycle. This is the impetus for the work done
in the present study to demonstrate that a SAR-based methodology may be developed to
model forest C storage, annual growth, and forest disturbance, and which will enhance or
complement other efforts to refine our understanding of terrestrial C storage and flux.

The C cycle is a fundamental terrestrial biosphere flux and functions as the major in-
tegrator of other fluxes such as N, P, S, water, and energy in land biogeochemical cycling.
Terrestrial vegetation and soils contain a significant portion of global C - approximately
three times as much C as does the atmosphere (Clark, 1982). Because of their large peren-
nial woody structure which requires the products of photosynthesis for maintenance and
continued growth, forests worldwide have stored a comparatively larger quantity of C than
other vegetation types. The forest storage compartment, however, has undergone rapid
change in the past two centuries and continues to do so as a result of human modification of
the landscape, particularly forest clearing. Since 1860 there has been a large global flux of
C from the land towards the atmosphere. About 1980 a new landmark was reached when
C released from terrestrial ecosystems was surpassed by that from the combustion of fossil
fuels (Alban and Perala, 1992).

Scientists are currently attempting to balance the global C budget as measurements and
analyses indicate that the sum of presently understood global C sources and sinks is out of
balance. Despite the increased release of C by harvesting and burning, it is suspected that
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the terrestrial biosphere may be a large net C sink, and further, that this sink may reside
primarily in north temperate (Tans et al., 1990) or boreal forests (Bonan, 1991).

Table 1.1 shows the estimations from anthropogenic sources, and the remainder indicates
a terrestrial sink of 0.2 Gt (£ 0.8 uncertainty). This ignores the sources due to land use
change and inclusion of this (largely net deforestation, estimated as 1.6 Gt) gives (from
Schimel, 1995):

land use net emission(1.6) + calculated imbalance(0.2) = terrestrial sink(1.8) (1.2)

Other researchers have suggested a greater net C sink in the northern hemisphere of 2.0 -
3.4 Gt/C/yr (Tans et al., 1990; Ciais et al., 1995; Dai and Fung, 1993; Friedlingstein et al.,
1995; Denning et al., 1995).

In deriving quantifications of C, storage is only one key variable. Net primary production
(NPP) is of equal importance, and has been described by Field et al. (1995) as the central
C-related variable summarizing the interface between plant and other processes. It involves
the removal of C from the atmosphere and assimilation by primary producers after gross
photosynthesis and leaf and maintenance respiration have occurred. What remains is used
for NPP, which is equivalent to plant growth, or the amount of structural material (leaves,
wood, roots, etc.) produced (Aber and Melillo, 1991). There are two ways of defining NPP,
one based on biomass and the other on gas exchange. The biomass NPP is defined as:

NPP = byt = be + Leg (1.3)

where b; and by are the plant biomass at the beginning and end of the time interval
respectively, and L;y; is the new litter produced during the interval. The gas-exchange
NPP is defined as:

NPP =GPP+R. (1.4)

where GPP is gross primary production, or C fixed during photosynthesis, and R, is au-
totrophic respiration which includes both maintenance and construction respiration (Field
et al., 1995).

Interest in more accurate quantification of terrestrial biosphere C storage and NPP
stems not solely from the desire to balance the numbers. The numbers provide insight

Fossil fuel, flaring, cement +5.4 Gt

Atmospheric accumulation -3.2 Gt

Oc=an uptake -2.0 Gt
[ Calculated imbalance -0.2 Gt

adapted from Schimel (1995).

Table 1.1: Components of the global C cycle.
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into the effects of human-induced change and clues to potential management mitigations of
problems. The figures above show that human use of forest resources has had, and continues
to have, a significant impact on this balance. As a source, harvesting of tropical forest
biomass (especially burning) is the largest component of the C flux into the atmosphere
from terrestrial ecosystems. Studies in the Pacific Northwest of North America have shown
a large net release of CO, when old-growth forests are harvested, and a lag of at least
200 years before C storage approaches pre-harvest levels. Despite such deforestation, the
suggestion that there is potentially a large sink for C in terrestrial ecosystems in the northern
hemisphere has heightened interest in quantifying the role of terrestrial plant communities
in the global C cycle in northern and boreal biomes (Tans et al., 1990). In North America,
the NHCF was heavily logged between 1800 and 1940, and as these forests regrow, this
may contribute to a sink in this region of possibly as much as 0.5 - 1.0 Gt/yr (Sedjo,
1992). Because second-growth forests follow a logistic growth curve where growth rates
decrease as storage and age increase, this may be a temporary phenomenon, ceasing as
these forests reach maturity (Schimel, 1994). Management can mimic this, however, and
Alban and Perala (1992) found that the more short-lived aspen in the lake states (Michigan,
Minnesota, Wisconsin) grown on planned 40-year rotations will sequester several times as
much C per year as old-growth forests. Theoretically, on a global scale, establishing new
forest in non- or de-forested areas could temporarily sequester all of the potential annual
buildup of atmospheric CO2. Approximately 465 x 10° ha of forest (about 10% of current
forest worldwide) would postpone potential increases of atmospheric CO2 by several decades
(Vitousek, 1991). Such potential mitigation through terrestrial ecosystem management
could have significant impact, but in addition to issues of balancing the numbers at the
global scale, there remains a lack of precise data providing a vehicle for agreement on the

amount of C storage and flux at management scales worldwide.

Challenges to Quantifying Carbon

To further understand and quantify how the terrestrial biosphere functions in the C
cycle, whether for management or global modeling, regional to global measurement tech-
nologies are crucial. A most basic input to almost all methodologies is a spatial database
of land cover. At global scales, this data may be pieced together from maps and govern-
ment geographic information system (GIS) databases, and more recently, from remotely
sensed data such as AVHRR (Advanced Very-High Resolution Radiometer) to assemble a
representation of landcover at a very coarse spatial resolution (USGS, 1993).

Each of these has limitations. Published landcover maps are typically based on Holdridge
and K&ppen bioclimatic analyses which use temperature and precipitation to infer potential
vegetation. These generally provide only the geographic distributions of potential natural
vegetation that does not account for agricultural or urban conversion; yet approximately 10
- 20% of earth land surface has been entirely converted from its original vegetation state,
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additional percentages have been altered, and this figure continues to increase (Townshend
et al., 1991). Further, potential vegetation assumes mature states only, where the actual
fact is that even those areas still in “natural” vegetation are found at various stages of
succession and thus functioning at varying rates of growth. Because global maps are too
general, continental scale published maps or GIS databases are often used and between them
they are lacking in consistency and inclusiveness of all vegetation types. Several researchers
have predicted C flux based on such vegetation databases, for example, Melillo et al. (1993).
Recently AVHRR has been classified for various regions including the United States. This
dataset represents an improvement over potential vegetation maps on a broad scale, al-
though investigations for local to regional use have found some significant misclassifications
(Dobson et al., 1996).

The second issue is that a clearly defined set of vegetation classes is yet to be widely
adopted. Given the desire to model on a global scale it is likely that remotely sensed data
will be increasingly used and the choice of classification scheme will result from a marriage of
the physical response of sensors to vegetation characteristics rather than traditional botan-
ical schemes. Such classes will be based on the use of simple observable plant structural
or physiognomic characteristics. Vegetation classes may only be needed for several broad
structural categories at the top of a hierarchical scheme, and at very specific levels, local
interpretation can be made based on knowledge of local floristics when desired. Recently
the U.S. Federal Geographic Data Committee in conjunction with other government (e.g.,
Department of Interior, Environmental Protection Agency, NASA) and private sector orga-
nizations (Nature Conservancy, Ecological Society of America) has proposed a vegetation
classification and information standard based primarily on such plant physiognomic char-
acteristics.

The spatial distribution of other C-related vegetation attributes such as NPP are even
more inconclusively mapped, although good attempts to quantify NPP world-wide have
been made (Leith, 1972; Melillo et al., 1993) over the past several decades. NPP has been
measured or modeled by both empirical and process-based methods. Empirical regression-
based relationships are typically developed and used in local settings such as applied forestry
where they may be highly accurate, but measurements are limited to these local areas by the
intensiveness of the method. These observations have been extended in a generalized way to
global scales using an assemblage of regression-based measured data from test sites in each
biome, multiplying these by biome area (based on maps of potential vegetation) and then
summing these results across biomes (Whittaker and Likens, 1975). Process-based models
vary in their inclusiveness, but generally seek to model inputs and outputs from a systems
approach. The useful characteristic of process-based models is that by varying inputs they
may model how variables such as NPP may change due to climatic forcings. Both of these
modeling methodologies could benefit from input datasets which would incorporate not only
improved land cover, but also the quantity of forest biomass or forest age.
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Potential Role of SAR in C Modeling

Consequently, among the research community interested in terrestrial biogeochemical
cycling, there is acknowledged lack of consistency, coverage, and accurate representation
of key inputs to understanding the global C cycle. In a summary of the issues and initia-
tives identified by the International Satellite Land Surface Climatology Project (ISLSCP)
Workshop, June, 1992, Sellers et al. (1993) state that the only realistic way to produce the
products to alleviate this lack is through the analysis of satellite data. Satellite data can
provide a significantly improved measure of actual land-cover and eliminate the ambigu-
ities currently extant in global vegetation maps derived from varying methodologies and
definitions. It provides an updatable dataset and is the ideal tool for monitoring change.
These elements in turn should increase the reliability of C quantification whether based on
empirical or process methods. In addition to initialization and monitoring, use of satellite
data will be directed towards evaluation of regional to global processes modeling.

A number of sensors are currently operational and each should be exploited to its unique
advantages in providing information relevant to quantifying and modeling terrestrial bio-
sphere dynamics. For vegetation data sets, AVHRR has demonstrated potential to provide
maps of vegetation classes, FPAR (fraction of PAR (photosynthetically active radiation)
absorbed by the green canopy), LAI (leaf-area index), and a very coarse approximation
of above-ground biomass on a repeatable basis (Sellers et al., 1995). With AVHRR (and
likewise Landsat MSS and TM), discrimination between different vegetation types (e.g.,
deciduous tree and shrub) is frequently confounded by their similar spectral reflectance
properties at these optical wavelengths. To date synthetic aperture radar (SAR) has had
the most success in discriminating in such cases due to its sensitivity to larger structural
characteristics. SAR response to dielectric properties gives the sensor additionally enhanced
discriminating power between fairly similar forest types (e.g., conifers) on a moisture gra-
dient. Not only is it possible to distinguish between the different types, but it is possible
to determine the magnitude of the difference in terms of mass as SAR has also been shown
to be highly sensitive to above ground biomass on fine scales. Both orbiting SARS (ERS-1,
ERS-2, JERS-1, Radarsat) and the SIR-C/X-SAR instrument recently carried onboard the
space shuttle Endeavor in 1994 have relatively fine spatial resolution comparative to other
sensors generally considered for estimation of land cover and biophysical parameters.

Recently, success in deriving biophysical parameters, including biomass, from SIR-C/X-
SAR imagery has been demonstrated through analysis of image data from the NASA Michi-
gan Forests test site (MFTS), and previous publications have discussed SAR’s particular
capabilities and advantages as a remote sensor in such efforts (Dobson et al., 1995a; Way
et al., 1994). Land-cover classification work at this test site is based on the use of a hierar-
chical classifier emphasizing plant structural characteristics. The present project builds on
previous advances in both classification and estimation of biophysical parameters to study
key components of C dynamics. We explore the use of SIR-C/X-SAR imagery to directly
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estimate C storage and flux associated with living woody vegetation on the timescale of an
annual growing season. This methodology using SAR allows for a convenient way to move
directly to estimation of the C parameters of above- and below-ground C and ANPP in
order to provide a better approximation of these components at a fine measurement scale.
Because of excellent discrimination between large structures (forests) and absence of such
structure (clear-cuts or agricultural and urban conversion), SIR-C/X-SAR data has good
potential for monitoring C removal in the form of land-use change. This human-mitigated
dimension must be accounted for to fully characterize major components of C flux in the
region of this study due to an active forest clearcutting program. All of these can be con-
sidered end results, used as inputs to models, and employed as reliable evaluation datasets
for comparison with process-based models.

SAR has potential to play two large-scale roles in the types of C cycle modeling being
discussed. A solely SAR-based method can use SAR-derived land-cover classifications,
biomass estimations, and allometric equations to achieve a much more robust and accurate
empirical model of C flux including C storage and NPP. Secondly, an expanded SAR-derived
dataset of land-cover classes and biomass would form a greatly enhanced input dataset for
process-based models due to its incorporation of the actual quantity and functional state
of each vegetation type, as opposed to simply type, of terrestrial vegetation. This study
demonstrates the first SAR-based effort, and further research will incorporate the second.
Typical of many remote sensing efforts the present project concentrates on demonstrating
the methodology in a particular biome. The methodology could be applied in test sites in
other biomes to piece together a more regional or global database.

Figure 1.3 summarizes the general process model for extracting ecological information
from SAR. During the pre-processing stage SAR data, in this case SIR-C/X-SAR, is cali-
brated, and then features (or image channels) are extracted. Terrain classifications includ-
ing land-cover classifications have been developed using prototype data from AIRSAR and
hand-held radars (scatterometers). Using knowledge gained from these, classifications are
developed and used on SIR-C/X-SAR. Resulting structural categories are used in class-
specific inversions to derive biophysical parameters such as biomass and C.
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Figure 1.3: General process model for SAR classification and extraction of
biogeophysical parameters
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CHAPTER 2

MFTS REFERENCE DATA AND ANALYSIS

2.1 Biometric Survey Objectives

Research using a new remote sensor often involves sampling of both image data of a
geographic study area and “reference” data from those same areas on the ground. This
allows the analyst to study and quantify the relationships between earth terrain features
and image reflectance (or backscatter in the case of SAR). For land-cover classification
work, reference data is used in supervised classifications. In biophysical parameters estima-
tion including biomass, reference data is used in developing empirical functions or physical
models which may (1) explain the form of the relationship between what is on the ground
and the backscatter from some combination of channels of the imagery, or (2) given image
backscatter, predict what is on the ground. To both train and validate models directed to-
wards land-cover classification and biomass/carbon estimation using new image data from
the SIR-C/X-SAR mission it was necessary to collect sufficient reference data. Therefore,
central to the overall research plan for the MFTS has been the establishment of a number of
forest test stands on the ground which would meet the requirements of rigorous quantitative
and statistical analysis.

To achieve this goal, 70 four-hectare forest test stands were established in the MFTS.
These stands are representative of the range of north-temperate and boreal forest commu-
nities found at the test site. They are also distributed over the range of ages and densities
found in the region. Each stand has been intensively sampled according to a defined sam-
pling scheme to arrive at a statistical interpretation of stand structure, species composition,
and above-ground biomass. An explanation of the sampling methodology, data analysis,
and presentation of results for the reference data sampling (biometric survey) of the forest
test stands is the purpose of this chapter. Table 2.1 presents the overall objectives of the
MFTS biometric survey discussed in this chapter.

This chapter contains (1) an introduction to the physical characteristics and forest
composition of the site, (2) a discussion of the sampling design and techniques, and (3)
a description of the data processing and statistical analyses. Included in these sections are
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Objectives

1.Estimation of stand structure by stand, stratum, and species for variables:
species composition, diameter, height, crown depth, basal area, and density
2.Development of species height prediction equations and estimation of heights
3. Estimation of biomass by stand stratum and species for:

foliage, bole, branches

4. Construction of a GIS database with the layers:

Land cover, hydrology, and transportation (MIRIS)

Topography (USGS)

Test Stands (GPS survey)

Table 2.1: MFTS biometric survey objectives.

relevant maps, diagrams, and tables. Results and more detailed information are presented

in serveral appendices.

2.2 Site Physical Characteristics and Forest Composition

2.2.1 Physical Characteristics

The MFTS, centered on 46.39° N. Latitude and 84.88° W. Longitude, is located in
Chippewa County in the eastern part of Michigan’s Upper Peninsula. The greater study area
encompassing the entire ascending and descending SIR-C/X-SAR swaths is approximately
60 km E-W and 50 km N-S. Jurisdictionally, much of the study site, and all of the forest test
stands are within the boundaries of the Eastern Division of the Hiawatha National Forest.
Figure 1.1 shows the location of the test site in Michigan.

The MFTS was chosen as a long-term study site for several reasons. Most importantly
is its geographic situation along the ecotone or transition zone between the north-temperate
and boreal forest biomes. Because of this, the site contains significant diversity of forest
communities, and thus results should be extensible to both the north and south. Further,
the presence of relatively homogenous communities of varying ages and densities and of
large geographical extent was an important criteria. Relatively level topography was also
a factor. Local incidence angle, which is a function of local topography or slope, can be
a confounding influence in the strength of SAR backscatter and would present unwanted
complications in an initial study concentrating on effects of vegetation type. Figure 2.1
presents the general land cover for the region.

The site contains several distinct physiographic regions which support a diversity of
forest communities. The several physiogrphic regions are indicated on Figure 2.2 by letter
designation. They include a large area of excessively drained glacial outwash sands (the
Raco Plains) (A) which dominate the center of the image and support red and jack pine
upland conifer. The near northeast contains upland aspen and northern hardwood and
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Figure 2.1: Regional land cover (source: MI Dept. of Natural Resources

MIRIS).
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Figure 2.2: Composite SIR-C/X-SAR image. Data-take 22.2, SRL-2, Oc-
tober 1, 1994. Incidence angle = 22.2°. Red = L-hv, Green =
C-hv, Blue = X-vv.
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lowland mixed conifer/hardwood (B). The Delirium Wilderness wetlands of lowland conifer
and lowland mixed conifer/hardwood are found in the south and southeast (C). In the
extreme southeast is a large area of agriculture on lake plain (D). Moderately well drained
morainal features supporting aspen and northern hardwood interspersed with low-lying
somewhat poorly drained areas of lowland conifer and mixed conifer/hardwood comprise
the western half (E). The far northern edge of the site borders Lake Superior and consists of
poorly drained substrate supporting lowland conifer and lowland mixed conifer/hardwoods
(F).

Regional climate of the MFTS is characterized by a mean annual temperature of 5°
C, July average temperature of 24.5° C, January average temperature of —14° C, growing
season of approximately 130 days, and mean annual precipitation of 79 cm (Barnes. 1981).

2.2.2 Forest Composition

The broader ecological setting of this study, and of the MFTS, is the northern hard-
wood and conifer forest (NHCF). The NHCF is a transitional forest, occupying the ecotone
between the boreal forest to the north and the north-temperate or central hardwoods to
the south. As a transition zone it has its unique species, but to a large degree contains
those of both the boreal and north-temperate forest biomes. Its geographic area extends
from Minnesota in the west through the Great Lakes to New England and the Canadian
maritime provinces in the east, and in higher elevations, south to central New York and
Pennsylvania. Unique transitional tree species of the NHCF include eastern white pine,
red pine, hemlock, and yellow birch. Major species of the boreal forest found in the NHCF
are trembling aspen, balsam fir, jack pine, and white/black/red spruce; those of the central
hardwoods include sugar maple, beech, and basswood. The region is shown in Figure 1.1.

As the name suggests, there is both a deciduous and coniferous component in the NHCF.
The deciduous component is comprised of several overlapping communities. These contigu-
ous communities share many floristic and structural characteristics, and delineation into
discrete forest types is somewhat arbitrary. Overlaps occur in two ways - along a phsio-
graphic/moisture gradient, and along a successional sequence. In the deciduous component
along a moisture gradient, aspen/birch/mixed conifer occupy lower, hydric sites, and as-
pen/northern hardwoods occupy higher, mesic sites. Succession in the deciduous component
can best be thought of as a continuum of decreasing aspen and increasing maple dominated
types. Coniferous forests show a similar overlap phenomenon. Along a moisture gradient,
lowland conifer composed of black spruce and larch or northern white-cedar occupy the
wetter sites, and white pine, red pine,and jack pine occupy increasingly drier sites in that
order. While mesic site red and white pine often eventually succeed to northern hardwoods,
this is rarely allowed to occur due to frequent harvesting rotation. Conifers occupying the
extreme sites (lowland conifers and jack pine) maintain essentially the same community
composition as they age. Given the diversity of physiography in the MFTS, all of these
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gradients and their associated vegetation are present.

Table 2.2 lists forest communities and dominant species which have been studied through-
out the duration of the SIR-C/X-SAR project at the MFTS. A comprehensive list of the
species found in the forest test stands and encountered during the biometric survey is pro-
vided in Table 2.3. This table gives the species common name, the binomial Latin name
(genus, species), and the six letter code used to designate the species during field recording.

Upland Conifer

Jack Pine (Pinus banksiana)
Red Pine (Pinus resinosa)
White Pine ( Pinus strobus)
Lowland Conifer
Black Spruce ( Picea mariana)
White Spruce ( Picea glauca)
Northern White-Cedar ( Thuja occidentalis)
Balsam Fir (Abies balsemea)
Larch (Lariz laricina)

Northern Hardwoods (upland)
early successional species:

Trembling Aspen (Populus tremulotdes)

Bigtooth Aspen (Populus grandidentata)

Pin Cherry ( Prunus pensylvanica)

Paper Birch ( Betula papyrifera)

late successional species:

Sugar Maple (Acer saccharum)

Red Maple (Acer rubrum)

Beech ( Fagus grandifolia)

Yellow Birch ( Betula alleghaniensis)

Hemlock { Tsuga canadensis)
Lowland Mixed

Paper Birch (Betula papyrifera)

Trembling Aspen (Populus tremuloides)

Black Spruce ( Picea mariana)

Balsam Fir (Abies balsemea)

Larch (Lariz laricina)

Table 2.2: Forest communities and dominant species studied at the MFTS
during the SIR-C/X-SAR project.
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Acronym Latin name Common name
ABIBAL Abies balsamea (L.) Mill. Balsam Fir
ACEPEN Acer pensylvanicem L. Striped Maple
ACERUB Acer rubrum L. Red Maple
ACESAC Acer saccharum Marsh. Sugar Maple
ACESPI Acer spicatum Lam. Mountain Maple
AROMEL Aronia melanocarpa (Michx.) ElL Chokeberry
ALNRUG Alnus rugosa (Du Roi) Spreng. Speckled Alder
AMESPP Amelanchier Medic. Serviceberry
BETALL Betula alleghaniensis Britton Yellow Birch
BETPAP Betula papyrifera Marsh. Paper Birch
CHACAL Chamaedaphne calyculata (L.) Leather-leaf
CORALT Cornus alternifolia L. f. Alternate-leaf Dogwood
CORCOR Corylus cornuta Marsh. Beaked Hazel
CRASPP Crataegus L. Hawthorn
FAGGRA Fagus grandifolia Ehrh. American Beech
FRAAME Fraxinus americana L. White Ash
FRANIG Fraxinus nigra Marsh. Black Ash

ILEVER Ilex verticillata (L.) A. Gray Winterberry
LARLAR Larix laricina (Du Roi) K. Koch. Tamarack
LEDGRO Ledum groenlandicum Oeder Labrador-tea
LONCAN Lonicera canadensis Marshall Fly-honeysuckle
NEMMUC Nemopanthus mucronata Raf. Mountain-holly
OSTVIR Ostrya virginiana (Mill.) K. Koch | Eastern Hop-hornbeam
PICGLA Picea glauca (Moench) Voss White Spruce
PICMAR Picea mariana (Mill.) B.S.P. Black Spruce
PINBAN Pinus banksiana Lamb. Jack Pine

PINRES Pinus resinosa Ait. Red Pine

PINSTR Pinus strobus L. Eastern White Pine
POPGRA Populus grandidentata Michx. Bigtooth Aspen
POPTRE Populus tremuloides Michx. Trembling Aspen
PRUPEN Prunus pensylvanica L. {. Pin Cherry
PRUSER Prunus serotina Ehrh. Black Cherry
PRUVIR Prunus virginiana L. Chokecherry
QUEELL Quercus ellipsoidalis E. J. Hill Northern Pin Oak
QUERUB Quercus rubra L. Northern Red Oak
SALSPP Salix L. Willow

SAMRAC Sambucus racemosa L. Red-berried Elder
SORAME Sorbus americana Marsh. Mountain-ash
THUOCC Thuja occidentalis L. Northern White-cedar
TILAME Tilia americana L. American Basswood
TSUCAN Tsuga canadensis (L.) Carr Eastern Hemlock
ULMAME Ulmus americana L. American Elm
VIBACE Viburnum acerifolium L. Arrowwood
VIBCAS Viburnum cassinoides L. Withe-rod

Table 2.3: Comprehensive list of species at the MFTS.




2.3 Sampling Design and Techniques

2.3.1 Stand Selection and Planning

The first task was to identify and establish the forest test stands which would be used for
the biometric survey. The criteria used were those presented in the Table 2.4. Identification
of potential stands was done by consulting the U.S. Forest Service Compartment and Stand
Maps for the Hiawatha National Forest in conjunction with the above criteria. All potential
stands were visited in the field to assure that they did in fact meet the criteria before
making the final selection. As a result, 70 four-hectare stands were established and 66 were
measured at the MFTS, beginning in 1991. Each of the stands is designated by a number,
and using these numbers, the stands may be located on the overview map MFTS Forest
Test Stands in Figure 2.3. For each species or community, stand selection was done to fill
in a roughly uniform distribution of size and density classes. Table 2.5 gives the percent
of forest test stands represented in each of the forest communities under study. This is
displayed graphically in the pie charts in Figure 2.4. Table 2.6 lists stands organized by
community and age group. Table 2.7 is organized by stand and then gives the species and
size class of each. Some stands also have a letter designation in addition to their number,
and these are provided in Tables 2.6 and 2.7, and on Figure 2.3.

Criteria

1) Stands selected should fill the distribution of forest communities
present at the site

2) Stands selected should fill the distribution of ages and densities
present at the site within each forest community

3) An individual stand selected should be uniform in regard to its com-

munity (species composition), age, and density

4) Stands should be > than 4 ha in size with a minimum dimension of
> than 100 m

5) Stands selected should be on level, or nearly level, terrain

6) Stands selected should be jurisdictionally within the bounds of the
Hiawatha National Forest and accessible by automobile

Table 2.4: Criteria for selection of forest test stands.

Community Percent of stands
Aspen 11%

Northern hardwoods 17%

Red pine 29%

Jack pine 30%

White pine 3%

Lowland conifer 10%

Table 2.5: Percent of stands in each forest community.
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Community/age group Stand number N of stands
Aspen, upland

pole 84

sapling 33(S), 45(EE), 49(JJ), 69, 70 5
Aspen, lowland

pole 47(HH), 87 2
Northern hardwoods

mature 28(N), 29(0), 34(T), 46(GG), 48,53,57 | 7
pole 31(Q), 76, 85, 86, 91 5
Red pine

mature 23(G), 25(K), 43(CC), 50(KK), 52 5
pole 68, 71, 72, 73 4
sapling 22(D), 51(LL),77, 81, 82, 83 6
seedling 40(2), 41(AA), 78, 79, 80 5
Jack pine

mature 24(1), 27(M), 35(U), 61, 67 5
pole 56, 60, 62, 63, 64, 65 6
sapling 36(V), 38(X), 42(BB), 54, 55, 58, 59 7
seedling 37(W). 39(X), 66 3
White pine

mature 74, 75, (also 23(G), 25(K)) 2
Black spruce

mature 26(L), 44(DD) 2
N. white cedar

mature 32(R) 1
Hemlock

mature 90 1
Lowland mixed conifer

mature 30(P), 88, 89 3

Table 2.6: Forest test stands by community type and age group.
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In actual practice, identification and measurement of the forest test stands occurred
over a time frame of several years. The first year of measurement at the Raco Supersite
occurred in 1991, when 13 stands were identified and measured. In 1992 an additional 15
stands were identified and measured. During the summer 1993, the remaining 42 stands
were identified and 38 were measured. Because forest trees, especially younger trees, exhibit
significant growth over a span of several years, 24 stands were remeasured in 1994 to arrive
at current measurements and to assess growth rate. The stands remeasured included young
sapling jack pine, red pine, and aspen stands. Older stands continue to grow as well, but
the percent change is small because growth is much less significant than in younger stands.
The remeasure of younger stands was especially important in using the data with SIR-C/X-
SAR imagery because it was acquired in 1994. The remeasure was also used for validation
of above-ground net primary production (chapter 5). Table 2.7 also provides the year the
stand was measured and remeasured.

2.3.2 Sampling Design

Before any measurements were made in a test stand the dimensions of the stand were
established by laying out a baseline and transects. Most stands were 200 by 200 m. Some
stands were laid out slightly differently, e.g., longer baselines and shorter transects, when
the stand configuration or landscape made this necessary. The following description is for
a typical 200 x 200 m stand. A 200 m baseline was established in each stand at a minimum
distance from the forest edge of twice the height of the tallest trees. The left end of the
baseline when facing into the stand was designated the meter mark 0.0 and the right end
the meter mark 200.0. The baseline was divided into five equal (40 m) segments. Starting
at 0.0 m, a meter mark was randomly chosen in the first segment as the point of departure
of the first transect, typically running orthogonal to the baseline. Four additional transects
were established at 40 m intervals. Eight points were located along each transect at 25 m
intervals, the first point being randomly chosen as a meter mark between 1 and 25. The
40 sample points thus generated served as the basis for a 10% sample of the upper stratum
(trees > 5 m in height). The ends of the baseline were marked by metal rods in the ground
and flagging overhead. The transect starting points and upper stratum sample points were
marked with labeled wire flags.

A nested set of circular plots of area 100, 16 and 1 m? was permanently established at
each sample point to characterize the upper stratum (trees >5 m in height), middle stratum
(trees 1-5 m in height) and lower stratum (trees <1 m in height), respectively. The radii of
circular plots for the upper and middle strata were 5.64 and 2.26 m, respectively. A 1x1m
portable sampling frame was used to sample the lower stratum. Two middle stratum plots
and three lower stratum plots were located within each 100 m? upper stratum plot. The
axis of the plot centers was orthogonal to the transect. The centers of the middle stratum
plots were at the centers of the two radii of the upper stratum plot, i.e., 2.82 m on either
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Stand number Community Age group | Year mea- | Year re-
sured measured

22 (D) red pine sapling 1991 1994
23 (G) red & white pine mature 1991

24 (I) jack pine mature 1991

25 (K) red & white pine mature 1991

26 (L) black spruce, lowland mature 1991

27 (M) jack pine mature 1991

28 (N) northern hardwoods mature 1991

29 (O) northern hardwoods mature 1991

30 (P) mixed conifer, lowland | mature 1992

31(Q) northern hardwoods pole 1991

32 (R) cedar, lowland mature 1991

33 (S) aspen, upland sapling 1991 1994
34 (T) northern hardwoods mature 1991

35 (U) jack pine mature 1991

36 (V) jack pine sapling 1992 1994
3T (W) jack pine seedling 1992 1994
38 (X) jack pine sapling 1992 1994
39 (Y) jack pine seedling 1992 1994
40 (Z) red pine sapling 1992 1994
41 (AA) red pine sapling 1992 1994
42 (BB) jack pine sapling 1992 1994
43 (CC) red pine mature 1992

44 (DD) black spruce, lowland mature 1992

45 (EE) aspen, upland sapling 1992 1994
46 (GG) northern hardwoods mature 1993

47 (HH) aspen, lowland pole 1992

48 (I1) northern hardwoods mature 1992

49 (JI) aspen, upland sapling 1992 1994
50 (KK) red pine mature 1992

51 (LL) red pine sapling 1992 1994
52 red pine mature 1993

53 northern hardwoods mature 1993

54 jack pine sapling 1993 1994
55 jack pine sapling 1993 1994
56 jack pine pole 1993

57 northern hardwoods mature 1993

58 jack pine sapling 1993 1994
59 jack pine sapling 1993 1994
60 jack pine pole 1993

61 jack pine mature 1993

62 jack pine pole 1993

63 Jjack pine pole 1993

Table 2.7: Forest test stands year measured.
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Stand Number Community Age group | Year mea- | Year re-
sured measured

64 jack pine pole 1993

65 jack pine pole 1993

66 jack pine seedling 1993 1994

67 jack pine mature 1993

68 red pine pole 1993

69 aspen, upland sapling 1993

70 aspen, upland sapling 1993

71 red pine pole 1993

72 red pine pole 1993

73 red pine pole 1993

7 white pine mature 1993

75 white pine mature 1993

7 sugar maple pole 1993

s red pine sapling 1993 1994

7 red pine seedling 1993 1994

T red pine seedling 1993 1994

80 red pine seedling 1993 1994

81 red pine sapling 1993 1994

82 red pine sapling 1993 1994

83 red pine sapling 1993 1994

84 ™™ aspen, upland pole

85 northern hardwoods pole 1993

86 northern hardwoods pole 1993

87 aspen, lowland pole 1993

88 mixed conifer, lowland | mature 1993

89 == mixed conifer, lowland | mature

90 == hemlock, lowland mature

91 northern hardwoods pole 1993

Table 2.7 cont’d.

* Measured only by point sampling

= Established, but not yet measured

32




\\.».‘.o- mad AANRI P AINY

MFTS forest test stands.

Figure 2.3

33



Community Representation

61%
10% [ northem hardwoods
B aspen
upland conifer
17% D lowland conifer

Deciduous by age group

25%
B maore
40% B mewe
I
sapling : P
i®) sapling
D seedling
35%
Red pine by age group Jack pine by age group
33%
25%
30% 14%
B moure B e
- pole . pole
sapling sapling
D seedling 29% .
20% 25% g L =

Figure 2.4: Stand distributions by community and age group.
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side from the center of the upper stratum plot. The centers of the lower stratum plots were
at the centers of the upper stratum and two middle stratum plots. A red or orange flag
was used to mark the center of the upper stratum plot. The other points were marked by
yellow flags. Flags were identified according to a three-digit description. The first digit
corresponded to the transect number, the second to the sample plot, and the third to the
subplot. Subplots were sequentially numbered from left to right when facing away from the
baseline. Figure 2.5 depicts the layout of a typical 200 x 200 m test stand. Figure 2.6 shows
the arrangement of an individual plot on a transect containing sampling sub-plots for all

three strata.

2.3.3 Sampling Methodology

Measurements were to be used to (1) estimate stand structure in terms of species com-
position, height, diameter, crown depth, basal area (BA) and density, and (2) estimate
biomass. Therefore, measurements which would either provide direct estimates of these
parameters, or could be used in regression equations to estimate the above parameters were
identified. These were (1) species, (2) diameter, (3) total height, and (4) clear bole height.
Note that species and diameter measurements followed the same protocol for each measure-
ment year. Heights, however, were sampled more intensively in the first two seasons than
the last two. Diameter and species are quick and easy measurements to make. Height,
on the other hand, is more time intensive. Therefore, only a subsample of heights were
taken in all years, and these were then used in development of species-specific diameter-to
-height equations from which to estimate the remaining heights. More specific measurement
methodology follows.

For the upper stratum, the diameter at breast height (dbh) and species of all living and
dead stems in the upper stratum plot originating at or below 1.37 m above ground level
(thus each stem in a multiple-stemmed tree is measured) was recorded (to 0.1 cm) using a
diameter tape or calipers. Species were recorded using the six letter code given in Table 2.5
which consisted of the first three letters each of the genus and species (e.g., PINRES for red
pine). If a stem was dead, an "X” was added to the end of the code (e.g., PINRESX). For
the first 28 stands (1991 and 1992), five trees in each 5-cm diameter class for each species in
a stand were measured by clinometer for total height and clear bole height (to 0.5 m). Clear
bole height is defined as the distance from the base of the stem to the base of the lowest
live branch. A random direction from which to commence measuring heights was chosen
at each plot. Sampling continued until all diameter classes were completely represented, or
until all plots had been inventoried. The total height of ali dead individuals was recorded.
For the other 38 stands measured in 1993 and 1994, total height and clear bole height of
the nearest living individual to the plot center was measured, resulting in 40 stratum one
measured heights per stand. Basal stem diameter (15 cm above the ground) was measured
(to 0.1 cm) for each individual in the middle stratum by species using vernier calipers. Total
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Figure 3: Diagram of Plot layout
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height (to 0.1 m) of all individuals was measured using a height pole for the first 28 stands
to develop diameter-height regressions for the middle story. For the remaining 38 stands
measured in 1993 and 1994, only the nearest individual to the middle stratum plot centers
were measured resulting in 80 stratum two measured heights per stand. Percent cover of
the lower stratum was derived from ocular estimates using a 1 m x 1 m square portable
frame which was placed at the centers of the upper and middle stratum plots. In stands
containing stratum 2 and/or stratum 1 individuals, percent cover only was recorded. In
seedling stands, both percent cover and number of seedling stems by species were recorded.

2.4 Data Processing and Analysis

Over 64,000 trees (stems) were measured during the four measurement seasons. Thus
the task of data processing and analysis was a large one consisting of several steps as listed

in the table beiow.

1. Data recording and preparation
2. Stand structure analysis

3. Calculated Heights Analysis

4. Stand biomass analysis

Table 2.8: Data processing and analysis steps.

Most of the desired statistics had been identified early on in the project, and drove the
sampling methodology. However, the data processing was designed so that additional, yet-
undefined, statistics could be generated from the sample data in the future (one example
of this might be within-stand spatial analysis). Assuring that the data were error-free
and ready for analysis was a most time-consuming part of the analysis. Efficiency and
consistency was achieved by using software (EXCEL and SAS) that was appropriate for the
task at a particular stage, and by writing SAS programs that would act on all the data and
output multiple statistics at once. These steps are documented in the following sections

2.4.1 Data Recording and Preparation

Data recording and preparation consisted of five general steps summarized in the fol-
lowing table. These steps are further elaborated below.

. Data recording

. Data input from paper or transfer from dataloggers
. Creation of EXCEL stand data files

. Error checking and correction

. Transfer of files from EXCEL to SAS

[ I

Table 2.9: Data recording and preparation steps.
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Data Recording

Data were recorded in the field by either of two methods. The first method involved
writing measurements on paper data sheets. In the second method, operators used hand-
held dataloggers to record data in an electronic spreadsheet, analogous to the paper data
sheets. In both cases, a defined set of data were always recorded. Header information
was entered once at the top of each data sheet (or data file) and included the number of
the stand, the date, and the measurement crew. Stratum 1 and stratum 2 were recorded
on the same data sheets/file. Stratum 3 (ground cover) was recorded separately and will
be discussed separately in section 2.4.6. A sample data sheet for the stratum 1 and 2
measurements is shown in Figure 2.7. For each stem measured in stratum 1 and stratum 2,

the following were recorded:

1. Location: location had to account for which transect, plot, and sub-plot a tree was
in, and therefore a three-character code was used. For example, 322 denotes transect

3, plot 2, subplot 2 (upper stratum plot).
2. Stratum: coded 1 for upper stratum or 2 for middle stratum.

3. Species: the six-letter coded listed in table 3 was used, e.g., PINRES for red pine
(PINRESX if dead).

4. Diameter: dbh (1.37 m) for stratum one trees, and basal diameter (15 cm) for stratum
2 trees (to 0.1 cm)

5. Total Height: for selected trees according to the sampling methodology as stated in
section 1.3.4

6. Clear Bole Height: measured to lowest live branch and for same trees as Total Height

Data Input or Transfer and Creation of EXCEL Stand Data Files

In the case of data collected on paper, data needed to be input at the computer upon
return from the field. The data were entered into EXCEL spreadsheets, one stand per
spreadsheet. Each of the above 1-6 fields became an EXCEL column, and all data were
then entered in their appropriate cells. Data collected on dataloggers was exported in its
native LOTUS format and simply read into EXCEL. Files were stripped of their headers.
Files were then named for the number of the stand and the year they were measured, e.g., the
filename for stand 22 remeasured in 1994 is R22.94 (R for Raco Site). At the same time,
three more columns in addition to 1-6 above were added which would make future data
processing more convenient. EXCEL functions were used to automatically create columns

to code:

1. Stand number: This number was filled in on each line so that each measured tree was

associated with a stand number .
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2. Year: Year the tree was measured

3. Type: being either conifer (coded 1) or deciduous (coded 2). This was determined
from the species name.

4. Status: being either dead (0), living (1), or diseased (2). This was determined from the
species name where a name code such as PINRESX denoted dead, and PINBAND
denoted diseased (Diseased was coded for jack pine only and only in 1993. This
information has not been used to date and diseased trees have always been considered
live in all analyses).

Error Checking and Correction

After all data were assembled into EXCEL files by stand, error checking was begun. This
was done in two stages. First a manual check was done by proofreading the file against
the paper data sheet if that were the original recording medium or by visually checking
the output of the datalogger file which had been converted into EXCEL. Experience with
these procedures had shown that this was unlikely to clear up all errors. Therefore a logical
error-checker was written as an EXCEL program and run on each file. This error checker
looked for logical errors such as heights which were outside of a recorded stratum class,
plot numbers which did not correspond to stratum numbers, or diameters which were too
large or small to be logical, etc. The logical error-checker proved to be extremely useful and
located many errors understandably not found by visual proofreading. Lastly a spelling
dictionary was constructed consisting of all possible species codes and each file was checked
against this. In all cases where errors were found they could be corrected either on sight by
the author, or by consulting original paper data sheets.

Transfer of Files from EXCEL to SAS

After files were considered “clean” they were sorted to be in plot number order, stripped
of their column headers, and exported as plain comma-delimited ASCII text files (csv
format). Each case (tree) had the following variables and variable names:

stand (2-digit stand number)
year (2-digit year)

plot (3-digit plotnumber)
stratum (coded 1 or 2)
species (6 or 7 letter code)

diam (diameter in cm)
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mht (measured tctal height in cm)
bht (measured bole height in cm)
status (coded 0=dead, 1=live, 2=diseased)

type (coded l=conifer, 2=deciduous)

The files were then transferred to the UNIX environment where several new variables
were added to the stand text files. These variables were to be used specifically for the
calculated heights estimation and were derived from preliminary analysis of the stand data:

tba (total basal area of stand in m?)

uba (upper stratum basal area of stand in m?)
mba (middle stratum basal area of stand in m?)
td (density [stems/ha] of stand)

ud (density of upper stratum})

md (density of middle stratum)

nplots (number of plots sampled for the stand)

All of these numbers were repeated for each tree, or each line, of a stand file. Preliminary
estimates for BA and density were included so that, for example, total basal area of a stand
could be used in addition to diameter or diameter squared to predict the height of an
individual tree (they were later recalculated). Next the stand files were concatenated into
one file of 64,433 cases by 17 variables. This file was sorted by stand number and year. It
was then imported into SAS and became the master file from which any number of SAS
analyses could be generated and additional variables created. Because all analyses acted
the same on the entire file, consistency was assured over all stands. At the same time that
the existing 17 variables were read into SAS using a Proc Data procedure, a number of
new variables were also created that would be needed for structural, height, and/or biomass

analysis. New variables created were:

logdiam (natural log of the diameter)
logdiam2 (natural log of the diameter squared)
logmht (natural log of the measured height)
diam2 (diameter **2)

invdiam (1/diam)
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invba (1/BA)

tba2 ( stand total basal area**2)

diamtba (diameter * stand total basal area)

logtba (natural log of stand total basal area)

ba (basal area of an individual tree = 0.00007854*diam?2)

mbal (conversion of the BA of a stratum 2 stem to what it represents per ha)
ubal (conversion of the BA of a stratum 1 stem to what it represents per ha)
crat (crown ratio = (mht-bht)/mht)

cdep (crown depth = mht-bht)

stem2 (conversion of a stratum 2 stem to what it represents per ha)

stem1 (conversion of a stratum 1 stem to what it represents per ha)

The resulting master file contains data for 40 variables by 64,433 cases (trees), the total
of all stems measured from 1991 through 1994 (57,040 live and 7,394 dead).

2.4.2 Stand Structure Analysis

The most basic statistics describing stand structure were generated at three levels: 1)
stand, 2) stratum by stand, and 3) species by stand and stratum. The statistics generated
at each of these levels include those listed in Table 2.10. Note that some statistics were only
generated for stratum one. This was because measurements for these variables were taken
for stratum one only.

1. Diameter (mean and std. deviation)

2. Total measured height (mean and std. deviation)

3. Crown depth (mean and std. deviation, stratum 1 only)
4. Basal area (totals)

5. Density (stems/ha - totals)

Table 2.10: Basic stand structure statistics.

Before analyzing the data, plots were made to get an idea of what the distributions
looked like. Final versions of these plots were created by a SAS Proc Gchart procedure
and the results are available in Appendices H and I in Bergen et al. (1995a). Appendix H
contains diameter and height histograms by species across all stands. Appendix I contains
diameter and height histograms by stand across all species in the stand.
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Results of stand structure statistical analyses are available in this dissertation and in
Bergen et al. (1995a). In the dissertation, stand level means and/or totals for the above
variables are included as part of Appendix A: Stand Summary Statistics. Statistics for
BA and density are further broken down in this table into statistics giving information on
status or type such as total live stems/ha, BA conifer percent, etc. Means and totals of the
above variables by stand, stratum, and further by individual species for live trees only, were
created by the SAS Proc Tabulate procedure and are presented in Bergen et al. (1995a)
in Appendix E: Stand Structure by Stratum and Species.

2.4.3 Calculated Heights Analysis

Because derivation of the biophysical parameter height is a MFTS image analysis goal,
reliable estimates of tree heights was a biometric survey objective. Height is also an impor-
tant variable because height and diameter are the two most important predictor variables
for biomass, another image analysis goal and one studied in this dissertation. Most allo-
metric biomass equations used some combination of these two variables. While diameter
was measured for all trees, height was only measured on a subset of those because it is more
time-consuming to measure. Because there is a strong positive relationship between diam-
eter and height, equations could be built using the subset of trees for which both variables
were measured, and these equations could then be used to predict the height of the remain-
ing trees. As mentioned, some form of diameter is the most common predictor of height,
and if species height equations were being built for each species in each stand separately,
likely some form of diameter could be the sole predictor variable. However, in this analysis,
it was desired to develop one set of species height equations which would work across all
test stands. This introduces the problem of between-stand variability in the relationship
between diameter and height for any given species. To address this issue, it was necessary
to introduce a variable(s) into the predicted height equations which would account for this
variability between stands. The variables used were chosen on the hypothesis that two bi-
ological reasons for a varying relationship between diameter and height are site index and
stem crowding or density. For example, in general it would be expected that given two red
pine plantations with trees with approximately equal mean diameters, but one had a higher
BA, that the stand with the higher BA would likely have taller trees. This is likely due to
a higher site quality for the taller trees plus a taller, less branchy form for closely grown
trees. For this reason, the following additional variables were used in developing species
height equations: (1) stand total BA (tba), (2) stand total BA2 (tba2), and (3) stand total
BA * diameter (diamtba). Similar variables based on stand density were also created. The
density variables proved less useful in most cases early in the development of the species
height equations and so were dropped.

An additional concern was the number of cases used to build each height predictor
equation. Many species were represented by a large number of measurements, and thus

44



separate equations could be developed for each of these. Because the forest communities
studied in this project have significantly different diameter to height relationships, species-
specific equations are desirable (e.g., sapling pines or n. white-cedar are thicker than sapling
hardwoods or black spruce of equivalent height). However, 2 number of species occurred
very infrequently in the dataset and too infrequently to construct a valid height prediction
equation for that species. Therefore, the infrequently occurring species were temporarily
recoded to the most similar frequently occurring species. For example Frazinus nigra was
recoded to be the same as Frazinus americana for the purposes of height predictor equation
development only.

Histograms were plotted for all of the species/species groups to assess their height and
diameter distributions. Because of the sampling protocol, most were skewed to the left
(many smaller stems and then a normal distribution of larger trees). Scatterplots of height
vs. diameter were done; most had a strong positive fairly linear or slightly curvilinear
relationship. Having prepared and examined the data, the next step was to hypothesize the
most likely variables predictor equations. As mentioned these included diameter and BA of
the stand (to account for density influence on the height-diameter relationship) plus their
squares and products. After several “dry runs” of creating different variable combinations,
it appeared that the two most consistently best forms of equations were either a log-log
type or a polynomial type. These in fact are two of the most widely applied forms for the
diameter-height relationship:

Log-log (natural log): log( Height) = a + blog( Diameter) (2.1)
Polynomial: Height = a + b( Diameter) + ¢(Diameter?) (2.2)

Following the above investigations of the dataset, the SAS program Proc Reg was used
in a stepwise regression mode to suggest the best predictor equation by species for both
types of equations. In both cases the appropriate (either untransformed or log-transformed)
diam, diam?2, tba, tba2, and diamtba were given as possible variables, and then the best
set of variables at the 0.05 level of significance was chosen for each species for each of the
two types. The initial output results from this procedure suggested that in some cases the
polynomial form was better and in other cases the log form was better, based on the R?
and the MSE. However, after transforming the resultant log heights (antilog procedure)and
regressing the predicted measured heights on the known measured heights, for all species
the log model results had R? and MSE’s which were equivalent or worse than the polynomial
model. Therefore, a polynomial regression was used to develop equations for all species.
The resultant final equations are given in Table 2.11.



Species Model R2 N of trees
abibal 8878 991
INTERCEP -0.312317
DIAM 0.810917
DIAM2 -0.008355
DIAMTBA 0.002640
acerub 9206 2829
acespi INTERCEP -0.053945
tilame DIAM 0.985245
DIAM2 -0.019003
TBA 0.006302
DIAMTBA 0.009784
acesac 9420 1324
INTERCEP -0.472167
DIAM 1.177551
DIAM2 -0.025605
TBA 0.065797
TBA2 -0.001620
DIAMTBA 0.009196
alnrug .8189 131
INTERCEP 0.377733
DIAM 1.102191
DIAMTBA -0.004568
amespp .7938 809
ostvir INTERCEP 0.852765
DIAM 0.296181
DIAM2 0.015870
TBA2 -0.000566
DIAMTBA 0.031192
aromel 7296 36
INTERCEP 1.196736
DIAM2 0.437723
betall .8609 171
INTERCEP 0.656460
DIAM 0.947649
DIAM2 -0.009799
betpap .9450 219
INTERCEP 0.548349
DIAM 0.859468
DIAM2 -0.010753
DIAMTBA 0.007314

Table 2.11: Height prediction equations.
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Species Model R? N of trees
corcor 3372 324
coralt INTERCEP 0.649879
corsto DIAM 0.684856
TBA 0.005883
faggra 9410 1637
INTERCEP 0.176495
DIAM 0.974520
DIAM2 -0.011538
DIAMTBA 0.002528
fraame 9279 50
franig INTERCEP -0.149437
DIAM 2.155701
DIAM?2 -0.044145
DIAMTBA -0.009090
larlar 9765 21
INTERCEP -0.930448
DIAM 1.337746
DIAM2 -0.020541
TBA2 0.001539
DIAMTBA -0.004876
picgla 9378 113
INTERCEP -2.014485
DIAM 0.965499
DIAM2 -0.011677
TBA2 0.001340
picmar 9183 165
INTERCEP -4,212692
DIAM 1.245605
DIAM2 -0.019224
TBA 0.150598
TBA2 -0.001285
pinban 8568 2532
INTERCEP 0.152655
DIAM 0.532980
DIAM2 -0.009915
DIAMTBA 0.017242
pinres 9184 1099
INTERCEP -0.657224
DIAM 0.669415
DIAM2 -0.004735
TBA -0.126088
TBA2 0.008188

Table 2.11 cont’d.
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Species Model B2 N of trees
pinstr .9098 226
pinsyl INTERCEP -7.116103
DIAM 0.931696
DIAM2 -0.008313
TBA 0.415283
TBA2 -0.005499
popgra 9006 1152
popbal INTERCEP 0.038512
popdet DIAM 0.914963
DIAM2 -0.022723
DIAMTBA 0.016074
poptre 9366 1909
INTERCEP -0.868723
DIAM 1.284616
DIAM?2 -0.017115
TBA 0.069598
TBA2 -0.000564
DIAMTBA -0.001625
prupen 8914 1297
pruser INTERCEP 0.075151
pruvir DIAM 0.441082
pruspp DIAM?2 -0.044792
TBA 0.081080
TBA2 -0.003192
DIAMTBA 0.047054
querub 9684 103
queell INTERCEP 0.476589
DIAM 0.397380
DIAM2 -0.005962
TBA2 0.000371
DIAMTBA 0.012646
salspp 4787 324
INTERCEP 0.336147
DIAM 0.800008
DIAM2 -0.075952
TBA 0.034101
TBA2 -0.000737
DIAMTBA 0.006947

Table 2.11 cont’d.
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Species Model R N of trees
ilever 3549 247
ledgro INTERCEP 0.973919
loncan DIAM 0.344983
lonspp
nemmuc
samcan
sampub
sorame
thuoce .8730 161
INTERCEP 0.013757
DIAM 0.831188
DIAM2 -0.010600
tsucan .8958 41
INTERCEP 0.507701
DIAM2 -0.007108
DIAMTBA 0.017833
vibcas 4921 134
vibspp INTERCEP 0.779214
DIAM 0.597172

Table 2.11 cont’d.

This procedure resulted in a calculated height for every live tree in the SAS datafile.
However, in a number of cases, true measured heights existed. Therefore a step was taken
to create a new, final, height variable called bioht which was the measured height for a tree
if it existed, else it was the calculated height. This height (bioht) was subsequently used for
producing tables of height statistics and in the biomass equations. Appendix F: Heights,
in Bergen et al. (1995a) provides detailed height data including bioht means and standard
deviations by stand, year, stratum, and species.

One additional summary height variable was created which would be preferred for use
with SAR image processing. A basal area weighted average height was calculated for each
stand. This was done to counteract the effect that a significant number of smaller subdom-
inant trees could have in lowering the apparent mean height of the stand, including the
dominant overstory trees. The calculation was as follows:

i (2%) (hy)
omixdix

Where n;; = the number of stems/ha of diam ¢ and ht j , d = diameter (in m), and A

(2.3)

= height (in m). This statistic, as well as those in Table 2.10 are summarized by stand in
Appendix A: Stand Summary Statistics.
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2.4.4 Stand Biomass Analysis

Once heights were calculated for all files, all variables needed for the biomass estimation
were available. The following table lists the general steps necessary in producing valid
results for a number of biomass statistics.

1. Locate potential allometric biomass component equations for all species

2. Determine "best” biomass component equations for each species

3. Write SAS biomass estimation program to estimate biomass for each component
of each individual tree

4. Write SAS programs to produce summary statistics by stand, stratum, and species,
for each component and to produce stand totals such as summer total, winter total,
conifer total etc.

Table 2.12: Biomass analysis steps.

Potential stratum 1 (trees > 5 m) allometric biomass equations were assembled from
those used in a preliminary analysis done at Michigan Technological University plus ad-
ditional references located from the literature. Additionally, potential stratum 2 (1 m <
trees < 5 m) equations were gathered from any of the above equations which might also be
suitable for (e.g., were developed on) trees of the size found in our stratum 2 and from a
recent publication (Perala and Alban, 1994) which reported biomass equations specifically
developed for shrub and sapling trees.

Curves for all of these species specific equations were plotted using a distribution of
diameters from 0 to 50 cm and heights predicted from our height equation for that species.
With this, any regression equations which were clearly “unusual” were found and dropped
from further consideration. For stratum 1 some biomass equations used in the preliminary
analysis were retained and others were adopted from Perala and Alban. This process also
confirmed that for stratum 2, the regression equations developed by Perala and Alban
performed the best for all species. Biomass equations and their sources in the literature are
given in Table 2.13

A SAS program was written to calculate dry biomass in kg by biomass component (stem,
branch, and foliage) for each tree in the SAS data file. Futher, the program calculates all the
variables needed for additional programs to produce summary statistics by stand, including
summer total, winter total, summer crown, and winter crown. Finally, the program also

converts all of these to a per hectare basis.
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Species Biomass component equation R?
ABIBAL STRATUM 1 (Perala and Alban, 1994)
Bole y=0.005751 = (d?-982) = (h0-3834) » 1.331 + 0.02348 = (d!-926) « (R0-76) « 1.097 .98
Branches y=0.02403 = (d3-501) = (h~12) = 0.7111 + 0.001216 = (d2-3%6) x 6.059 .90
Foliage y=0.03583 = (d312) = (h—1-099) « 0.6333 .89
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.08088 = ((10 = s4)2-662} /1000 .96
Foliage y=0.1193 = ((10 = sd)>-2%) /1000 .88
ACERUB STRATUM 1 (Perala and Alban, 1994}
ACESAC Bole y=0.02102 = (d2-19}) = 1.461 + 0.02347 = (d*-388) « (10-9912) .99
ACEPEN Branches y=0.1072 = (d2-341) = (h=1-04) 4 0.0038 = (d%-337) .92
ACESPI Foliage y=0.01913 = (d!-%67) = 0.4962 .82
TILAME STRATUM 2 (Perala and Alban, 1994)
Bole y=0.06242 = ((10 = sd)2-486 ) = (59-3991) /1000 .95
Foliage y=0.09901 = ((10 = sd)?-113)/1000 91
ALNRUG STRATUM 1 (Perala and Alban, 1994)
Bole y=0.02025 = (d2-246) = 1.271 4 0.02198 = (d?-355) = (h1-046) 91
Branches y=0.08248 = (d3-733) = (h—1-847) 4 0.0009194 = (d2-4%7) = 0.1909 .89
Foliage y=0.07611 = (d2-763) = (h~1:483) .85
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.0298 = ({10 = sd)2-666) « (504243} /1000 .96
Foliage y=0.08227 = ((10 = sd)?-°°%) /1000 .88
AMESPP STRATUM 1 (Crow and Erdmann, 1983)
AROMEL Bole y=E X P(—2.943 + 0.878 = LN ((d?) = h)) .99
OSTVIR Branches y=E X P(—6.128 4+ 1.087 = LN ({d?) = h)) .56
SORAME Foliage y=E X P(~3.648 + 0.556 = LN ((d?) = h)) 57
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.163 = ({10 = sd)2-494) /1000 .95
Foliage y=0.107 = ({10 = sd}!-92%) /1000 .87
BETALL STRATUM 1 (Perala and Alban, 1994)
Bole y=0.01445 = (d2-451) 4 0.05481 = (d2-619) .99
Branches y=0.01748 = (d2-33) 4 0.0009194 = (d2-4%7) 93
Foliage y=0.00696 = (d2-003) T
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.0298 = ((10 = 5d)2-668) « (59-4243) /1000 .96
Foliage y=0.08227 = ((10 = sd)?-%58 ) /1000 .88
BETPAP STRATUM 1 (Perala and Alban, 1994)
Bole y=0.02198 = (d2-215) = 1.265 + 0.02214 = (d!-857) = (h1-048) .99
Branches y=0.08908 = (d3-772) = (h—1893) 4 0.0008746 = (d2-496) = 0.1971 .98
Foliage y=0.0852 = (d®-*44) = (h—1-31) .89
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.02373 = ((10 = sd)2-687) « (50-4838) /1000 .96
Foliage y=0.06132 = ((10 = sd)?-17%) /1000 .88

Table 2.13: Biomass equations.




Species Biomass component equation R2
CORCOR STRATUM 1 (Ker, 1980)
Bole y=E X P(—3.0782 4 1.8482 = LN(d) + 0.8715= LN (h)) 99
Branches y=E X P(—2.0235 + 3.4366 = LN(d) — 1.643 = LN(k)) 81
Foliage y=E X P(—4.1049 + 1.7241 = LN (d)) .93
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.04544 = ((10 = sd)2-348) « (59-1594} /1000 .90
Foliage y=0.07T188 = ({10 = sd)?-244) /1000 .72
CORSTO STRATUM 2 (Perala and Alban, 1994)
CORALT Bole y=0.05237 = ((10 = sd)?-553) = (59-2258) /1000 91
ILEVER Foliage y=0.1615 = ((10 = sd)!-98%) « (5—0-1652} /1000 .83
NEMMUC
FAGGRA STRATUM 1 (Ker, 1980)
Bole y=E X P(~2.9936 + 1.8565 x LN (d) + 0.8336 = LN (h)) .99
Branches y=E X P(—3.5982 + 2.3708 = LN (d)) .89
Foliage y=E X P(—3.7607 + 1.6303 = LN (d)) .86
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.05237 = ((10 = sd)?:63) « (59-225%) /1000 91
Foliage y=0.1615 = ((10 = sd)1:983) « (5—0-1652) /1000 83
FRAAME STRATUM 1 (Ker, 1980)
FRANIG Bole y=EX P(—2.75 4 2.0199 = LN(d) + 0.5412 = LN (h)) 99
Branches y=EX P(—1.3458 + 3.4031 = LN (d) — 1.9487 = LN'(h})) 95
Foliage y=E X P(—3.043 + 2.3071 = LN (d) — 0.9888 x LN (k)) 94
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.05041 = ((10 = sd)2-5%5) = (5%-3%) /1000 .95
Foliage y=0.07334 = ({10 = sd)2-988) /1000 9
LONSPP STRATUM 2 (Perala and Alban, 1994)
LONCAN Bole y=0.115 = (sd?-749) .90
LEDGRO Foliage y=0.1176 = (sd!-891) .85
SAMCAN
SAMPUB
VIBCAS
VIBSPP
PICGLA STRATUM 1 (Perala and Alban, 1994)
Bole y=0.01014 = (d1-50%) = (h9-783) x 1177 + 0.03123 = (d-783) = (k0-926) x 0.8345 99
Branches y=.07316 = (d3-53) = (h—1-784 )} x 0.6615 + 0.03095 = (d!-092) « (h1-103) x0,6338 | .92
Foliage y=0.03064 = (d2-787) » (R —0-7147) 91
STRATUM 2 (Perala and Alban, 1994)
ABIBAL equations used
PICMAR STRATUM 1 (Grigal and Kernick, 1984)
LARLAR Bole y=0.1183 = (d2-26) .98
Branches y=(0.0251 = (d?)) + (0.0004 = (d3-32¢)) 91
Foliage y=0.061 = (d!-411) g
STRATUM 2 (Perala and Alban, 1994)
ABIBAL equations used

Table 2.13 cont’d.




Species Biomass component equation R?
PINBAN STRATUM 1 (Perala and Alban, 1994)
Bole y=0.0157 = (d}-775) = (h9-3952) « 1.294 + 0.01395 = (d?-70%) = (K!-327) 98
Branches y=0.002956 = (d2-83) 4 0.2391 = (42743} « (h—1-7%%) « 0.3556 .94
Foliage y=0.0008988 = (d3-903) = 1.569 .82
STRATUM 2 (Perala and Alban, 1994)
ABIBAL equations used
PINRES STRATUM 1 (Perala and Alban, 1994)
Bole y=0.01408 = (d2-9?) + 0.02137 = (d!-89?) « (h1-037) = 0.8823 .90
Branches y=0.03118 = (d4-998) = (h—2-271) x 0.6497 + 0.0005819 = (d>714) = 4.199 .95
Foliage y=0.0006622 = (d3-122} = 1.313 .89
STRATUM 2 (Perala and Alban, 1994)
ABIBAL equations used
PINSTR STRATUM 1 (Ker, 1980)
Bole y=E X P(~3.202 + 1.899 = LN(d) + 0.724 = LN(k)) .98
Branches y=FE X P(—2.6466 4 1.7086 = LN (d)) .73
Foliage y=FE X P(—2.6925 + 1.4653 = LN(d)) .78
STRATUM 2 (Perala and Alban, 1994)
ABIBAL equations used
POPGRA STRATUM 1 (Koerper and Richardson, 1980)
Bole y=0.001 = (E X P(3.5894 + 2.6544 = (LN (d))) + EX P(3.4255 +2.2034=(LN(d)))) | .98
Branches y=0.001 = (EX P(0.5799 + 2.9459 = (LN (d))) + EXP(—~0.4643 + 2.938 = | .95
(LN(d))))
Foliage y=0.001 = (EX P(1.2846 + 2.1483 = (LN(d))) + EXP(-1.6095 4 2.3834 = | .88
(LN(d))))
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.1671 = ((10 = sd)2-329) /1000 97
Foliage y=0.2266 = ((10 = sd)2-968) . (3—0-5306) /1000 91
POPTRE STRATUM 1 {Koerper and Richardson, 1980)
Bole y=0.001 = ( EX P(3.5894 + 2.6544 = (LN (d))) + EX P(3.4255 +2.2034=(LN(d)))) | .98
Branches y=0.001 = (EX P(0.5799 + 2.9459 = (LN (d))) + EX P(~0.4643 + 2.938 = | .95
(LN(d))))
Foliage y=0.001 = (EX P(1.2846 + 2.1483 = (LN (d))) + EX P(—1.6095 + 2.3834 = | .88
(LN(d))))
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.07789 = ((10 = sd)2-563) « (30-1107) /1000 .94
Foliage y=0.08338 = ({10 = sd)2243) = (3-0-4375) /1000 .82
PRUSER STRATUM 1 (Crow and Erdman, 1983)
PRUPEN Bole y=E X P(—2.943 + 0.878 = LN((d?) = h)) .99
PRUVIR Branches y=E X P(—6.128 + 1.087 = LN((d?) = h)) .56
PRUSPP Foliage y=E X P(—3.648 + 0.556 = LN ((d?) = h)) .57
STRATUM 2 (Perala and Alban, 1994)
Bole y=0.1263 = ((10 = sd)%-498) /1000 94
Foliage y=0.03475 = ((10 = sd)2-512) /1000 .99

Table 2.13 cont’d.




Species Biomass component equation R?

QUERUB STRATUM 1 (Perala and Alban, 1994)

QUEELL Bole y=0.004408 = (ﬂ-047) = (h0.8264) + 0.02635 = (dl.ss) - (h0.979) 99
Branches y=0.01684 = (d2-31%) 4 0.000478 = (43-12%) %0
Foliage y=0.04801 = (d}-453) >

STRATUM 2 (Perala and Alban, 1994)

Bole y=0.06487 = ((10 = sd)-33¢)/1000 97
Foliage y=0.1018 = ((10 = sd)?-152)/1000 94
SALSPP STRATUM 1 (Koerper and Richardson, 1980)

Bole y=0.001 = (E X P(3.5894 + 2.6544 = (LN(d))) + EX P(3.4255 + 2.2034 = (LN (d)))) | .98
Branches y=0.001 = (EX P(0.5799 + 2.9459 = (LN(d))) + EXP(—0.4643 4+ 2.938 = | .95
(LN{d))))
Foliage y=0.001 = (EX P(1.2846 + 2.1483 = (LN(d))) + EXP(—1.6095 + 2.3834 = | .88
(LN(d))))

STRATUM 2 (Perala and Alban, 1994)

Bole y=0.04262 = ({10 = sd)?-7%% ) = (59-2872) /1000 .94
Foliage y=0.07912 = ((10 = sd)3-14)/1000 .84
THUOCC STRATUM 1 (Perala and Alban, 1994)
Bole y=0.009025 = (d1-896) = (h0-32) + 0.04475 = (d1851) = (h0-5099) .99
Branches y=0.006964 = (d2-59?) + 0.03812 = (d'472) 94
Foliage y=0.01001 = (d2-303) 94
STRATUM 2 (Perala and Alban, 1994)
ABIBAL equations used
TSUCAN STRATUM 1 (Ker, 1980)
Bole y=E X P(—3.0535 + 1.8174 = LN (d) + 0.7576 = LN (h)) .99
Branches y=E X P(—2.1353 + 2.9165 = LN (d) — 1.4459 = LN(h)) 94
Foliage y=E X P(—2.5014 + 2.5251 = LN(d) — 1.2168 + LN (h)) .94

STRATUM 2 (Perala and Alban, 1994)
ABIBAL equations used

Table 2.13 cont’d.
In the above equations, y is defined as biomass on a dry-weight basis (kg), d is diameter at breast height (cm),
sd is diameter at 15 cm. (cm), h is total height (m).

In the cases where several species are listed beside one biomass equation, it can be assumed that the equation
was developed for the first species listed. The same equation was used to estimate biomass for other species which

follow because no published equations were available.

2.4.5 Remeasure

As was discussed in section 2.3.1, some test stands were remeasured. This was done
for two reasons: (1) to estimate growth, and (2) to update 1991-1993 stand structure
and biomass estimates for use with 1994 image data. For the remeasure, stands were
sampled at a lower intensity as determined by an analysis of error rates (sampling error
as % of the mean) achieved for the original measurement. Table 2.14 shows the number
of sample plots needed to achieve desired error rates of 15-20% or better (calculated for
diameter measurements). The desire to sample fewer plots was driven by time and funding
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Stand Community N of plots needed
15% error 20% error

22 red pine - sapling 20 11

33 aspen - sapling 13 7

35 jack pine - sapling 50 28

36 jack pine - sapling 40 22

38 Jjack pine - sapling 16 9

41 red pine - sapling 32 18

49 aspen - sapling 39 22

Table 2.14: N of plots for desired error rate

constraints. The figures given in Table X suggested that the sampling intensity could be
lowered for the remeasure and still achieve approximately a 20% error rate.

2.4.6 Ground-Cover Analysis

As mentioned in sections in 1.3, ground-cover analysis proceded differently from the
stratum 1 and 2 analysis. The main objective for the ground-cover measurement was to
quantify the percent of substrate which was covered with living, green vegetation for each
stand. This statistic was easily arrived at by calculating an average and standard deviation
of ground-cover percent based on the 120 measurements per stand. Gound-cover percent
by stand is given in Appendix A: Stand Summary Statistics.

2.5 GIS and Other Ancillary Data

In 1990, compilation of a multi-layer geographic information system to be used by for
this dissertation research and for all researchers working in the test site was begun. It was
planned to cover not just the area of the Northern Michigan site test stands, but all of
Chippewa county (59 townships). The completed GIS is compiled on two different scales,
one with a 12.5 m pixel size for use with spaceborne SAR data, including the SIR-C/X-
SAR data used in this dissertation, and one with 4 meter pixel resolution for use with
JPL AIRSAR data. All data were obtained (and retained) in the NAD27 datum, and all
processed files were output to the UTM coordinate system. The GIS has the following

layers:
1. Topography,

2. Transportation including state and federal highways, county roads, two-track roads,

and residential streets transportation,
3. Hydrology,
4. Land cover, and

5. Test stands.

(V]
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Topography, hydrology, and transportation are primarily useful for image warping and
orthorectification. Land-cover is also useful for warping and used as a visual reference and
validation source. Following is a fuller description of the source and composition of each
layer.

2.5.1 GIS Data Layers
Transportation

The source of the transportation GIS layer was Michigan DNR MIRIS data for Chippewa
county which had been digitized over several years from 1:24,000 USGS quadrangle maps
as a major DNR project. The county-level level data was acquired in Integraph SIF format
(vector). It was converted from SIF to ERDAS .dig format using the C-Map Program. The
.dig vector files files were converted to raster format in ERDAS at the desired 4 and 12.5
meter pixel resolutions. They were then exported from ERDAS format to PCI, the package

used for image processing.

Hydrology

Hydrology also was derived from Michigan DNR MIRIS data, and the same procedures
were followed as for the transportation layer. The hydrology layer includes rivers, streams
and lakes.

Topography

The source for topography was USGS digital elevation models (DEM) at the scale of
1:250,000. DEMs at the scale of 1:24,000 are available for a few selected quadrangles, but
not covering our entire area. DEMs were read into ERDAS and converted to the UTM
datum and required pixel resolutions using several ERDAS programs designed to do this.
Again, they were exported from ERDAS to PCI format.

Land Cover

The source of the land-cover GIS layer was Michigan DNR MIRIS data for Chippewa
county. This data set was compiled by the DNR for the entire state on a township by
township basis using 1979 aerial photographs and field checks. It is classified to level III of
the USGS/Michigan land use classification scheme (Anderson et al., 1976). For example,
411 is forest - upland hardwood - beech/sugar maple. The same procedures used for other
MIRIS data were needed for the land-cover data (format changes and rasterizing), and in
addition it was necessary to recode the data to fit into an 8-bit format (e.g., 411 became 20).
Error checking against DNR paper maps was needed on the land-cover data as MIRIS data
obtained directly from MI DNR has not been cleaned and built and a number of polygons
were either coded incorrectly or had no numbers associated with them. GIS data were
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converted to ERDAS format and then to PCI for use with image processing.

Test Stands Source

Because a highly accurate GIS layer of the test stands (within 10 m) was needed, I
planned and carried out a global positioning system GPS survey of the stands and processed
the data to create a GIS layer containing geo-referenced polygons representing the forest
test stands. Trimble Pathfinder GPS units which were compatible with the base station
installed at the Escanaba office of the Hiawatha National Forest were secured. The first
28 stands were surveyed in August 1992, and the remaining 38 in November of 1993. GPS
coordinates were taken at two points in each stand: meter 0.0 and meter 200.0 on the
baseline. Coordinates were taken in the WGS-94 datum and were output as Universal
Transverse Mercator (UTM) coordinates based on the NAD-27 datum to correspond to
the other layers of the GIS which were always NAD-27. At least 180 sample coordinates
were taken at each point. Coordinates were differentially post- processed against reference
data supplied by the U.S. Forest Service GPS base station in Escanaba, MI, and then
averaged for each point, to yield the most accurate position possible (approximately 5 m
in the open, and 10-15 m under closed tree canopies). The two differentially processed and
averaged coordinates for each stand were combined with other stand information including
n of transects, n of plots per transect, all offsets, and azimuths, in a program which output
stand polygons, both regular-shaped and irregular shaped in individual GIS format (ERDAS
.dig) files. These were then reformatted into a single layer containing all the stands in PCIL.
When overlaid on the SAR imagery and other GIS layers, the stand layer showed the desired
degree of positional accuracy (better then +/- 15 m). GPS coordinates inUTM of the lower
left and upper right corners of each stand are provided in Appendix A: Stand Summary
Statistics following measurement data in the table.

[}
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CHAPTER 3

MULTI-TEMPORAL CLASSIFICATION OF SIR-C/X-SAR

3.1 Introduction

The SIR-C/X-SAR instrument is the first to acquire simultaneous multi-frequency SAR
imagery from space. It has fully polarimetric capabilities at L- and C-band and a single
polarization (vv) at X-band. The April and October dual-flight program of the 1994 SIR-
C/X-SAR missions was designed expressly to capture a data set of earth terrain features
and processes at two different times of the year. The scientific basis for this design is the fact
that the majority of biophysical systems worldwide undergo distinct changes throughout
each annual cycle. The acquisition of imagery at two stages in this cycle is especially
critical to the goals of SIR-C/X-SAR supersites investigating ecology, oceanography, and
hydrology components of earth system sciences whose particular and shared patterns and
processes are generally in flux. In ecology specifically, this flux is characteristically expressed
in time-cyclic vegetation phenology, in vegetation and substrate moisture conditions, and
in gas-exchange cycles. The SIR-C/X-SAR mission plan, having coupled imaging over a
daily time frame, repeated at two distinct times during the annual cycle, provides a dataset
offering great potential in efforts important to ecology such as land-cover classification and
estimation of biophysical parameters.

The first mission took place during the period April 9-19, and the second September 30—
October 10. Imagery taken in these two distinct seasons is a synoptic data set documenting
two very different stages in annual processes related to ecology. In northern hemisphere
temperate regions the April imagery provides spring information and the October imagery
provides information for late summer/early fall. The changing seasonal patterns and pro-
cesses of ecology which may be observed and quantified by SAR in general are related to
vegetation foliation (phenology), and moisture status of the vegetation and substrate. At
the MFTS (Figure 1.1) the April mission occurred at the beginning of the spring thaw before
deciduous leaf-out, and the October mission occurred in the season of late summer/early
fall just prior to and during the fall color change of forest deciduous vegetation.

Additionally, because both of these times were periods of rapid change specific to their

38



time of year, daily imaging within each of the 11 day missions provides a record of seasonal
transition. Thus, in addition to the large between season differences, there are also smaller
within season moisture trends (e.g., thawing). Superimposed on top of these seasonal dif-
ferences or trends are less predictable moisture fluctuations (e.g., precipitiation). Thus the
dataset may be said to contain two types of temporal information about earth terrain and
processes: (1) seasonal moisture and phenology trends and (2) moisture events, particularly
precipitation.

Each of the two types of data can and should be exploited for their particular and
different scientific purpose. The large-scale seasonal differences and trends may be employed
as additional information in classifier development and this is the focus of the multi-temporal
research described in this chapter. This is based on the hypothesis that it is possible to
use imagery taken at distinctly different moisture and phenology states to enhance land-
cover classification results due to increased capability for separation of vegetation types.
This will be the case if in fact the environmental and phenologic conditions which change
with time on the ground do so in a fashion consistent with what is found on the imagery.
Using the SIR-C/X-SAR dataset, classifications may be developed capitalizing on these
phenologic and moisture differences while holding incidence angle and azimuth as constant
as the dataset can allow. Table 3.1 lists the available SIR-C/X-SAR scenes and their
attributes for the MFTS and highlights the portion of the dataset used to study multi-
temporal classifier development. The sensitivity of SIR-C/X-SAR image backscatter to finer
daily perturbations due to precipitation will be the focus of future work. The work presented
in this chapter builds on: (1) prior work in SAR-based classification methodologies, and (2)

multi-date classification explored with other sensor systems.

3.1.1 Objectives

The objectives of this study are:

1) To demonstrate the appropriateness of hierarchical and structural-based land-cover
classification methodologies developed with other sensors (ERS-1/JERS-1 and AIRSAR)
for use with the SIR-C/X-SAR sensor and to use these to discriminate terrain cover at

increasing levels of specificity.

2) To study the multi-temporal properties of the SIR-C/X-SAR dataset by comparing
the success of classifications optimized for a single date, multi-date pooled classifications.
and multi-temporal classifications.

3) To better understand the relationship between large seasonal changes in terrain as
they are related to backscatter as a function of SIR-C/X-SAR sensor parameters of fre-

quency and polarization.



Date Orbit Incidencd Azimuth Vegetation Ground

Angle

(scene

center)

Spring Fall State Snow State
(F/T)* | (Y/N) | (W/D)™1
Early | Late
SRL-1
4/9 6.1 31.4 SW - F Y
4/10 22.22 20.1 Sw - F? Y
413 66.2 22.7 SE = ? Y
4/14 82.2 30.8 SE - T? Y w?
4/14 86.4 24.5 NE - T? Y w?
4/15 98.12 36.8 SE = T? Y w2
4/15 102.41 | 31.7 NE * T? Y w?
1/16 114.1 118 SE = T Y w
4/16 118.6 373 NE = T Y w
4/17 134.3 41.3 NE = T Y w
4/18 150.2 44.3 NE = T Y w
4/19 162 4.7 SE = T Y W
SRL-2

9/30 6.2 31.8 SW * T N D
10/1 22.2 21.1 SW = T N D
10/4 66.2 22.0 SE = T N D
10/5 82.2 31.0 SE = T N D
10/5 86.4 25.4 NE - T N D
10/6 98.2 38.1 SE = T N D
10/6 102.41 33.8 NE * T N D
10/7 114.1 43.7 SE - T N M
10/7 118.6 41.2 NE - T N M
10/8 134.3 41.2 NE - T N w
10/9 150.31 41.2 NE = T N w
10/10 | 166.3 41.2 NE - T N M

*F = frozen, T = thawed

*W=wet,D =dry
Table 3.1: MFTS SIR-C/X-SAR scenes and attributes.

Chapter 1 included an introduction to the backgrounds and conceptual models for hi-
erarchical, structural, and multi-temporal classifications. In this chapter the following are
discussed: Section 3.2 explains the imagery preprocessing techniques; Section 3.3 interprets
the ecology of the test site and the multi-date SIR-C/X-SAR image scenes analyzed; Sec-
tion 3.4 provides a more in-depth examination of the classification methodologies; Section
3.5 presents results and discussions for each of the three types of classifications listed in

Objective 2; and section 3.6 provides conclusions.
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Scene selection from SLC
calibrated data set

b

Extraction of header information
and image data for desired features

—

GCP selection

-
Orthorectification
Radiometric calibration
output to UTM

X

Automated co-registration

h_d

Radiometric upgrading
(speckle noise reduction)

-

Feature training and
testing data extraction

Figure 3.1: Image preprocessing sequence.

3.2 Imagery Preprocessing

3.2.1 Imagery Analyzed

A sequence of processing steps beginning with scene selection and concluding with the
extraction of desired features from absolutely calibrated, orthorectified, and radiometrically
upgraded imagery was planned and implemented. This is shown in the diagram Figure 3.1.

Detailed information for each scene chosen, plus preprocessing parameters is provided in
Table 3.2. The four scenes analyzed for this study were selected to meet three conditions: (1)
the scenes should represent the greatest possible range of seasonal environmental conditions,
(2) incidence angle should be held as constant as possible, and (3) azimuth look angle should
remain constant, or be offset by 180°. The first criteria was accomplished by choosing orbits
6 and 102 on the first and seventh day of each mission, respectively. This gave the largest
spread of dates while still meeting criteria two and three.
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3.2.2 SIR-C/X-SAR Data

As a NASA supersite, the MFTS received frequent imaging during the 1994 SIR-C/X-
SAR dual missions. The site was imaged twelve times between April 9-19 during the SRL-1
mission, and twelve times between September 30 - October 10 during SRL-2. Data were
acquired in both ascending and descending modes of the orbit. The ascending path had a
track angle of approximately 52 - 53°, for each mission, and the descending path a track
angle of 127 -133° for SRL-1, and 127 - 128° for SRL-2. The time of the overflights ranged
from 5:25 a.m. local time (EDT) to 2:55 p.m. for SRL-1 and 6:41 a.m. to 3:06 p.m. for
SRL-2. Data were taken over a range of planned incidence angles from approximately 20
to 40° (Bergen et al., 1994; Bergen et al., 1995b). The local time for the data-takes used in
this study are given in Table 3.2.

The SIR-C data is fully polarimetric at C-band (A = 1.35 cm) and L-band (A = 5.3 cm).
X-SAR data is single polarization X-vv (A = 3.125 cm). Nominal pixel resolution of the
sensor varies, but averages around 7 m in azimuth and 20 m in range for SIR-C and around
7 m for both range and azimuth for X-SAR. The data were processed by the Jet Propulsion
Laboratory (JPL) and the Deutsche Forschungsanstalt for Luft- und Raumfahrt (DLR) to
single-look complex values in slant range. Calibration values for antenna pattern correc-
tion and amplitude and phase correction are those provided by JPL and DLR. No further
calibration is applied to these standard SAR image products. A comparison of the stan-
dard JPL calibration factors with those derived from local point and distributed targets is
discussed in another paper (Sarabandi et al., 1995). Further processing of the data at The
University of Michigan included orthorectification and filtering. Data were orthorectified
to a digital elevation model (DEM) interpolated from 1:100,000 DLG hypsography using a
program developed jointly by VEXCEL Corporation and The University of Michigan Mi-
crowave Image Processing Laboratory. This was followed by filtering to reduce the effects
of fading (speckle).

3.2.3 Orthorectification

As an air or spacecraft carrying a SAR flies along a particular path (azimuth), imagery
is acquired in slant range. This means that the radar is pointed at an area of terrain off
to the side of the craft rather than directly underneath it, and thus measureable distances
on the slant-range imagery vary across the image. Elevation information can be used in
an orthorectification process to correct for the pixel displacements in range and azimuth
resulting from the underlying geometric properties of SAR data acquisition. It is necessary
to orthorectify prior to classification for two reasons. First, pixels can be resampled to
a ground-range rectangular spacing at the same time retaining their correct radiometric
properties (an area correction for the backscattering coefficient). Second, the process allows
imagery to be output on a standard grid and earth ellipsoid, in this case UTM (Univer-
sal Transverse Mercator), NAD-27. This further allows for the correct overlay of test site
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geographic information system (GIS) layers (including training and testing stands) with
the imagery. An orthorectification program was developed by The University of Michigan
Microwave Image Processing Laboratory in cooperation with VEXCEL Corp., Boulder,
Colorado (Kellndorfer et al., 1996a). The orbit data were retrieved from the SIR-C and
X-SAR headers, and corrections were made using ground control points (GCPs). These
were collected using USGS Digital Line Graph data (DLG) at 1:100,000 plus global posi-
tioning system (GPS) point data taken in situ. Only six GCPs were needed on average to
supplement the header information. Accuracy was determined to be + 50 meters in X and

Y.

3.2.4 Co-Registration

After the data were orthorectified as accurately as possible, several co-registrations
needed to be done as a final refinement so that the imagery could be overlaid with the
highest level of confidence. All SIR-C scenes needed to be co-registered, and one scene was
chosen as the master, and the others matched to it. Following this the X-SAR imagery was
coregistered to the SIR-C imagery. To accomplish this an automated registration program
based on the correlation method (Schowengerdt, 1983) was written at the Microwave Image
Processing Laboratory. Final results showed registration errors of no more than + 1 pixel
(50 m).

3.2.5 Filtering

To reduce the effects of fading (speckle) due to the coherent properties of SAR backscat-
ter, it is generally useful to apply filtering techniques. In this case two filters were applied
in a sequential fashion which reduced the £1¢ variance around the mean to 0.1 dB. This
filtering also reduces the resolution of the data which is about 150 m after application of
both filters (in homogeneous areas).

The “Edge Preserving Optimized Speckle” (EPOS) filter (Hagg and Sties, 1994) is de-
signed to preseve edges while significantly reducing the noise in interior homogenous regions.
To further smooth the data a 3 x 3 median filter was applied. After both filters the effective
N of looks (N of times the data was averaged) was in all cases > 100, varying to a minor
degree between the images. The mean of several homogeneous test regions did not change
significantly due to filtering, which was the desired outcome. The median filter can poten-
tially alter the mean of an area, however since it was applied here after the speckle filter
the means of homogeneous areas were not affected. A better strategy would be needed to
avoid rounding-off any corners.
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3.2.6 Feature Extraction

Training and testing site data were then extracted for SIR-C along with X-SAR X-
vv. The final features include the average power in dB scaled 0-255 for L-hh, vv, hv,
C-hh, vv, hv, and X-vv. Due to a sensor misalignment during the missions, X-band data
was not acquired during SRL-1 6.1 and SRL-2 6.2 datatakes, and a significant number of
datatakes have low overlap between SIR-C and X-SAR. For example SRL-1 102.41 has only
approximately 60% overlap. There is good (95%) overlap for SRL-2 102.41. The following
gives a summary of the physical model behind the images and how the features are extracted
from image files.

The Physical Model: The physical model of the incident and backscattered electric
fields can be stated as:

Eacatt = %SEinc (3.1)

where E*¢tt is the backscattered (to sensor) electric field vector, } accounts for propogation
loss, E*™is the incident (sensor to target ) electric field vector, and S is the scattering matrix.
This equation may be expanded to show the individual scattering matrix elements and

polarization vectors (for example, Sy, ):

scatt inc
Eq .| = Sw Seh 1| Ev (3.2)
Eje S Swn | | B
Image Feature Construction: The SAR backscatter values we work with in SAR
image processing are termed ¢°. Using an example at some A and at Sy, polarization:

a° = ‘%’ |Svol? (3.3)

where o0 is the backscatter coefficient, A is the ground area of a pixel, and |§ |2 is power at
a particular A and vv polarization. Note that A is the ellipsoid ground area and that the
process of orthorectification replaces it with the correct A.

When the imagery is received after initial processing by JPL, each frequency (band) is
present as a separate file containing 10 8-bit integers for each pixel. The first two integers
are scaling factors and the remaining 8 are the real and imaginary parts of the amplitude
for each polarization combination (vv,hh,hv,vh), scaled by \/g; for example,

. 47
a+bi= _.ISW (3.4)

where S, is the scattering matrix element at some A and polarization (here vv polarization),
and a is the real and b the imaginary part. This is squared to get o° of equation 3.1:

(12 + b2 = |Suvl2 (3.5)

The power images (e.g. |Sv|?) are scaled to dB by:
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|Sw|2(dB) = 10log;g |Suv|2(linear) (3.6)

These are then rescaled 0-255 for use in image processing software by:

(15, 2(dB) + 20} 7

3.3 The Michigan Forests Test Site

In order to co-register the location of forest test stands with orthorectified SAR data,
a GIS layer containing the stands was constructed in the UTM coordinate system using a
differential global positioning system (GPS) survey (Bergen et al., 1995a). Accuracy of the
GPS coordinates is 5-10 m relative to the WGS-84 ellipsoid.

Detailed measurements were made in each stand to quantify stand composition, struc-
ture, and biomass and these have been described in greater detail in chapter 2. These pro-
vide a level of information beyond nominal categories by which stands may be subdivided
for classification purposes, especially important in developing understanding of structural
categories. Of importance to level II classification described in a subsequent section, is the
ability to categorize based on growth form and foliage charactersitics (e.g., type, length)
or to sub-categorize stand structure within a particular community in terms of its basal
area (BA) or its density. This database also provides information against which to check
classification accuracy as mixed cover-type classifications within any particular stand may
be correctly interpreted. For example the purity of cover type can be explicitly quantified
to distinguish between a stand of 70%/30% jack/red pine respectively versus a stand of 99%
or almost pure jack pine (Bergen et al., 1995a).

3.3.1 Temporal Conditions: Site and Imagery

Site condition differences between seasons at the MFTS are dominated in general by
(1) foliage phenology with no foliation in April and full foliation in October, and (2) soil
moisture which is in a saturated state in April and dry to moist in October. Within each
mission a gradient of seasonal change is also evident. In April, change over the 11 day
mission was primarily related to moisture: melting of the snowpack, thawing of the sail,
and rising of sap in woody stems. In October, deciduous leaves were still green at the
beginning of the mission, but by the end most had changed color. Overall, there was
a general drying of vegetation and substrate. These and other important characteristics
of moisture and phenology at the time of the datatakes used for classification are briefly
summarized in Table 3.3. Extensive in situ measurements were made of vegetation and
soil dielectric and gravimetric/volumetric moisture, and analyses of these can be found in
Bergen et al. (1994, 1995b).

A set of four composite images at L-hv, L-hh, and C-hv is shown in Figure 3.2. Several
relevent regions characterized by their physiography and forest communities are indicated
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Constant parameters

Sensor parameters

Band L C X

Frequency(GHz) / Wavelength (cm) | 1.25/24 5.3/5.66 9.6/3.125

Polarizations polarimetric polarimetric vy

Image parameters

Product type single-look, complex, slant range SSC

Format for classification orthorectification/ converted to ground range

Resampled pixel spacing 12.5m

N of looks (after filters) > 100

Features extracted L-vv, hh, hv ; C-vv, hh, hv | X-vv
Variable parameters

Mission: SRL-1 Orbit:6 Data-take: 6.1

Date: April 10, 1994 Time: 14:32:17(EDT)

Sensor parameters

Pulse bandwidth (MHz) 20.03 19

PRF (Hz) 1440 1440

Image parameters
Image center

46.41°N, 84.83°W

46.48°N, -84.91°W

Incidence angle (image center) 20.42° 18.7°

Pixel spacing (range/azimuth) 6.66m / 5.03m 6.66m / 5.02m
Pixel resolution (range/azimuth) 22.89m / 7.43m 7.33m / 7.2m
Mission: SRL-2 Orbit:6 Data-take: 6.2

Date: Sept. 30, 1994 Time: 19:08:21(EDT)

Sensor parameters

Pulse bandwidth (MHz) 20.03 19

PRF (Hz) 1448 1440

Image parameters
Image center
Incidence angle (image center)

46.34°N, 84.78°W
31.62°

46.48°N, -84.91°W
18.7°

Pixel spacing (range/azimuth) 6.66m [/ 4.8Tm 6.66m [/ 5.02m
Pixel resolution (range/azimuth) 15.08m / 6.85m 7.33m [/ 7.2m
Mission: SRL-1 Orbit:102 Data-take: 102.41

Date: April 15, 1994 Time: 13:00:33(EDT)

Sensor parameters

Pulse bandwidth (MHz) 20.03 18.99

PRF (Hz) 1620 1620

Image parameters
Image center

46.37°N, 84.89°W

46.39°N, -84.99°W

Incidence angle (image center) 32.39° 31.43°

Pixel spacing (range/azimuth) 6.66m [/ 4.48m 6.66m [/ 4.49m
Pixel resolution (range/azimuth) 14.91m / 6.20m 7.33m / 7.30m
Mission: SRL-2 Orbit:102 Data-take: 102.41

Date: Oct. 6, 1994 Time: 17:12:13(EDT)

Sensor parameters

Pulse bandwidth (MHz) 20.03 18.99

PRF (Hz) 1488 1488

Image parameters

[mage center

Incidence angle (image center)
Pixel spacing (range/azimuth)
Pixel resolution (range/azimuth)

46.25°N, 84.71°W(top), 46.43°N, 84.99°W(bottom)
33.18°
6.66m / 4.88m
14.54m / 6.86m

46.42°N, -84.99°W
33.10°

6.66m / 4.88m
7.33m / 6.70m

Table 3.2: SAR data parameters.
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Vegetation 6.1 April 9 102.41 April 15 | 6.2 Sept. 3 102.41 Oct. 6
Moisture Status | not stressed not stressed not stressed not stressed
Moisture State liquid liquid liquid liquid
Precipitation 0 lcm 0 0
Deciduous no no yes (green) yes (dry)
Leaves

Surfaces

Lakes frozen part frozen liquid liquid
Forests snow snow no snow no snow
Soil Moisture saturated staurated dry to moist dry to moist
Soil State frozen liquid liquid liquid

Table 3.3: Site conditions at the MFTS in April and October.

on the upper right image by letter designation. The areas around (F), (B) and (C) contain
mixtures of northern white-cedar conifer swamps and lowland mixed (spruce-aspen-birch)
communities. Dense, often vary large trees combined with a moist substrate resulted in
high returns in all three frequencies with some variation by season. There is a significant
increase in L-band backscatter between April 9 and 15, attributable to thawing of the
substrate. This caused water to flow into the swamps and standing water to begin to
collect. In turn this affects an increased ground-trunk interaction from L-hh backscatter
bouncing of the specular surface of the water. Also contributing to the increase in L-hv in
particular is stronger water/sap flow in the trees and thus higher return from branches.

At (E) is an area of higher moraine topography which supports northern hardwoods
communities. In both seasons, scattering from complex decurrent crown branching structure
and/or foliage causes C-hv to dominate. Slightly lower backscatter values remain fairly
constant in both April images when sap was rising in the trunks, but smaller branches
remained frozen or partly frozen. Also during both April dates there exists a layer of
saturated snow and soil beneath the canopy.

At (A) is the large high-elevation area of highly xeric glacial outwash (sand) called the
Raco Plains. This region supports low moisture and nutrient adapted jack pine plus red pine,
and due to a harvesting schedule, many of the stands are young trees-seedling to sapling
stage-and of very low stature and biomass. The generally low backscatter in this region
results from both the low biomass and low vegetation and substrate moisture conditions.
The area is additionally punctuated by black patches which are clearcuts. Scattered reddish
areas are larger red pine plantations whose backscatter is dominated by L-hv. The Raco
Plains area shows significant change between the four images. In the spring, between April
9 and 15, the sap begins flowing, needles and branches become moist, and a higher C-band
return results and so the vegetated areas, especially jack pine, appear “greenish” on the
imagery. In the fall, between Sept. 30 and Oct. 6, the striking decrease in C-band return is
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Figure 3.2: SIR-C composites from each date scaled so that color changes
relate to temporal changes at the site.
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in part attributable to a general drying of the vegetation, resulting in domination of L-band
large structural and ground-trunk interaction. Additionally, however, the seasonal drying
gradient is steepened by the fact that approximately 1.8 cm of rain fell on Sept. 28, likely
having significantly increased backscatter at all frequencies on the Sept. 30 image.

The very southeast portion of the imagery (D) captures the western extent of a large
area of agricultural fields (hayfields or pasture) on level lake plain substrate. In April the
fields are covered with saturated snow and soil. In the October scene hayfields had dried
and much hay had been cut. Major seasonal differences are not highlighted in agricultural
portions of the imagery which has been enhanced to emphasize differences in the forest
component.

In sum, the very evident patterns on the imagery discussed above are highly correlated
to what is known to exist on the ground at the different seasons both in terms of land cover
and of biophysical properties. Additionally this imagery shows a high degree of variability
between different known cover types and between these cover types at different seasons.
These two features - correspondence of the patterns on the imagery to known land-cover
conditions and high scene variability - give confidence that this imagery can be used to
successfully classify terrain.

3.4 Classification Methodology

An examination of classification processes shows several typcial steps. These include (1)
pre-processing (e.g., filtering, feature extraction, training data extraction), (2) classification
(e.g., supervised, unsupervised, statistical, non-parametric, knowledge-based), and (3) post-
processing (e.g., filters). The pre-processing steps, which were introduced in a previous
section, are critical to all classifiers mostly due to the importance of feature extraction
which is the process of defining measures of the data that allow good separability of the
desired classes. Characteristics of features are discussed further in the following paragraphs.

3.4.1 Features, Classes, and Training and Testing Data

Features can be extracted from the spectral, spatial, or temporal domains. Spectral
features use the variability of the radar response as a function of the illumination wavelength,
or a combination of wavelength (A) and polarization, while spatial features use the within-
scene variability, and temporal features are the result of using multi-date imagery. This
classification study proceeds with seven spectral features (different A and polarizations) at
each of two dates in each of two seasons. Commonly, the temporal aspects of the data
are ignored when classification is performed for a single-date observation. Here, temporal
features are the focus of the multi-date procedures. No use of the textural feature space
(spatial pixel-to-pixel variation) has been made in this study since much of the textural
information is destroyed by application of the filtering process. The conceptual model and
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experience with airborne SAR (AIRSAR) data, however, shows texture to also be a very
powerful discriminant for certain classes (Pierce et al., 1994a).

Given multi-season (April and October) SIR-C/X-SAR imagery for the Michigan Forests
site, there are three possible approaches to using features to implement the multi-temporal
aspect in classifier development: (1) Ignore the muiti-season availability and develop inde-
pendent classifications for each scene using n features, (2) Develop one classification for a
set of r scenes using n features, with z times the number of samples per feature, and (3)
Develop a true multi-temporal classification where N of features equals n (number of image
A/polarization combinations plus phase channels) times z (number of scenes).

We hypothesize that the first, which is optimized for each scene separately, could result
in a best single classification, but does not result in one which is transportable to other
scenes, especially over seasonal change. The second attempts to be applicable over more
than one image. Its basis is the assumption that At yields negligible Ao®°, hence a singu-
lar classifier would be robust in the temporal domain. But if time-dependent changes in
phenology/environmental conditions are not negligible, the lumping of samples from differ-
ent scenes may inflate the variance of the individual features. Thus this is likely a worse
classification. The third approach tests the opposite of the second, that is, that At yields
significant change in Ao® for some classes and so uses phenological differences as additional
feature information. Hence, multi-temporal classification could improve accuracy over the
first approach. However, there is no implication that the specific decision rules will neces-
sarily be “transportable” if the nature of the decision boundaries is in fact time dependent.
Each of these methods of combining features (single-date optimized, pooled, and multi-
temporal) are explored, their relative viabilities at each classification level are evaluated,

and results are compared.

Classes

As mentioned in the discussion of hierarchical-structural classification in section 1.4.1,
the level I classes used in this classifier are simple structural classes: urban (if present),
tall vegetation (trees), short vegetation (shrub, grass), and surfaces (water, airports). At
level II, the next level in the hierarchy, categories for tall vegetation (trees) are made more
specific, but equally universal. For example, for tall vegetation, tree architectural forms and
foliage type for class names are defined, rather than species. In the MFTS this includes ex-
current architecture (upland and lowland conifers) and decurrent architecture (deciduous),
broadleaved foliage (deciduous), or needle foliage (upland and lowland conifers). There are
also within-form differences (e.g., long vs. short needles on upland conifers), and overall
stand structure manifested in age/size/density (Figure 1.2). Contributions of minor struc-
tural differences such as needle form and branch angle have been intensively studied and
have been verified using the MIMICS theoretical scattering model (Ulaby et al., 1990). For
example, in the MFTS the example of varying needle length translates into red pine vs. jack



pine vs. lowland conifer, and illustrates how these simple structural categories can then be
matched with local floristic keys. Age and size classes can be defined from the test stands
based on known structural measures such as basal area (BA) and density.

Training and Testing Data

Short vegetation training sets consisted of surveyed agricultural fields supplemented
with rangeland training sets identified from the SIR-C/X-SAR imagery, AIRSAR imagery,
and a GIS land-cover layer. Training sets for the flat category were easily selected on the
SIR-C/X-SAR imagery and were primarily from Lake Superior and inland lakes plus an
airport. Forest trees are the category of interest for level II classification, as flat and short
vegetation categories are considered sufficiently identified at level I. The training sets used
at all levels in this study for the tall vegetation category were surveyed forest test stands. In
the case of the surveyed stands, the polygons in the stand GIS were shrunk by several pixels
on each side by an amount dictated by the size of the averaging filter. Further, each stand
was sliced in half, with the top half used for training, and the bottom half used for testing.
These steps guaranteed a reasonably accurate and independent sample for each stand. A
map of the training and testing regions is given in Figure 3.3. Table 3.4 is a summary of
the training and testing data used for this study.

3.4.2 Classification

The classification steps can be very simple or very complex but all classifiers seek to
minimize the errors of omission or comission at any step. Statistical (supervised and unsu-
pervised), knowledge-based decision rules, and artificial neural network strategies are some
typical examples of types of classifiers. All classifiers must be given a set of values, defined
over

the feature space, defining the classes that are to be separated, and then various rules
or procedures are invoked to accomplish this task. Often called the “training stage,” it is
critical that separable classes be used here or a poor classifier will result.

“Supervised” classfiers are given explicitly labelled sets of training data from which to
construct the probability density functions (PDFs). Given a supervised procedure, after the
training data has been assembled into a set of PDF's, a decision method must be applied to all
the pixels in the image to segment the image into the expected classes. A popular statistical
classifier uses a Maximum Likelihood Estimate (MLE) of the statistics of known PDF's that
describe the data, often assuming Gaussian statistics. Alternatively, a clustering algorithm
is often used to select some number of separable classes (clusters) as input to the MLE stage.
This is termed “unsupervised” classification and may provide better classification accuracy
at the expense of using unlabeled classes. The problem of correctly labelling the classes
automatically has yet to be resolved. Alternatively, classifiers which relate backscatter to
known physical properties and classify on this basis are called knowledge-based classifiers.
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Level I class Level I class Level III class Training Testing MIRIS
Level
II
Nof | Nof [ Nof [ N of | %
Ar- Pix- | Ar- Pix-
eas els eas els
Surfaces 5 5292 | 5 5202 | 2.7%
Short Vegeta- 27 4395 | 27 4395 | 10.9%
tion
Tall Vegetation 28 2790 | 28 2790 | 86.4%
Tall vegetation | Upland conifer 34 2192 | 34 2192 | 38.9%
(excurrent form,
large needles)
jack pine - low BA (< 14m?) | 12 89 |3 420
jack pine - hi BA (> 14m?) | 7 479 | 7T 479
red pine - low BA (< 14m?) | 6 388 | 6 388
red pine - med BA (14 — | 4 121 | 4 121
25m?)
red pine - high BA (> 25m?) | 5 325 |5 325
Lowland conifer 4 283 | 4 283 20.3%
(excurrent form,
small needles)
northern white-cedar 2 143 2 143
black spruce 2 140 2 140
Deciduous (de- | 16 7 16 7 40.7%
current form,
broadleaf)
aspen - low BA 105 4 105
n. hardwoods — med BA 4 126 4 126
(15 - 25m?)
n. hardwoods - high BA 8 533 8 533
(> 25m?)

Table 3.4: Training and testing data.
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Figure 3.3: Location of MFTS (inset) and of training and testing regions
within the site.
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We call the classification developed and used for this study a hybrid-hierarchical classi-
fication, its procedures being a hybrid of two methodologies. It consists of knowledge-based
rules for Level I structural classes, and an unsupervised ISODATA statistical clustering
algorithm (Tou and Gonzalez, 1974) for level II. Expert decision rules (the knowledge-base)
are used to sequentially classify the image on a per-pixel basis to level I. The ISODATA
clustering algorithm is then used to create clusters or signatures for just the forest areas.
Because the number of clusters is greater than the number of Level II classes, and in fact
may be equivalent to Level III classes (see Table 3.4), the resulting clusters are combined
through a process relating them to known Level II structural types based on forest test
stands. The outcome is several different types of forest communities within the tree class.
The resulting classification may then be applied to the other scenes used for the temporal
study using a maximum likelihood (MLE) or minimum distance (MINDIS}) algorithm. The
classification applied in the image domain is also applied just to a test population from
which a general measure of accuracy may be obtained.

We believe this hybrid-hierarchical classifier posesses several advantages over using either
statistical or knowledge-based procedures exclusively. A stepwise or hierarchical organiza-
tion allows the classifier to be divided into steps that are natural, easily created and easily
understood. There is also the added advantage that fewer classes are being discriminated at
each step than if discriminated all at once, hence improving separability. Prior-probabilities
in the ISODATA algorithm may be set equal for all classes which should allow this com-
ponent to be transportable from scene to scene, both geographically and temporally. The
methodology is described in more detail below, and is also given in diagram form in Figure
3.4.

3.4.3 Level I Classifier Methodology

At Level I, knowledge-based classification can easily proceed by a simple algorithm and
manual optimization. This method was successful with AIRSAR in previous studies (Pierce
et al., 1994). The process of determining algorithm values is the same as with the AIRSAR
data: manual optimization for each image until the training stands are classified well, then
the test stands are evaluated for their accuracy. When applied to the other image scenes
for the temporal study, it was found that the same rules could be used, and thus are the
same, for both April and October (a de facto multi-time classification). This implies that
in fact at Level I, multi-date information may be useful, but is not necessary for achieving
an optimum classification which is stable over time. Level I rules of this time independent

classification are as follows.

[F (L-hv > (-0.91 - L-hh -33 dB) tall vegetation
ELSEIF (C-hv > -20 dB) shortveg
ELSEIF (C-hv < -20 dB and L-hv < -20 dB) surface
ELSE shortveg
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The higher-frequency X-vv data was not used or needed at level L Its utility comes in
discriminating between different kinds of trees in the level II classification process.

3.4.4 Level I Results

Because SAR is a very good discriminator of the the basic level I classes, results at this
stage are predictably high: 97% worst case overall for a multi-date classification. Table
3.5 shows the worst-case level I results among the four dates: the early April scene. In all
classifications, accuracies are determined using spatially independent samples from the test
stands. The small misclassification of short vegetation as surfaces is probably due to the
presence of some snow-covered grasses. The slight confusion between short vegetation and
trees is due to the snow on the ground beneath the trees acting more as an absorber, causing
a decreased ground-trunk interaction, which is the basis for classifying trees. The rough
ice in the lakes presented very little trouble for the classifier, with some that was rough
and very dirty on the Lake Superior coast occasionally being classified as short vegetation.
The Raco airport runways (triangular area in center of image) and parts of an extensive
rangeland area just to the west are successfully classified as flat while parts of the plowed
fields in the agricultural area (south-east) are also correctly classified as flat. The roads in
the test site are usually too thin or overhung with trees to be correctly classified as flat,
often appearing as short vegetation. Overall a very encouraging result, with the use of only
three power features: L-hh, L-hv, and C-hv.

3.4.5 Level II Classifier Methodology

At this point where an image has been classified to Level I, the next step in the hi-
erarchical procedure is to further classify the forested portion of the image to Level II. A
diagram of this methodology is presented in Figure 3.4. At Level II the manual procedure
outlined above is not viable; classification is too complex in a multivariate sense, and the
rules are no longer related as simply to the physical principles. Hence, adapting the power
of a clustering algorithm such as ISODATA is advantageous (Tou and Gonzalez, 1974).
The data is appropriate for statistical classification as the power data scaled in dB units
presents PDF's that are closer to normal (as is required by the family of Bayesian classifiers)

True class Classed as
Surface Short veg | Tall veg
Surface 100 0 0
Short veg 4 94 2
Tall veg 0 3 97
Overall: 97%

Table 3.5: Level I multi-date classification results: testing.



than if they had been scaled linearly. Rather than include differing prior probabilities for
each class to improve the results, equal weights are used, since this would be the situation
for a global classifier that was not optimized for any geographic region. In some cases all
seven power features were used; in others a subset. X-band data was used only from SRL-2
102.41. Feature selection could be determined from the N-dimensional Gaussian fits of the
training data.

The ISODATA algorithm as implemented in PCI (PCI inc., 1995) is very flexible and
thus requires the choice of a number of input parameters. These include the number of clus-
ters desired (50), the maximum (50) and minimum (20) number of clusters, the maximum
number of iterations (20), threshold (0.01)and lumping (1) values, and a seed file which
includes the initial cluster centers. The last parameter may be selected by default from the
program or may be submitted. In this case the default was not used, and a knowledge-based
seed file was submitted which was generated as a random set of backscatter values over the
expected ranges for trees. In particular the co-polarized values ranged between 0 and -20
dB, while the cross-polarized value range was between -5 and -25 dB. This improved the
number of ISODATA classes that were trees from a few (with no seedfile) to 10 or 20, and
was necessary for this procedure to classify trees well. The algorithm uses a subset of the
entire image (for images larger than 1024 x 1024) to create the clusters (and signatures if
desired) and then applies the classification to the entire image. Included in the statistical
algorithm are a number of cluster splitting and lumping rules.

The ISODATA algorithm is run on the entire image and is also evaluated for the train-
ing stands to determine if further modification is needed. This procedure using both the
ISODATA clusters and knowledge of the test stands is described below. Each test stand
was assigned a class based on biomass and dominant vegetation species which resulted in
the Level III classes listed in Table 3.4. The ISODATA classification results in a large num-
ber of clusters — approximately 20-30 in all cases. The confusion matrix for the [SODATA
classification was then compared to this Level III test stands scheme, and the fraction of
each Level III class represented in each [ISODATA cluster was determined. This is exactly
analogous to the confusion matrices used for presenting classifier performance, as in Table
3.7, but with many more “classes.” Using this matrix, the Level III class appropriate for
each ISODATA cluster is plainly apparent as the class with the maximum representation.
For most ISODATA clusters this works well and unequivocally. A few have significant
overlap with two or more Level III classes, and in those cases the ISODATA cluster is elim-
inated (one at a time if there is more than one trouble cluster) and the minimum-distance
(MINDIS in PCI) classification performed again on the remaining clusters.

If the resulting classification is better than before it is kept, if not, the eliminated
cluster is brought back. This process is repeated until satisfactory results are obtained or
until no improvement is made. The choice of which clusters to eliminate, and possibly bring
back, has not been automated yet nor has the stopping condition. Every effort was made,
however, to continue the process to the best possible outcome in each case. The last step
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was re-mapping the Level [II clusters to Level II classes and producing the output images.

After the classifications are developed using the above procedure for the single, pooled,
and multi-temporal classification types, a minimum distance algorithm is then used to clas-
sify all other images desired for the multi-temporal comparison. PCI Maximum-likelihood
(MLE) and minimum distance (MINDIS) algorithms were compared and resulted in almost
no difference for the dataset, so MINDIS was typically applied due to it significantly shorter
computation time.

An example of one of the decision rules which is an outcome of the ISODATA algorithm
is shown as part of Figure 3.6 for separation of the three Level II tree classes. The cluster
centers for two dimensions are shown with regard to October C-hh and X-vv. The use of
the X-band data allows the separation of the Upland Conifer class from the others, while

without it the separation is much poorer.

3.4.6 Post-Processing

Filters are often applied to classification results to merge isolated pixels/pixel groups
with larger polygons and smooth the appearance of the image. Here, no post-processing of
any kind was performed. It was felt that the pre-processing process which produced multi-
look images, thus reducing the effects of fading (speckle), was better than the alternative
of a single-look classifier followed by some aggregation process. Both seem to perform well,
but the former produces a classifier that is more intuitively understandable. The procedure
used here would likely perform poorly for a single-look image, due to the effects of coherent
fading.

3.5 Results for Level II Temporal Classifications

3.5.1 Optimized for Each Date Separately

The first analytic step in the use of temporal data was to classify each image from each
season separately. Classification results for spring images SRL-1 6.1 and SRL-1 102.41 are
given in Table 3.6. Those for fall images SRL-2 6.2, and SRI-2 102.41 are given in Table 3.7.
The results are presented in confusion matrices with unbiased overall accuracy given at the
bottom of each. The latter is calculated as the mean of the diagonal and is not weighted by
number of pixels in a class. This is considered unbiased such that a land-cover class with
few pixels in it is given equal consideration in the overall accuracy. These results are quite
good for September, with the April results slightly worse: April 9 (90%), April 15 (90%),
Sept. 30 (95%), and Oct. 6 (98%). Table 3.8 gives results of the SRL-2 102.41 scene when
X-vv is not used resulting in a lowering of the unbiased overall accuracy from 98 to 90%.

An examination of the imagery and the classification results suggests that the poorer
classification in April, where there is confusion between the upland conifer and deciduous
classes, can be attributed to two interacting factors. The first is probably due to the effects

78



of the water-saturated, snow-covered ground combined with leafless deciduous vegetation.
C-band scattering is far less - this is apparent on the image composite in Figure 3.2. The
stronger surface moisture signal serves to dampen the ability of the classifier to discriminate
between certain types of upland conifer and deciduous. In particular the classifier has
trouble separating jack pine (shorter needles, more decurrent branching in open-grown
stands) and deciduous. The classifier retains its ability to separate red pine (longer needles,
retains regular excurrent growth form) from deciduous. The moisture effect is not present
in an earlier April image (6.1 SRL-1) where the substrate is still frozen and snow is dry. The
other trees are still significantly different: the upland and lowland conifers both retain their
green foliage (needles and scales) throughout the year. The second factor is the presence
of mixed conifer and deciduous vegetation in forest stands. In this case, the apparent
mis-classifications may actually be the artifact of labelled classes which do not adequately
account for the variation of natural forest communities, and the power of a sensor with a
fine resolution to pick up on within-stand differences on a pixel by pixel basis. The result
is an accurate map of stand composition, but one which will have a low accuracy when

assigned to a single, dominant, class.

3.5.2 Pooled Classification

In the pooled classification all samples were extracted from the images and the best set
of features selected from the four images were merged. Based on this dataset, the pooled
classifier was statistically constructed using the ISODATA algorithms and then applied to
each scene. While this can restrict the number of features to that of the single-scene method,
because it increases the number of samples for each feature, it may significantly inflate the
within-feature variance. This can degrade the separability of the clusters or classes.

In fact, because of class confusion due to physical properties of vegetation and substrate,
this attempt resulted in all scenes being more poorly classified. A pooled classified image
is shown in Figure 3.5. The classification results are shown in Table 3.9.

Surfaces were classified well in both, except much short vegetation (17%) was called
surface in April. Deciduous (no leaves) is completely different from lowland (mostly needles)
in April, and thus separate fairly well at this time. Both deciduous and upland conifer were
strongly confused with lowland mixed in September. This is also seen to a lesser extent in
April. Most of this confusion is due to forcing a wide variety of moisture conditions found
in the feature space for the lowland mixed in April to coexist in the same class, thus forcing
poor choices for class boundaries. In particular lowland in April is overlapping significantly
with upland and deciduous in September, greatly lowering the classification accuracy of the
latter two classes. A multi-temporal classification, on the other hand, can take advantage
of this variability.
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(A) SRL-1 6.1 (April 9) (L,C,X) - Testing

True Classed As
Class
surface short upland lowland deciduous
veg conifer mixed
surface 100 0 0 0 o
short 6 92 2 0 (4]
veg
upland 0 12 83 1 4
conifer
lowland 0 0 2 85 13
conifer
deciduous 0 0 2 6 92
Overall: 90%
(A) SRL-1 102.41 (April 15) (L,C,X) - Testing
True Classed As
Class
surface short upland lowland deciduous
veg conifer mixed
surface 100 0 0 0 0
short 0 97 0 0 3
veg
upland 0 0 86 0 14
conifer
lowland 0 0 0 20 10
conifer
deciduous 0 1 10 7 76
Overall: 90%

Table 3.6: Level II single-date classification results: Spring.
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(B) SRL-2 6.2 (Sept. 30) (L,C,X) — Testing
True Classed As
Class
surface short upland lowland deciduous
veg conifer mixed
surface 100 0 0 0 0
short 0 97 3 0 0
veg
upland 0 0 95 0 5
conifer
lowland 0 0 0 93 7
conifer
deciduous 0 0 8 0 92
Overall: 95%
(C) SRL-2 102.41 (Oct. 6) (L,C,X) - Testing
True Classed As
Class
surface short upland lowland deciduous
veg conifer mixed
surface 100 0 0 0 0
short 2 98 0 0 0
veg
upland 0 [} 99 0 1
conifer
lowland 0 o} 0 97 3
conifer
deciduous 0 0 4 1 95
Overall: 98%

Table 3.7: Level II single-date classification results: Fall.

True Classed As
Class

surface short upland lowland deciduous

veg conifer mixed
surface 100 0 0 0 0
short 3 97 0 4] 0
veg
upland 0 0 87 6 7
conifer
lowland 0 0 0 84 16
conifer
deciduous 0 0 17 1 82
Overall: 90%

Table 3.8: Level II SIR-C alone: SRL-2 102.41 (Oct. 6) (L,C) — testing.
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(A) SRL-1 6.1 (April 9) - Testing

True Classed As
Class

surface short upland lowland deciduous

veg conifer mixed
surface 100 0 () 0 0
short 17 80 2 0 1
veg
upland 0 7 91 0 2
conifer
lowland (] 0 4 91 5
mixed
deciduous 0 0 5 3 92
Overall: 90%
(B) SRL-2 6.2 (Sept. 30) - Testing

True Classed As
Class

surface short upland lowland deciduous

veg conifer mixed
surface 100 0 0 0 0
short 0 96 2 0 2
veg
upland 0 0 65 31 4
conifer
lowland 0 (1} 0 93 7
mixed
deciduous 0 0 5 65 30
Overall: 77

Table 3.9: Level II pooled classification results.
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Data:
SRL-16.1 (April 9)
(L-hh, L-hv, C-hh, C-hv)

SRL-26.2 (Sept. 30)
(L-hh, L-hv, C-hh, C-hv)

SRL-2 102.41 (Oct. 6)
(X-vv)

Surfaces
Short Vegetation
Upland Conifer

Lowland Mixed

I i . l l
¢ e

Deciducus

Figure 3.5: SIR-C pooled Level II classification.
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3.5.3 Multi-Temporal Classification

In the multi-temporal classification procedure, the samples extracted from the two im-
ages/seasons are kept separate and the feature space is doubled. This doubling risks not
meeting the statistical requirements for number of samples per feature; the underlying sta-
tistical estimations may be underdetermined if the spectral dimensionality is not kept low.
On the other hand, this procedure is advantageous as it keeps the variance within features
to the minimum and uses the differences between seasons as additional discriminators. Af-
ter the multi-temporal classifier is statistically constructed, it is then applied back to each
of the images. The classified multi-temporal image is shown in Figure 3.6, and the results
in Table 3.10. The multi-temporal classification was significantly more successful than the
pooled methodology. It did better overall than all single-date optimized images except for
Sept. 30, where it was approximately the same (see Figures 3.7 and 3.10). This means that
a multi-temporal approach has the potential to improve classification, especially for a scene
from a time of year which is more difficult to classify alone.

True Classed As
Class

surface short upland lowland deciduous

veg conifer mixed
surface 100 0 0 0 0
short o 99 1 0 0
veg
upland o 0 99 0 1
conifer
lowland (1] 0 0 89 11
mixed
deciduous 0 0 0 0 100
Overall: 97%

Table 3.10: Level II multi-temporal classification results: SRL-1 6.1 (April
9), SRL-2 6.2 (Sept. 30), SRL-2 102.41 (Oct. 6) — testing.

3.5.4 Contribution of X-vv

An interesting side-issue that we explored was the contribution of the X-band data to
the classification accuracy. Using the October scene, without X-band, the overall Level-II
accuracy was 90% with the tree classes ranging from 82 to 87%. When X-band is included,
the overall accuracy is in the high 90’s with the tree classes ranging between 95 and 99%: a
dramatic improvement. Table 3.8 shows results for the classification of the October 102.41
scene using L and C alone, and these results can be contrasted with those from Table 3.7
where X was added. These results show that X-band can be important for high-accuracy
tree classifications.
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Data:
SRL-16.1 (April 9)
(L-hh, L-hv, C-hh, C-hv)

SRL-2 6.2 (Sept. 30)
(L-hh, L-hv, C-hh, C-hv)

SRL-2 102.41 (Oct. 6)
(X-vv)
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Figure 3.6: SIR-C multi-temporal Level II classification.
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Community o°® C-hv Winter Crown Biomass % | Winter Crown LAI %
April9 | Sept. 30 | of Surnmer Crown of Summer Crown

N. Hardwoods -12.9 -12.2 94.03 93.89

Aspen -15.1 -12.4 §0.31 42.82

Table 3.11: Comparison of ¢° with crown biomass and LAIL

3.6 Temporal Signatures

In a temporal classification the three vectors which are integrated in the SAR backscat-
ter are (1) structure (excurrent/decurrent, etc.), (2) biomass (integrates area, height, and %
cover), and (3) moisture. In the final stage of the classification which solves back to these,
it is customary to assign names to the combinations which are relatively distinct classes.
Our resulting classes are tied to the biomass and structure vectors; the multi-temporal clas-
sification, however, relies on all three during the unsupervised portion of the analysis. This
provides good reason for adopting the unsupervised approach as part of the methodology;
in this case rather than imposing a priori expectations on the dataset, we let the data itself

tell us how features separate according to the three vectors.

Analysis of Figure 3.7 confirms that it is evident that classes are exhibiting different
backscatter characteristics and are often fairly separable even within a given season. This
is the case, for example, for L-hv, Sept. 30, with the exception of northern hardwoods and
aspen. The fact that northern hardwoods and aspen are not entirely separable at this single
date, however, illustrates the advantages of multi-temporal image classification. The L-hv
and C-hv plots especially show that there is a significantly larger diference in backscatter
amplitude between the seasons for aspen than northern hardwoods. Because aspens are
younger with lower trunk/branch biomass, foliage constitutes a higher proportion of total
leaf-on biomass. Thus it is predictable that the aspen would have a higher seasonality effect,
particularly in C-hv where the dominant scattering mechanisms at this short wavelength
are from leaves and small branches/twigs of the crown. While under full foliation (Sept.
30), the two exibit similar backscatter. When devoid of leaves, the northern hardwoods
maintain a high backscatter due to the presence of a perennial complex and high density
small branch/twig structure. The aspen have a sparse branch/twig structure and show
a significant drop in backscatter compared to the northern hardwoods during the leaf-off
season. This difference is exploited in multi-temporal classification to separate out the two
classes, which at any given single date and wavelength would potentially have significant
overlap. The difference in the seasonality behavior of backscatter between northern hard-
woods and aspen can be shown to correspond to the difference in crown biomass and LAI
as given in Table 3.11. At the same time, the plots in Figure 3.7 also demonstrate why
applying the same rules to fall and spring images do not work. The o° values are different
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across seasons for a given community and thus the classification will be incorrect whether
it is applying the same rules to spring and fall or a pooled classification where the samples

are lumped across seasons.
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CHAPTER 4

BIOMASS ESTIMATION

Demonstration that vegetation biomass is retrievable from SIR-C/X-SAR imagery is one
of the mission goals for the MFTS. As the first step in meeting this goal, an empirical method
for deriving biomass from SAR imagery was developed and an outline of the methodology
plus results for one scene (102.41 SRL-1, April 15 ) are discussed in-depth in Dobson et al.
(1995a). The biomass estimation reported in this chapter is done first as a follow-up study to
demonstrate the repeatability of the methodology developed by Dobson et al., and second
to provide the remaining of the two input images (the other being the classified image)
necessary to derive C-related parameters, the focus of the final chapter of this dissertation.

4.1 Physical Model

The physical model for the net backscatter o° from a forest may be stated as follows
(Dobson et al., 1995a):

0° = o2 + 121ri(0) + 02 + 0%) (4.1)
where

o? = backscatter coefficient of the crown layer of

smaller woody branches and foliage,
T. = transmissivity of the crown layer,
7 = transmissivity of the trunk layer,
of = backscatter coefficient of the trunk layer,
ol = backscatter coefficient of the surface, and
ol = backscatter coefficient resulting from interaction

of the surface and the trunk layer.

Results published in Dobson et al. (1995a) show that there are two important rela-
tionships which must be understood to move correctly from the physical model as shown
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above to the empirical retrieval model used to estimate biomass. The first is that there is
evidence for a power-law relationship of ¢2 to biomass. A typical curve of o° as a function
of biomass will show that ¢° may increase at very low biomass levels due to rough surface
scattering (0?) and surface moisture (M,) contribution, and always saturates or decreases
at high levels due to extinction within the canopy. The second is that species affects the
power-law relationship. This occurs because there are different relationships between A
(height), d (density), and S (stocking density) for different species. The effect is that the
slope of the relationship, especially in the moderate biomass region, is determined by struc-
tural attributes of the vegetation (size, density, orientation, number) which vary by species.
Thus there is species-related control of the slope. In the plots in Figure 4.1 the test stand
total above-ground dry biomass, basal area, and height are plotted against ¢° for each of
two polarization combinations at L and C bands using data from the present study (6.2
SRL-2, Sept. 30). It is evident that there is a power law relationship, but that there is much
scatter in the data. It is also evident that o° saturates or decreases at high levels due to
extinction within the canopy.

Thus while it is tempting to attempt to derive a model simply relating biomass to o°,
it can be seen that the power-law relationship and the structure-controlled slope must be
taken into account. Given an understanding of these two relationships, it is possible to
account for them in developing a retrieval methodology. Rising backscatter at very low
biomass levels means that the sample population is behaving differently — in this case like
short vegetation — and the SAR backscatter is a function of different factors than that for
forests. These could be analyzed separately; here they have been disregarded as this study
concentrates on forests. Scatter in the data resulting from structural control of slope is
removed by deriving separate functions for the different structural types (based on an a
priori data set such as a classified image). Because ¢° is proportional to Sdh? and biomass
to Sd2h, there is one additional factor which can confuse the simple relationship of o° to
biomass. This factor is between-stand differences in combinations of height, diameter, and
density. For example, given two stands, with the same overall biomass, the stand with
taller trees and lower density may have a larger 0°. Accounting for structure takes this into
account to some extent. Also in the test stand population stands of varying densities were

selected for the sample population.

4.2 Biophysical Model

A biophysical model may be developed which accounts for different wood densities and
stand structures. This assumes that wood density and structural type are known. At its
simplest the model is:

Bs= B. + B, (4.2)
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where

By = total dry standing biomass( kg/m?),
B. = dry biomass of crown( kg/m?), and
B; = dry biomass of trunks( kg/m?).

and

By = pst.hb,( kg/m?).

where p, = dry density of wood for given structural type, ¢, = trunk taper factor for given
structural type, and h is average tree height.

The polarimetric SAR data is used with multiple linear regression to estimate the three
fundamental parameters which separately have a direct relationship between ground and
sensor: height, basal area, and crown biomass. The coefficients for the functions are em-
pirically derived for each structural type using measured biometric data. The remaining
biomass parameter is the trunk layer biomass which is constructed from estimates of height
(h) and basal area (b,) together.

The inversion model is as follows:

Qd' = Bgi + Bc.

where the parameters of the model are:

ba, = fli(0°),

hi = f2i(0°),

B, = f3:(c°),and
B, = f4i(bs,hi)

where f1, f2, f3 and f4 are empirically derived and specific to the image analyzed using
least-squares regression for each of the i structural types.

4.3 Biophysical Estimation Methods

The following image and statistical analyses were done to construct the functions and
then map these into the image domain for scene 102.41 SRL-2, October 6, 1994. This scene
is shown in Figure 3.2, lower right.

4.3.1 Features

All potential features were extracted from the SIR-C/X-SAR dataset. These included
L-hh,vv,hv,(; and C-hh,vv,hv,{. Average o° for each stand was calculated using the PCI
STATS program (PCI Remote Sensing Corp, 1995). All SAR data were converted to dB
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Figure 4.1: SIR-C response to biophysical characteristics.
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(logarithmic form). New features in the form of ratio channels were constructed for each
combination of band-polarization. Ratio channels, constructed by subtracting dB channels,
are important to capture the high biomass portion of the curve which otherwise levels off

due to saturation.

4.3.2 Statistical Analysis

The number of cases (stands) used is 53. The stands where By > 2.5 kg/m? were
selected to be used in solving for the functions and coefficients presented in Table 4.1. This
sets a bound for tall vegetation at > 2.5 kg/m?, and provides for a consistent relationship
between forest trees and o°. The low biomass seedling stands were not included as their
backscatter is due to different effects, primarily surface roughness and surface moisture.
All selected stands were assembled into a SAS formatted file containing Y variables of all
extracted and ratio features plus biophysical measured stand data: class (structural type)
BA weighted height, BA, crown biomass, trunk biomass, and total biomass.

Based on physical models of SAR interaction with forest trees, some hypotheses could
be made regarding the relative importance of the features in the empirical models to be
developed. For pole size to mature stands, L-band should be a strong contributor to height
and BA components due to its longer A which penetrates the canopy. Crown functions
for all types are likely to be functions of C-band variables as C-band is known to interact
with and scatter from leaves and small branches. A possible exception to this is upland
conifer where L-band is very dominant even for the crown due to sparse canopies. Smaller
(sapling) trees are likely to be strong C-band scatterers in all components due to their
smaller structure.

With this knowledge in mind, a stepwise linear regression procedure was done in SAS
to build the functions for height, BA, and crown biomass. Trunk biomass is a function
of the combined estimates of height and BA, and total biomass is a summation of B.
and B; The functions are selected primarily on the basis of the maximum coefficient of
determination (r?) or of multiple determination (R?). Functions were kept as simple as
possible and multiple linear solutions were avoided if possible, that is, if the addition of
one or more additional variables resulted in only a small increase in the R?, they were
not added to the function. Table 4.1 lists the retrieval functions by Level II class. The
decision to construct functions at this level was based on analyses in Dobson et al. (1995a).
This research presented functions at increasing levels of land-cover class specificity, and it
was determined that those analogous to Level II resulted in the highest accuracy of the
biophysical estimates.

It is important to note that the results for lowland conifer are only based on 4 stands
(two white-cedar stands and two spruce stands), and for aspen on 5 stands. The sample
sizes for the conifer species make these results significant.
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Structure Local Biophysical | Units | Equation N | R? aussf
Species Variate
Name
Group Sub-
Group
Decurrent | Large Northern Height m -1.320% ,, +3.16(0} ,,— | 9 0.95 | 0.46
Hardwoods 0% 4o) +27.38
Branches | (Maple, Basal Area | m?/ha | 6.46(c} ,,—0% ,,)+7421 | 9 | 0.80 | 2.10
Beech) Trunk kg/m? | 0.023hba+0.5182 9 | 098|034
Biomass
Crown kg/m? 0.80(c} ,, — 0&,,) + |9 | 093055
Biomass 0.86(0¢ hj — 0 4p) +8.73
Total kg/m? | Bc + B, 9 | o098 110
biomass
Decurrent | Small Aspens Height m —5.08(0% pp — Phe) * |5 0.93 | 0.44
40.49
Branches Basal Area | m?/ha | 6.60(c} ,,—0&,,)+3093 [ 5 | 0.80 | 3.23
Trunk kg/m? | 0.024hba-0.059 5 |o099] o016
Biomass
Crown kg/m? | —0.72(0} ,, -0} ,, +162 | 5 | 0.87 | 0.14
Biomass
Total kg/m? | Bc +B: 5 | 092|056
biomass
Excurrent | Small Lowland Height m —11.06(0¢ ,,, — OCp,) + | 4 | 0.96 | 049
74.99
Branches, | Conifer Basal Area | m?/ha | 60.75(a} ,, - o0& ,,) + [4 [ 09916
102.14
Trunk kg/m2 | 0.0078khba+4.67 4 jora| 19
Biomass
Crown kg/m? | 7.35(0} ,, -0 ,,)+11.10 [ 4 | 0.99 | 0.20
Biomass
Total kg/m? | Bc + B 4 | 087|071
biomass
Excurrent | Small Upland Height m 2.5062_ hw +44.65 18 | 0.67 | 3.64
Branches, | Conifer Basal Area | m?/ha | 5.160% , +86.18 18 | 0.70 | 3.6
Medium | (Jack Pine) | Trunk kg/m2 | 0.019hba+0.214 18 | 0.99 | 0.19
Biomass
Needles Crown kg/m? | 0.520% , +8.40 18 | 0.70 | 0.48
Biomass
Total kg/m? | Be + B 18 | 0.97 | 0.90
Biomass
Excurrent | Large Upland Height m 1.25¢} ,, + 4.4702.',‘" + | 16 | 0.78 | 2.69
107.96
Branches, | Conifer Basal Area | m?/ha | 6.770% , +102.90 16 | 0.71 | 5.96
Long (Red Pine) | Trunk kg/m2? | 0.015hba+0.58 16 | 0.99 | 0.34
Biomass
Needles Crown kg/m? | 0.98¢%, + 1.26(c} ,, — | 16 | 0.81 | 0.61
biomass "_'E'.Ml +16.17
Total kg/m? | Be + B¢ 16 | 0.96 | 0.54
Biomass

Table 4.1: Biomass equations developed on SIR-C data.
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4.3.3 Biomass Mapping

Once estimation functions are constructed, it is possible to extend the estimates from
the test stands, upon which they were constructed, to the entire image. This process needs
as input the estimation functions, the classified image, and the SIR-C/X-SAR image and
ratio channels. Height, BA, crown biomass, and trunk biomass were mapped in the image
domain on a pixel-by-pixel basis using the above inputs . These can be stated:

Bai = f(I.\,poI and Ct)
hi = f(Ixpor 2and Cj)

BC.' = f(I-\.poI and Cx')
By, = f(Irpot and C))
where
l.)a,. = estimated basal area,
fl,- = estimated height,
BC_. =  estimated crown biomass,
B, = estimated trunk biomass,
I pot = image channel(defined by wavelength and polarization),
C= class, and
1= ith forest pixel.

Then, as stated previously (section 4.2):
Bd: = Btl + BC.’

The resultant images are shown in Figures 4.2 and 4.3.

4.4 Results

The overall range of biomass values as shown in the images falls in the expected ranges
(as captured on the bar scales below the images). See Appendix B for comparison with
measured biomass figures. The plots in Figure 4.4 show measured or allometric data versus
SAR-derived direct (height, basal area, and crown biomass) estimates at a 0.05 level of

significance.
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Figure 4.2: Images of SIR-C derived (a) estimates of trunk height, and (b)
basal area.
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Figure 4.3: Images of SIR-C derived (a)trunk-layer dry biomass, (b) crown-
layer dry biomass, and (¢) total biomass.
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CHAPTER 5

CHARACTERIZATION OF CARBON STORAGE AND
CHANGE

5.0.1 Goals of this Study

There are three goals in the present study to demonstrate that a primarily SAR-based
methodology can be used to characterize components of both natural and human-induced
forest C dynamics:

(1) Estimate C stored in above- and below-ground living forest vegetation at the site,

(2) Determine C gain from forest above-ground net primary productivity (ANPP) over
one growing season, and

(3) Measure C removal due to managed forest disturbance in the form of clearcutting.

The following sections of this paper document and discuss the SAR-based methodology
and results for the MFTS. An overview of the regional and test site ecology, reference
data, and SAR data is provided. Following this the methodology and results are presented,
first those for natural processes, and second those of human mitigated components of C
dynamics. Each of these are discussed in terms of the input data sets, techniques/methods,
and finally results in both the image domain and as numerical estimates are presented.

5.1 Regional Ecology and SIR-C/X-SAR Mission

Succession and forest age are important concepts in the NHCF. A frequently used model
of succession is that of Bormann and Likens (1979). This model postulates that forests in
a disturbed environment, such as most of the NHCF, proceed through several phases of
stand development: (1) reorganization, (2) aggradation, (3) transition, and (4) steady-
state. Depending on the type of disturbance, during reorganization there may be a net loss
of total ecosystem dry matter (to decomposition) despite accumulation in initial sproutings
of woody vegetation. The aggradation phase may last a century or more (depending on
species composition) and is distinguished by ongoing accumulation of dry matter. The
transition period is an undefined length of time during which total dry matter declines, and
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the steady state occurs when total dry matter fluctuates about a mean.

A premise of this study asserts that capturing age/successional stages of terrestrial
vegetation is key to increased accuracy in C modeling. A method to map forest age has
importance as young ecosystems are allocating C to growth at faster relative rates than older
forests. Theoretically, in young ecosystems the rate of primary production (PP) or total
gross photosynthesis (P) exceeds the rate of community respiration (R) so that P/R is > 1.0.
P/R approaches 1.0 as succession proceeds where the energy fixed tends to be balanced by
the energy cost of maintenance. This means that relative net community production in an
annual cycle is large in young, smaller in maturing, and tending toward a zero C balance for
old-growth forests. Both forest type and age/successional stage (using biomass and forest
type in combination as a surrogate) are captured in the SAR-based methodology.

All forests in the test site are second-growth and are the result of late 19th century
selective/total harvesting, or of continued clearcutting, the dominant managed harvesting
pattern maintained in the lakes states national forests until recently. The pattern of recovery
after disturbance in deciduous forests of the region is characterized by initial establishment
of both early (aspen) and late successional species (maple/beech) and rapid early production
of the early successional species. For deciduous forest in the region of this study, the aspen
reorganization phase may last 5 years or less and quickly proceeds to the aggradation
phase. Depending on site characteristics, aspen will eventually succeed to upland conifer
or northern hardwoods in which form aggradation continues. For young conifers, planted
seedlings following clearcutting may proceed more slowly through the reorganization phase,
and the harvesting cycle precludes their proceeding beyond the aggradation phase. The
aggradation phase in essence captures the stage of all but the youngest of the MFTS test
stands. None of the forests in the test stands have reached old-growth steady state or
fluctuating biomass (if that model is indeed the case). There are some scattered grassland
areas in the test site; however, here we concentrate on forest land-cover.

The ecological processes in the region are an interaction of the differing forest com-
munities and their age/successional state (or time since last disturbance). In a study to
determine ecosystem parameters most influential in C storage in northern forests, Grigal
and Ohmann (1992) found that forest type had the strongest effect on differing C storage,
and that patterns of C storage in the NHCF are not as strongly influenced by climatic
variables (except by its effect on vegetation composition) as is C storage in grasslands to
the west (Grigal and Ohmann, 1992). A high proportion of the significance of forest type
is attributed to wood specific gravity or wood density. In addition to forest type, results
emphasize the importance of stand age (surrogate for time since last major disturbance) in
affecting the size of C pools (Grigal and Ohmann, 1992).

Much of the C stored worldwide in living vegetation is below ground. The proportion
of total biomass represented by roots is lowest for forests and rises to 90% for tundra
and certain grassland vegetation types (Bazilevich and Rodin, 1968). In their summary of
below-ground matter in terrestrial ecosystems, Bazilevich and Rodin published that broad-
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leaved and subtropical forests are characterized by a maximum of 7.0 to 10.0 kg/m? of
root biomass and 15-33% of total accumulated biomass. This is an important component
of regional ecology and much research has been done in the NHCF to quantify the role of
perennial and fine roots in C storage and change.

5.1.1 Test Site and Reference Data

Detailed measurements were made in each stand to quantify composition, structure,
and biomass. Approximately 64,000 trees were measured for diameter and species and a
subsample for height. Remaining heights were estimated by species-specific height predic-
tion equations developed from the sample of measured heights (Table 2.11). Above-ground
biomass for the stands was estimated using diameter and height measurements combined
with allometric biomass equations developed on trees in the NHCF, primarily in the lake
states (Perala and Alban, 1994). This data has been analyzed to have error rates of 15-
20% or better. Total above-ground biomass for the 70 stands ranges from < 2.5 kg/m? for
clear-cut seedling stands to 27.3 kg/m? for a mature northern hardwoods stand (Bergen et
al., 1995a). The 70 stands were measured over the course of 1-3 years prior to the 1994
SIR-C overflights. In addition to these base measurements, a number of the stands were
remeasured after the 1994 growing season had terminated. These remeasurements form a
database of stand-level biomass/C accrual over 1-3 growing seasons, on which to validate
ANPP estimates in this study. Refer to chapter 2 for more detailed information on MFTS

reference data.

5.2 Carbon Dynamics: Modelling
Natural Processes

Estimation of components of vegetative C using the methodology outlined below is
predicated on the availability of SAR imagery from which to derive a classification of land
cover at forest community level and biomass estimates in the image domain, plus allometric
equations for parameters and species/communities of interest. All of these are readily
available for the MFTS. The two SAR-derived datasets form the basis of the methodology
to estimate C and given several potential scenes, priority is placed on using the classification
and biomass estimation images with the highest accuracy. With this logic, it is reasonable
to use images derived from a single data-take or different data-takes, provided that the
latter option has included sufficient processing that the two are correctly orthorectified and
thus registered to each other. The SAR-based methodology is discussed in terms of input
datasets, techniques, and results.
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5.2.1 Input Datasets

Land-Cover Classification: Land-cover was determined from classification of SIR-C
imagery obtained in April 1994 during SRL-1 data-take 22.2 (Figure 5.1a). The classifica-
tion procedure used a hybrid hierarchical methodology. Imagery was first classified to level
I structural classes (tall vegetation, short vegetation, surfaces) using a simple decision tree.
Tall vegetation was further classified to level II using a supervised maximum likelihood
Bayesian classifier. The classes applied in the level II image were surfaces, short vegeta-
tion/agriculture, northern hardwood (decurrent-mesic), mixed aspen-birch-conifer (mixed-
wet mesic), lowland conifer (excurrent-hydric), and upland conifer (excurrent-xeric). Details
of the structural based classification process are covered in Bergen et al. (1996). The accu-
racy of the classification for the image used was 99% for level I and 93% for level II based
on a test stand validation dataset. The classified image is shown as Figure 5.1b.

Above-ground Biomass: Estimates of above-ground biomass were derived from SIR-
C imagery obtained during SRL-1 on data-take 102.41 (April 15). Height, basal area (BA),
trunk biomass, crown biomass, and total above-ground biomass were empirically determined
for each structural class in the land-cover classification image and then mapped as images.
To arrive at biomass, relationships were developed between biomass of test stands on the
ground and SAR backscatter (Dobson et al., 1995a). A set of equations was then developed
for each structural type which related some combination of SIR-C/X-SAR channels and
polarizations to components of stand biomass (Table 4.1). Height, basal area (BA), and
crown biomass (branches and foliage) were directly related to backscatter values. Trunk
biomass was arrived at by a simple biophysical model which used SAR-derived height and
basal area with two readily available figures - wood dry density (by structural type) and
trunk taper factor (by structural type). The rms error for total above-ground biomass
(0 — 25) kg/m® when validated on test stand data was 1.4 kg/ mZ. An in-depth discussion
of the biomass estimation procedure for the imagery used in the present study has been
published by Dobson et al. (1995a). The total above-ground biomass image is shown as
Figure 5.1c.

Below-ground allometric equations: Much work has been done by ecologists in
the past several decades to advance understanding of below-ground C allocation in forest
ecosystems. Toward this end, studies have been carried out in which equations to predict
such parameters as below-ground biomass have been developed for various forest commu-
nities worldwide. Appropriate expressions from the literature are applied in this study.
Regression analysis is the approach most widely used for estimating plant biomass. Log-
arithmic equations are widely accepted and are requisite for estimation of biomass and
production in mixed and uneven-aged stands with a range of diameters and height. In
such stands the plotted variance increases with age, violating the assumption of constant
variance. A logarithmic transformation generally removes this (Santantonio et al., 1977),
and most equations are of a double-logarithmic form.
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Figure 5.1: (a) Composite SIR-C/X-SAR image. Data-take 22.2, SRL-2,
October 1, 1994. Incidence angle = 22.2°. Red = L-hv, Green =
C-hv, Blue = X-vv. (b) Classified image. Multi-temporal clas-
sification of April and October SIR-C/X-SAR data-take 22.2.

(c) Total above-ground biomass image. Derived from SIR-C/X-
SAR April data-take 102.41.
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Significant early work on root biomass was done by R.H. Whittaker for the Hubbard
Brook Ecosystem Study. Among the many relationships published during this study were
equations for root systems for several northern overstory species, both broadleaf and conifer,
measured in the NHCF of New Hampshire and New York (Whittaker et al., 1974). Harris
et al. (1977) developed and published root biomass equations for the southern pine and
southern mixed deciduous ecosystems. Concurrently, Santantonio et al. (1977) carried sim-
ilar work for the Douglas-fir (Pseudotsuga menziesii) ecosystems of the Pacific northwest
and produced a major review article of published root biomass studies in forest ecosystems
for species worldwide. These studies conclude that the published data show a remarkably
consistent relation between root-system biomass and stem diameter for coniferous and decid-
uous trees over a wide range of diameters under widely differing environmental conditions.
Over the long term, the broad generality of such allometric equations has been demonstrated
repeatedly (Grigal and Kernik, 1984) for both above- and below-ground, and it is typical
for researchers to apply them over the broader NHCF region with some consideration to
site productivity and altitudinal differences when given a choice of equations.

In this study, root biomass equations developed specifically for the lake states portion
of the NHCF are available in the work of Perala and Alban (1994). Perala’s tree stratum
root biomass equation was developed on woody roots (> 5 mm) plus the 15 cm stump from
excavated roots systems of eight hardwoods and nine conifers at two different sites. This
was a fairly small dataset because root systems of large trees are difficult to excavate. Thus

tree root data was fit to one generic equation of the form:

lny = a + bln(dbk) + cln(ht) (5.1)

where In ¥ = In component oven-dry wt. in kg, dbh = diameter (in cm) at 1.37 m height,
and ht = height in m. The R? for tree equations was 0.93 (n=17).

Understory/shrub root data is significantly easier to collect. It was also pooled, but the
residuals were averaged by species to create a new variable — Species. The value of Species
was multiplied with the overall constant to obtain a species constant and thus separate

equations were developed for most species and fit to an equation of the form:

lny = a+bln(D15) (5.2)

where D15 is the diameter (in cm) at a 15 cm height. The coefficients of the root biomass
allometric equations used in this study are given in Table 5.1.

Other research on lake states and northern forests in general quantifies such root char-
acteristics as root:shoot (R/S) ratios (Alban and Perala, 1992; Ruark and Bockheim, 1988),
total root production (Nadelhoffer et al., 1985), fine root production and percentage (Nadel-
hoffer and Raich, 1992), C and nitrogen content of roots (Grigal and Ohman, 1992; Nadel-
hoffer et al., 1985; Pregitzer et al., 1995), percentage of C fixation by roots (Harris et al.,
1977). Reported results from these can be used as guides and for comparison purposes in
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Species a b c Adj
3_2
Stratum 1 (ht > 5 m)
All species 0.0918 2.498 -0.6471 0.93
Stratum 2 (1 m < ht <5 m)
balsam fir larch red oak 0.1318 | 2.187 0.66
black cherry northern pin cak red pine
black spruce northern white-cedar  scotch pine
choke cherry paper birch white pine
hemlock pin cherry white spruce
jack pine
American basswood red maple sugar maple 0.2026 | 2.187
mountain maple striped maple 0.66
speckled alder yellow birch 0.1011 | 2.187 0.66
serviceberry eastern-hop- elder 0.1826 | 2.187
hornbeam

chokeberry
beaked hazel 0.1383 2.187 0.66
American beech winterberry mountain-holly 0.1084 | 2.187 0.66
alternate-leaf  dog-
wood )
American ash black ash 0.1203 2.187 0.66
fly-honeysuckle elder viburnum 0.3532 | 2.187 0.66
labrador-tea
bigtooth aspen balsam poplar willow 0.0977 | 2.187 0.66
trembling aspen cottonwood

Form of equation for Stratum 1 is: Root weight = a x Dbh® x Ht¢

Form of equation for Stratum 2 is: Root weight = a x D15°

Where dbh = diameter at 1.37 m height, and D15 = basal diameter at height of 15 cm.
Source: Perala and Alban, 1994.

Table 5.1: Allometric root biomass prediction equations.

evaluating the results of the SAR estimated below-ground biomass/C.

ANPP allometric equations: Equations which predict ANPP as a function of stem
diameter are available for the NHCF and other biomes as well. In the MFTS aspen and
maple dominate the northern deciduous forest, and a choice of equations developed on the
range of ages is available for each (Pastor and Bockheim, 1981; Ruark and Bockheim, 1988).
For predicting ANPP, there is an advantage in having separate equations for aspen and
maple because aspen is an early successional or pioneer species and has a higher relative
rate of growth than the later successional species such as maple. These equations were
developed on all but the smaller understory stratum stems in northern hardwood stands.
For conifer, equations derived by Whittaker and Woodwell (1968) are used. All ANPP
equations are of the double-logarithmic form and yield ANPP in g/yr or kg/yr.

log,o ANPP = a + blog,(dbh) (5.3)
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Equations are inclusive of foliage and are given in Table 5.2. Plant losses by death.
shedding, and consumption have been found by researchers to amount to a maximum of 3 -
4% and for the purposes of this study these were ignored. However, these could be modeled
or estimated and included as an additional component of the methodology.

Ranges of ANPP in the NHCF have been evaluated in the studies cited in Table 5.2 and
others, and these are useful for comparison purposes (Nadelhoffer et al., 1985, Nadelhoffer
and Raich, 1992). Equations for many major species of interest in other global biomes can
be found in Ruark and Bockheim (1988).

5.2.2 Techniques

Above-Ground Carbon: The first C component derived was that of above-ground
living vegetation. The procedure is shown diagramatically in Figure 5.2. Only the SAR-
derived biomass image was needed to estimate total C and this was done to a first ap-
proximation by applying a widely used allometric rule that biomass is approximately 47%
C. This proportion has been generated independently by numerous researchers and found
to be generally applicable (Linder and Axelsson, 1982). A recent study in northern lower
Michigan, for example, found leaves of Populus Populus z euramericana cv. Eugenei to
have a C concentration of 460 mg/g and stems to 490 mg/g. The whole tree (including
roots which were 448 mg/g) had an average C concentration of 461 mg/g (Pregitzer et al.,
1995).Thus each pixel value in the biomass estimation image classified as forest was multi-
plied by 0.47 to arrive at the total above-ground C as shown in Figure 5.4a. Co-registration
of the SAR-derived land-cover classification to the above-ground C image permits retrieval
of C sequestration by forest community type.

Below-Ground Carbon: Below-ground biomass, C, and R/S ratio were estimated for
all forested areas in the portion of the region represented in the imagery. This procedure
involved several steps as outlined in Figure 5.3. First, the selected species/stratum - specific
below-ground allometric biomass equations were applied to each tree in the test stand
database to predict below-ground biomass as a function of above-ground stem diameter;
when summed by stand, this resulted in estimates of below-ground biomass in kg/ha for
each test stand. Total above-ground biomass was already available for each of the test stands
since it had been required for previous above-ground biomass estimation results (Dobson
et al., 1995a). The test stand population (selected from 70 stands) was then divided into
two populations - hardwood and conifer, and new equations were developed for each which
predicted below-ground biomass as a function of above-ground biomass. The aspen and
northern hardwoods communities were combined into one equation. The conifer population
consists of lowland and upland conifer. The lowland conifer test stand population was not of
sufficient size to construct a a separate equation, and plots showed that the several lowland
conifer test stands which did exist fell within the distribution of the upland conifer stands,
so these communities were merged as well. Recently clear-cut seedling test stands were not
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Stratum 1 (ht > 5m)
Species a b source r

Form of equation is: log;o ANPP (g/yr)
= a + b x log;Dbh

Conifers 0.9369 1.8667 Whittaker and 0.93
balsam fir larch scotch pine (stem wood) | Woodwell, 1968
black spruce n. white-cedar white pine 0.4784 1.718 0.97
hemlock red pine white spruce (stem bark)
Jjack pine 0.8928 2.0078 0.98
(branch)
1.3625 1.877 0.98
(twig/leaf)
Birches 1.2763 2.1745 Whittaker 0.96
yellow birch paper birch et al. 1974

Form of equation is: log;g ANPP (kg/yr)
=a + b x log;oDbh

Northern Hardwoods -2.2650 | 2.678 Pastor and 0.98
American ash elder red oak Bockheim 1981
basswood hazel serviceberry
American mountain maple  speckled alder
beech
black ash northern  pin  striped maple
oak
chokeberry red maple sugar maple

E. hop-hornbeam

Aspen/Cherry -0.7722 | 1.418 Pastor and 0.87
balsam poplar choke cherry trembling aspen Bockheim 1981
bigtooth aspen  cottonwood willow

black cherry pin cherry

r= correlation coefficient as provided by source.

Table 5.2: Allometric above-ground net primary production prediction
equations.
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Stratum 2 (1 m< ht <5 m)
Species a b source r
Form of equation is: log;n ANPP (g/yr)
=a + b x log4(0.8 x D15)
Conifers 0.9369 1.8667 Whittaker and 0.98
balsam fir larch scotch pine (stem wood) | Woadwell, 1968
black spruce n. white-cedar white pine 0.4784 1.718
hemlock red pine white spruce (stem bark)
jack pine 0.8928 2.0078
(branch)
1.3625 1.877
(twig/leaf)
Form of equation is: log,;g ANPP (kg/yr)
=a+ b x log,;4(0.8 x D15)
Northern Hardwoods -2.2650 | 2.678 Pastor and 0.98
dogwood fly-honeysuckle  red oak Bockheim, 1981
American ash hazel serviceberry
basswood labrador-tea speckied alder
American mountain-holly  striped maple
beech
black ash mountain maple sugar maple
black cherry northern pin willow
oak
chokeberry red maple winterberry
choke cherry paper birch yellow birch
elder red maple viburnum
E. hop-hornbeam
Aspens -0.7720 | 1.418 Pastor and 0.86
balsam poplar cottonwood trembling aspen Bockheim, 1981
bigtooth aspen

Table 5.2 cont’d.
r= correlation coefficient as provided by source.
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Figure 5.2: Model for estimating C storage and change: above-ground total
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Below-ground biomass
Community | constant | a b c R? n of
cases
lConifer -1.712 1.0675 0.91 38
Deciduous | 1.1688 0.7528 0.97 20
ANPP
2Conifer 0.3479 0.7747 0.97 38
3Deciduous | 3981.8482 | 0.0861 -4.09E-7 1.5987E-12 | 0.92 20

! Form of equation is:

loggroot weight = constant + a(log,,above-ground biomass)

2 Form of equation is:

log, ANPP = constant + a(log,,above-ground biomass)

3 Form of equation is:

ANPP = constant + a(above-ground biomass) + b(above-ground biomass)? + c(above-ground biomass)®

Table 5.3: Below-ground biomass and ANPP prediction equations.

used as they were classified as short vegetation. Table 5.3 lists the prediction equations
developed and used in this study.

Below-ground biomass was mapped in the image domain on a pixel-by-pixel basis using
as inputs (1) the SAR-derived above-ground biomass image, (2) the SAR-derived land-
cover classification, and (3) the equations given in Table 5.3. Finally, below-ground C was
estimated as 47% of below-ground biomass. This can be stated as:

Wig, = f(Wyg, and C;), (5.4)

where Wy, = below-ground biomass, W,;, = above-ground biomass, C = class, and ¢ =
ith forest pixel. Another ecologically meaningful image to derive is that of the R/S ratio.
This was accomplished by dividing the pixel values of the below-ground biomass by the
above-ground biomass image.

ANPP: The method of estimating ANPP is also shown diagramatically in Figure
5.3. Like the below-ground biomass/C estimation, species/community - specific allometric
ANPP equations were applied to each tree in the test stand database and from this totals
of ANPP in kg/ha were summed for each stand. Equations were then developed which pre-
dicted ANPP as a function of test stand total above-ground biomass. As with below-ground
biomass, two equations, one for conifer and one for deciduous were developed. These were
applied on a pixel-by-pixel basis using the biomass and classified images to arrive at a new
image of absolute ANPP using the appropriate equations in Table 5.3 and the simple model:

ANPP; = f(Wy,, and C;), (5.5)
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Stem-based Allometric Equations
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Stand-Level Data
Below-ground Biomass | Above-ground Biomass AN:E
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l

Stand-based Estimation Equations (by Community)

Below-ground Biomass ANPP
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Figure 5.3: Model for estimating C storage and change: below-ground C
and ANPP.
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where ANPP = above-ground NPP, W, = above-ground biomass, C = class,and i =
ith forest pixel.

Where there is interest in future C sequestering, the relative growth rate of the differing
forest communities and successional stages is a key measure. ANPP as a percent of current
above-ground biomass is computed by dividing ANPP by total biomass and generating an
output image of ANPP percent or relative rate of accrual.

5.2.3 Results

Above-ground Carbon: Results of the SAR-based methodology for above-ground C
are obtainable in both tabular or image form. Overview results show that the imaged region
contains 5.96 x 10° kg biomass or 2.80 x 10° kg C stored in above-ground vegetative C. Image
results are shown in Figure 5.4a. Tabular results by forest community are given in Table
5.4 where the total area, total biomass, total above-ground C, and average value of C stored
are given for each community. Within the 70 test stands, which are representative of the
range of conditions found at the site, above-ground C stored ranges from < 0.025 kg/ m? for
new clear-cut seedling conifer sites to 11.8 kg/ m? for a mature northern hardwoods stand.

Comparison of these results with others obtained for the U.S. and the NHCF in partic-
ular confirms that they fall where expected given the published ranges. Birdsey (1990) esti-
mated that the average forest in the U.S. (across many bioregions) stored about 5.5 kg/ m?
of C. In a survey of biomass/C data from forests in the lake states, Crow (1978) stated that
above-ground C storage in most closed canopy forest in the lake states is approximately
5to < 15 kg/m?. Recently harvested forest areas are, of course, much lower, and scat-
tered old-growth forest (not found in the MFTS) in the lake states may contain as much as
25 kg/m? C at the upper bound (Crow, 1978).

Ecological interpretations can be drawn from the SAR-based results of above-ground C
allocation in the region. For example, although one-quarter of the region represented in the
scene is in managed plantations of upland conifer, this community type contains only 15% of

Community Total Total Car- | Average Area (ha)
Biomass bon (kg) Carbon
(kg) ( kg/m?)
Upland Conifer 9.14 x 108 4.57 x 108 3.75 12,252
Upland Hardwood | 2.32 x 10° 1.16 x 10° 6.90 16,809
Lowland  Mixed | 1.36 x 10° 6.81 x 10% 5.9 11,606
(birch/conifer)
Lowland Conifer 1.20 x 10° 6.00 x 108 5.6 10,781

Table 5.4: Above-ground C storage by forest community.
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the C. Conversely the upland deciduous northern hardwoods type comprises 32% of the area
but 40% of the C. The other two forest communities (lowland mixed and lowland conifer)
have an area to C ratio of 1.0. These numbers show that the area of second-growth northern
hardwood forest is the greatest pool of sequestered C in the region. This can be attributed
to several things. First, and most significant, the deciduous community is a natural forest -
its density and complexity of layers is much greater than in the managed conifer plantations.
The conifer plantations are not only less dense, but more frequent harvesting has resulted
in many stands of young age and low biomass, or significantly thinned stands also with
lower biomass. Additionally, the deciduous community occupies the richer sites of moraine
clay till substrate while the upland conifers are found on more xeric outwash sands and in
comparison the two are subject to site productivity differences.

Below-ground Carbon: Image results for below-ground biomass/C (exclusive of fine
roots), and total C (above- and below-ground) are presented as Figures 5.4b and 5.4c. R/S
ratio is displayed in 5.4d. The images of above- and below-ground C show that the pattern
of greater amounts of C stored in the northern hardwoods communities and less in the
upland conifer communities holds for below-ground as well. The total amount of C stored
in the perennial (woody roots > 3mm) below-ground component in the imaged portion of
the test site is 5.15 x 108. This is approximately 18% of above-ground C storage and 15%
of the total. In comparison, Alban and Perala (1992) found that roots of mature lake states
trees are approximately 20% of aboveground biomass, and other studies have found similar
results (Baskerville, 1965).

An expected phenomenon is observed when the R/S ratio image is compared with the
total above-ground biomass image. It is seen that the R/S ratio in the test site is higher (as
high as 45%) in young forests and lower (as low as 16%) in maturing second-growth forests.
This curve was observed in early root biomass studies (Rodin and Bazilevich, 1967; Harris
et al., 1977; Whittaker et al., 1974), and since that time other researchers have repeatedly
confirmed that R/S ratio declines with stand age (Ruark and Bockheim, 1988). In their
study of below-ground biomass of natural deciduous forest and loblolly pine plantations,
Harris et al. (1977) published a figure plotting the ratio of below- to above-ground biomass
against above-ground biomass, and this is reproduced in Figure 5.5a. The dashed line is a
hand-fitted approximation of a trend noted by Rodin and Bazilevich (1967) for broad-leaved
deciduous forests. The plotted points are observed values in three forest areas measured
by Harris et al. Note that a loblolly pine plantation of a much lower density, and thus
lower above-ground biomass, is displaced far to the left on the X axis. A plot of the MFTS
test stand R/S ratios is given in Figure 5.5b and displays a very similar pattern of biomass
allocation. R/S ratios range from 0.16 to 0.52. Points on the right-hand side which level off
asymptotically as expected at about 0.16 - 0.21 are pole to mature second-growth northern
hardwood stands. Like Harris’ Loblolly pine, the cluster on the left is composed of conifer
stands of various age and density combinations. For example, those with low biomass -
low R/S ratios are pole to mature conifer stands of low density (selectively thinned). The
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Average ANPP ( kg/m?/yr)
Upland Conifer Lowland Conifer Upland Hardwood | Lowland Mixed
0.75 1.06 1.31 1.12

Table 5.5: Average ANPP for forest classes.

R/S estimates for the MFTS test stands are also comparable to those of equivalent age and
diameter reported in the literature on lake states forests ( Young et al., 1980; Perala and
Alban, 1992). For example, an average figure for R/S ratios of pole to mature trees in the
lake states is given as 0.21 (Crow, 1978). Thus while young forest stands have less total
biomass/C in their root systems, the relative importance and allocation of underground
biomass/C is greater and this is captured in the current methodology. This interaction of
age and below-ground C component is an example of the importance of not ignoring forest
age when modeling future C sequestering.

ANPP: ANPP results on an absolute basis are presented in the image domain as Figure
5.6a. As with below-ground biomass, it is seen that, in general, absolute ANPP scales with
total biomass/C in aggrading forests. The pole to mature second-growth northern hardwood
forests are acquiring the most biomass/C in kg/m?/yr. The younger stands have less mass
to which to add C. It can be clearly seen, however, from the ANPP percent image (Figure
5.6b), that the relative growth rate is higher for the young stands - for example, note the
young conifer stands on the Raco Plains have a higher relative rate of C accumulation than
the older northern hardwoods stands to the west. Here too predictions into the future for
C accumulation are dependent not only on total biomass, but the age of the stands, as this
variable affects the relative rate of current and future C accumulation.

Results show that ANPP ranges from 0.5 to 2.7 kg/ m?/yr in the imaged portion of the
MFTS with an average of 1.09 kg/ m?/yr. Averages by level II forest class are given in Table
5.5. These ANPP estimates produced by the SAR-based methodology were evaluated in two
ways: first by comparison with values obtained by other reseachers, and second, through
ground measurements made at the MFTS to quantify ANPP for a selection of the younger
test stands. Overall productivity figures for north-temperate forests have a fairly narrow
range. Westlake (1963) gave 1.2 kg/m?/yr as the average and 1.0 to 2.5 kg/m?/yr as
the range for total ANPP for pole to maturing temperate forests. Based on 10 regional
stands, Crow (1978) estimated an average total production for similar age forests in the
lake states as 1.07 kg/m?/yr. While Crow’s figure is at the lower bound of the temperate
forest estimate given by Westlake, it is reasonable for forests on the edge of the biome such
as those of the NHCF, which have a cooler, shorter growing season.

There are also reference figures for specific forest communities; e.g., aspen. The SAR-
based methodology gave test stand aspen ANPP with a range of 0.4 to 1.0 kg/ m?/yr. Based
on traditional ground measurements, other lake states researchers have also found the ANPP
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of aspen stands to have a similar range. Pastor and Bockheim (1981) published results
also showing a range of 0.4 kg/m?/yr to 1.0 kg/m?/yr. Koerper and Richardson’s (1980)
measurements of pole to mature Populus grandidentata growing on high quality sites in
Michigan showed an ANPP of 1.1 kg/ m?/yr. Ruark and Bockheim (1988)measured aspen
stands aged 8 to 63 years and determined a range of 0.59 to 1.11 kg/m?/yr. Crow’s (1978)
analysis of primary production in aspen, birch-maple forests found that ANPP in the lake
states had a narrow range of 0.7 to 1.04 kg/m?/yr. Similar matches to published figures
were obtained for the other communities in the MFTS.

In addition to comparisons with published data of generally accepted values for ANPP
in the region, test stand remeasurement of several younger stands at the MFTS provided
a database of ANPP validation figures. These are given in Table 5.6. Columns 1 and 2
give stand and community, and column 3 reports the annual ANPP in kg/ha (+ a 20%
uncertainty about the mean from measurement error plus any biomass prediction model
error) measured by our field crews. The fourth column contains the estimated total ANPP
for each stand based on applying the individual tree allometric equations given in Table
5.2, and then summing over that test stand. This gives a measure of the applicability
of the allometric ANPP equations. The final column gives the ANPP as mapped in the
image domain, and is an integration of the SAR classification, biomass estimation, and one
of two (conifer or hardwood) equations developed for this site to providle ANPP for the
entire image. Figure 5.7 also provides a comparison of the measured, allometric, and image
estimations. Some larger values (e.g., stands 37 and 78) in the image estimation compared
with measured ANPP are directly attributable to the presence of large standing residual
overstory trees in a number of otherwise clear-cut young seedling stands which we know
have been adequately accounted for in ground sampling at different dates, but dominate
the pixel values. Another source of error is random over- or underestimation in the biomass
image used in the ANPP methodology. This is partly related to the effects of fading and
can skew individual pixel or stand values, but when taken over a region, the values stabilize,
and the previous comparsion with published data shows very good agreement with mean
values.

The preceeding results account for above-ground C, below-ground C, and that added
to above-ground biomass on an annual basis as ANPP. These are the most obvious of the
major components of vegetative C at the site. Another major change component is in the
form of forest harvesting, and this is included in the methodology and discussed below. Two
other components - fine roots and soil C/detritus - which would complete the picture of C
dynamics were not estimated for this study, but are reviewed in the discussion section.
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Stand Community & | Measured Equation Esti- | Image Estima-
Age ANPP (kg/ha) | mation (kg/ha) | tion (kg/ha)
36 jack pine - sapling 1554 1934 2090
37 Jack pine - seedling 332 276 860
38 Jack pine - sapling 2352 2005 2240
58 jack pine - sapling 3116 2174 2208
66 Jjack pine - seedling 383 556 580
81 Jack pine - sapling 6928 4630 5880
40 red pine - sapling 1968 1225 1379
41 red pine - sapling 2412 2793 2410
78 red pine - seedling 460 386 730
82 red pine - sapling 1711 2945 1220
33 aspen - sapling 7368 10519 5793
45 aspen - sapling 2913 2815 4484
49 aspen - sapling 3180 4042 5050
Table 5.6: ANPP estimates.
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Figure 5.7: Plot of measured vs.
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5.3 Carbon Dynamics: Modeling Human-Induced
Disturbance

Estimation of C removal due to clearcutting was done using multi-temporal SIR-C/X-
SAR imagery classified to level I and a procedure involving image differencing and decision
rules. The goal was to locate clearcuts which were made between SIR-C/X-SAR SRL-1
(April) and SRL-2 (October) and extract these from the imagery. C removal was then
estimated by orthorectifying and overlaying the clearcut image on the biomass image and
segmenting out the amount of biomass/C stored in those portions of the image.

5.3.1 Input Datasets

Quantifying the amount of C removed by clearcutting involved: (1) identifying the
location of clearcuts and (2) determining the amount of C at those locations. Because
identifying the location of clearcuts involved information solely on the presence/absence
of trees, two SAR images of different dates classified to level I were sufficient. They were
matched to the ANPP methodology by including one from before the annual growing season
(April), and one from the conclusion (October). The level I classifier outputs the categories

of tall vegetation (trees), short vegetation, and surfaces using the following decision rules:

If (L-hv > (—0.91 * L-hh — 25.0) then trees
Elseif (C-hv > —20.0) then shortveg (5.6)
Elseif (C-hv < =20.0 and L-hv < —20.0) then surface ]

Else shortveg

These rules are the same for both April and October. The level I classification achieved
a mean accuracy of 99% based on training and testing regions. Details of the classification
are reported elsewhere (Bergen et al., 1996).

The biomass image used was the biomass estimation from SRL-1 datatake 102.41 shown
in Figure 5.1c (Dobson et al., 1995a). The three images were orthorectified to each other
so that they could be overlaid accurately (better than 50 m).

5.3.2 Techniques

A general model of the clear-cut identification method is given in Figure 5.8. Because
level I classified results are highly accurate, clearcutting activity can be reliably located and
measured using an image differencing methodology. This was done in several steps. First,
April level I classified imagery was further post-processed to sieve out any small clusters of
pixels erroneously classified as trees in the level I classification. In the sieving process, the
software used (PCI) reads an image channel, and merges image value polygons smaller than
a user specified threshold with the largest neighboring polygon. This is typically used to
filter small classification polygons from a classification result. In the present study this was
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done to assure location of only major clearcuts which were tall vegetation (trees) in April
and short vegetation (clear-cut) in October. A spatial threshold smaller than the known
lower bound of clearcut patch size of approximately 4 ha. was established.

The same was done for short vegetation classification errors in the October imagery.
After this was done, the two images were differenced. The resulting image showed a number
of obvious and known completed clearcuts. Results also produced a number of isolated pixels
or groups of pixels much smaller than the lower bound which were known to be slight errors
(generally edge pixels) not sieved out of the original classification or slight orthorectification
mismatches. Again these were sieved from the imagery. The output clearcut areas were
then co-located with the biomass image to determine the amount of biomass/C removed.

5.3.3 Results

The location of the clear-cuts identified by the SAR-based methodology are shown in
Figures 5.9a and 5.9b. Figure 5.8a displays trees and clearcuts in green and red respectively,
and non-forested areas are represented by the background SAR image. Figure 5.8b gives just
the clearcuts overlain on the October SAR image. The process shows that approximately
300 ha of forest was removed during the period between April 10 and October 6, 1994.
Most of this occurred in the Raco Plains area, the area of highly xeric sandy outwash
supporting plantations of primarily jack pine, but also red pine. Due to jack pine budworm
infestation, there is an active salvage clear-cutting program. From the biomass imagery it
was determined that this clear-cutting amounted to 12.82 x 10° kg of biomass removed.
Applying the allometric relationship, approximately 6.02 x 10° kg of C was removed (see
Table 5.7). Location of clear-cuts was validated by comparison to reference data including

airborne video photography.

Stored (April, | Removed
1994) (April - Oct.,
1994)
Biomass (ha) 5.96 x 10° 12.82 x 108
Carbon (kg) 2.80 x 10° 6.022 x 108
Area (ha) 56,111 300

Table 5.7: Total above-ground biomass and C storage and removal.
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Figure 5.8: Model for SAR-derived estimation of C removed by forest
clearcutting.
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Figure 5.9: (a) Forest harvesting during the period April 10, to October 1,
1994 MFTS. SIR-C/X-SAR data-takes 22.2 SRL-1 and SRL-2.
Clearcuts (red) and forest vegetation (green) with background
SAR image visible in non-forested areas (short vegetation and
old clearcuts). (b) New MFTS clearcuts overlain on the October
1 SIR-C L-hv image.
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5.4 Discussion on Ecosystem Carbon
Estimation

The SAR-based methodology was implemented to include above-ground C storage,
below-ground C storage, ANPP, and removal due to land-cover change. These parameters
were chosen because they are key terrestrial vegetative C components typically of interest to
be measured or modeled. They do not, however, represent total ecosystem C, due to not ac-
counting for soil C and fine and coarse root production. While this project could have been
extended to develop inclusion of these additional components, such exhaustiveness was not
the goal. This study was undertaken to demonstrate that a SAR-based methodology could
be implemented to quantify key vegetative C components in a region with more efficiency
than ground measurements and to a greater degree of specificity than other empirical or
process-based models which have been based on general potential vegetation databases or
coarse resolution data such as AVHRR which does not account for forest age. A discussion
of the additional C components is useful, however, including some suggestions as to how

they might be included.

5.4.1 Fine and Coarse Root Production

Annual production of below-ground C (BNPP) is quite difficult to measure using field
techniques, and compared to ANPP, community specific BNPP equations are not as widely
available. Below-ground production has often been estimated using the ratio relationship
proposed by Whittaker and Marks (1975) which assumes that above-ground and below-
ground relative production rates are equal:

above-ground biomass _ below-ground biomass
above-ground production = below-ground production

(5.7)

Other lake states researchers have relied on using this simple model in their published

predictions of total vegetation production. From this, Nadelhoffer et al. (1985) assumed
BNPP to be 13% of ANPP in their study on fine roots, NPP and nitrogen availability in
Wisconsin. Another lake states study assumed net root production to be 11% of total stand
production, with a statement from the authors that this was probably somewhat conserva-
tive (Pastor and Bockheim, 1981). Recently, in addition to applying a ratio relationship,
some studies have measured both coarse and fine root NPP, and published figures of rates
are available such as those for red pine at 0.09 kg /m?/yr by Haynes and Gower (1995).
Considering both perennial and fine roots, the latter pose the greatest difficulty in
quantification. Fine roots are generally defined as the ephemeral, non-woody, small diameter
roots (< 3 mm) and mycorrhizae portion of the root system which absorb growth limiting
moisture and nutrients (Pregitzer et al., 1995). Fine roots are believed to be a small
percentage of standing biomass/C at any given time, about 5% in a study of closed canopy
forests in the lake states (Grigal and Ohman, 1992). Keyes and Grier (1981) also found fine
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roots to be approximately 5% of the total root mass, so ignoring them has minor effects on
the overall estimate of C stored. In contrast, because they turn over relatively rapidly, it is
suggested that fine root turnover may account for some of the C gap between estimates of
rates of photosynthesis and those of net assimilation by destructive sampling (Pregitzer et
al., 1995). Nadelhoffer and Raich (1992) collected the results of 43 studies worldwide which
measured fine root production (FRP). Their compilation shows that fine root production
may account for approximately 20 to 30% of total ANPP in most deciduous and coniferous
NHCF communities. Researchers agree, however, that figures are still generally inconclusive
regarding the magnitude of fine root production and often depend on which of several
measurement methods were used. Nevertheless, this is an area of active research as fine
roots are an important consideration in the C balance, and in the potential effects of rising
CO; on productivity. In a study on the latter topic, it was found that as CO; rose, so did the
rate of fine root production and mortality (Pregitzer et al., 1995), although rates of mortality
also increased as soil nitrogen availability increased, regardless of CO; concentration, and
N influenced the relative allocation of C to leaves vs. fine roots. With the continuation of
such efforts it should become more feasible to include fine root production in C models of
all types, including that discussed in this study.

5.4.2 Soil and Forest Floor/Detritus

Field experiments in other lake states test sites have found soil C to be quite stable,
and estimates show an average of about 55% of total ecosystem C in the region is stored
in soil organic matter (Grigal and Ohman, 1992). The average for the U.S. is estimated
to be 539%. Other researchers have found soil C to be stable through both age series and
timber harvesting (Alban and Perala, 1992). It has been found to vary somewhat by forest
community based on the different soil substrates. C in the mineral soil has been found to
be lowest in jack pine ecosystems (3.2 kg/m?) and highest in sugar maple (5.1 kg/m?) and
balsam fir (5.2 kg/m?). C in the forest floor (leaves and woody debris) was less variable by
community and averaged approximately 1.5 kg/m? (Grigal and Ohman, 1992). Forest trees
are subject to mortality in addition to growth, and it would be possible to incorporate a
simple stand dynamics model to account for death of trees on an annual basis. This was not
done here due to the negligiable change - annual tree mortality averages approximately 3%
of above-ground C stored. Balanced against the effort to incorporate the adjustment and
the fact that this percentage is much smaller than the expected 10-15% error inherent in
the overall process, it was decided to ignore this for purposes of this demonstration study.
In sum, the aforementioned relationships and models could be added in implementations
of the SAR-based methodology proposed in this study to further characterize C stored in a
region in addition to the present system of interest of that stored in living vegetation.
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5.5 Carbon Estimates and Process-based Models

In addition to using empirical models such as done in this study, there is also great
interest in building and parameterizing complex process-based models which can be used
to predict changes in C storage and flux due to outside forcings such as changing CO2
concentrations and climatic variables. In their 1993 “Global Climate Change and Terrestrial
Net Primary Production,” Melillo et al. used a process-based model (Terrestrial Ecosystems
Model, TEM) to estimate global net primary production under current CO; concentrations
and under doubled CO;. An excellent methodology is presented but is acknowledged to be
constrained, as per discussed earlier in this paper, by the fact that consistent input datasets
for land cover are not available. It was necessary for the authors to use different databases for
the several continents, vegetation was potential, mature-state vegetation only, agricultural
and urban incursions were generally poorly accounted for, and some types (wetlands) are
missing altogether due to scarce source data. A regional to global dataset which would
correct for the lacking information is needed; and the ideal would be a dataset which not
only mapped the correct land cover classes, but one which provided the amount of living
vegetation.

The biomass, C, and NPP results from the SAR-based empirical methodology can be
used as stand-alone datasets, as inputs to process-based models, and to evaluate and cali-
brate global process-based models such as the that (TEM) invoked by Melillo et al. (1993)
It is interesting to consider the latter. If general categories presented by Melillo et al. are
associated with the roughly corresponding classes in the MFTS, a comparison can be made
between ANPP predicted by the SAR methodology, intensive field measurements, and min-
imum, mean, and max ANPP predicted by the TEM in Melillo et al. Some adjustment
must be made in the MFTS ANPP results to be equivalent to the NPP results of the field
measurements and to Melillo et al. which included below-ground NPP. This was roughly
estimated using the 13% figure employed by other lake states researchers (Nadelhoffer et
al., 1985). The comparisons are given in Table 5.8.

There is relatively good agreement between the SAR, field, and TEM mazimum predic-
tions for upland conifer and upland hardwoods, with the SAR and field results consistently
somewhat higher than the maximum for the TEM. While the species composition is the
same, production rates for Melillo’s lowland conifer equivalent — Boreal Forest — are lower.
In part, this is probably due to the fact that the MFTS is on the extreme southern end of the
Boreal forest, and thus Boreal communities are at their highest productivity in this region.
If the rough community equivalencies are reasonable, overall, the SAR-based methodology
results, along with the field-based results, potentially show a larger amount of C sequestered
in the region of the Boreal-North Temperate ecotone than those of the process-based TEM.
Such results, on a regional basis, can be used to evaluate process-based models and to
suggest modifications of parameterization.
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NPP (kg/m’/yr)

SAR Field TEM
Reference This Nadelhoffer Melillo et al., 1993

study et al., 1985
SAR class Min Mean Max TEM class
Upland 0.84 0.85 0.21 0.47 0.70 Temperate
Conifer (red pine) Coniferous
Lowland 1.19 0.91 0.12 0.23 0.43 Boreal Forest
Conifer (spruce)
Upland  Hard-1.48 1.33 0.081 0.62 0.98 Temperate
woods (maple) Mixed

Table 5.8: Comparison of NPP estimates.
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CHAPTER 6

CONCLUSIONS AND DIRECTIONS
FOR FUTURE WORK

This study has sought to demonstrate that a primarily SAR-based methodology can
contribute significantly to the study and solution of fundamental questions in landscape to
global scale vegetation ecology. These include the distribution of vegetation types (land-
cover classification), the amount of vegetation (biomass estimation), and its contribution to
the C cycle (estimation of C storage and change). In turn, each of these may be examined
at several different scales (i.e., local, regional, and global) and for different reasons (i.e.,
management, monitoring, and modelling). The following offers some conclusions on the
implications of the SAR-based methodologies discussed in this dissertation in these various

scale and impetus configurations.

6.1 SAR-Derived Land-Cover Classification

Land-cover classification is an important issue at local to regional levels, and improve-
ment in accuracy and efficiency is an ongoing objective. Wolter et al. (1995) state, “Forest
cover type mapping in the northern lake states using spaceborne sensors has been a forest
management goal since the launch of Landsat-1 July 1972. Forest classification of large
regions with Anderson Level III (species level) are especially needed to assist with land-
scape scale analyses and management objectives.” Good land-cover classifications provide
the information for management issues such as habitat identification and analysis, for-
est inventory, inputs to comprehensive ecological classifications, wetland deliniation and
management, forest harvesting, natural disturbance such as windthrow and fire, human
settlement impacts, and much more.

The classification results from this study show that multi-frequency, multi-polarimetric
SAR can be useful in local to regional forest type classification to at least Level II. Additional
work at the Microwave Image Processing Laboratory, using the same data used for this
study, has shown that forest may be classified to Level III. Preliminary results show good
discrimination between red pine and jack pine conifer plantations, and between northern
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white-cedar and black spruce lowland conifer communities. In fact, classification to Level
I may result in higher classification accuracies as groupings into human-derived Level-II
categories may be contrary to the structural based discrimination capabilities of the sensor,
and thus introduce confusion into the multivariate statistical analysis.

In addition this study has shown that SAR is well-suited to studying forest disturbance.
Because of it direct sensitivity to the presence and absence of large structure, mapping of
forest clearcutting is a natural application of SAR. By extension, natural disturbance such
as fire or severe windthrow can also be successfully mapped.

At global scales there exists the need for consistent, updatable land-cover databases. As
would be expected this is an ultimate goal of researchers working with a number of different
spaceborne sensor systems; SAR is only one of these. The SIR-C/X-SAR space shuttle
missions, which were limited in time and space, were in part a demonstration project to
show that multi-band, fully polarimetric, SAR imagery could contribute significantly to this
goal. The advantages of SAR, in general, are its independence of solar illumination, ability
to map through cloud cover, and potential for absolute calibration on which classification
algorithms which work across many scenes and regions may be based. Other researchers are
exploring such algorithms with single-frequency single-polarization sensors such as ERS-1/2
and JERS-1 (Kellndorfer, et al., 1996).

Remote sensing systems also offer the possibility of efficient repeatability, and of cap-
turing terrain states at different times of the year. In this study, results of a comparison
of classification methodologies show that multi-temporal classifications can be successfully
developed to derive more information from SAR imagery than may be possible at a sin-
gle date, depending, however, on what information is included in the classifier. A multi-
temporal classification resulted in highly improved results for imagery from early spring.
Multi-temporal classification also resulted in a somewhat improved classification for the fall
fully-foliated scene and in high unbiased overall classification accuracy (97%). Therefore,
we conclude that at least for spring scenes, the addition of more features from imagery at
full-foliation results in an improved classification accuracy. Multi-temporal also consistently
out-performed the pooled methodology. Table 6.1 summarizes the unbiased overall accu-
racies of the single-date optimized, pooled, and multi-temporal classifications discussed in
Chapter 3.

Image Single- Pooled | Multi-
date temporal

April 9 90% 90% 97%

April 15 90% - -

Sept. 30 95% ™% 97%

Oct. 6 98% - 97%

Table 6.1: Comparison of unbiased overall accuracies.
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6.2 SAR-Derived Biomass Estimation

At local to regional scales, quantification of vegetation biomass is an increasingly impor-
tant parameter in management and monitoring activities. For example, quantification of
above-ground biomass as an alternative to volume estimates is becoming more widespread
in the forest management community due to whole tree harvesting. With the identification
of clearcuts, SAR may be used to quantify the amount of vegetation removed over a region
and this may be of interest to both forestry and environmental groups. Additionally, for-
est biomass may play a key role in some habitat identification and analysis where certain
populations may be correlated with paticular biomass levels.

On a regional to global scale, an expanded SAR-derived dataset of land-cover classes
and biomass would form a greatly enhanced input dataset for process-based models due
to its incorporation of the actual quantity and functional state of each vegetation type, as

opposed to simply type of terrestrial vegetation.

6.3 SAR-Derived Carbon Estimation

This study described a primarily SAR-based methodology to estimate key components of
vegetative C storage and change: above-ground C in forest vegetation, forest below-ground
C in perennial roots, annual forest ANPP, and managed C removal due to clearcutting.
Results of the empirical SAR-based C estimations showed a very close agreement to those
produced by intensive field measurements - both those published in the literature by other
researchers and data produced specifically for the MFTS. This leads to the conclusion that
given SAR imagery equivalent to the resolution of SIR-C/X-SAR and good classification
and biomass algorithms, that it is entirely feasible to map C with a high degree of efficiency
and accuracy using this empirical methodology. For local to regional scales, the efficiency of
the remote sensing-based method is much greater than that of traditional field techniques.
For regional to global scales C estimations based on actual land cover and biomass stand
to greatly enhance methodologies which cannot account for one or both.

On the basis of the preceding results, it is believed that this technique to estimate C
could be extended to a number of other bioregions worldwide via one of two currently
possible implementational scenarios. The first uses the existing database of SIR-C/X-SAR
data; the second uses composite datasets of ERS-1/2, Radarsat, and JERS-1. Each scenario
currently imposes certain limitations. The two SIR-C/X-SAR missions conducted in 1994
provide polarimetric SAR data at L- and C-bands which are crucial for high accuracy
land-cover classification and above-ground biomass estimation because of the structural
information embedded in the SAR signal. However, SIR-C/X-SAR was never intended as
a global mapping mission, and hence the available coverage is a series of non-contiguous
20 to 40 km wide swaths that subsample terrestrial ecoregions. As a consequence, the
classification, biomass and C dynamics algroithms could be adapted to test sites in other
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regions, but at best could only provide local subsampling. Extension of subsequent results
to regional and continental scales could be enlightening, but would be dependent upon the
assumptions inherent in the subsampling scheme.

The second scenario would adapt the given techniques to the global coverage provided
by a suite of orbital SARs (ERS-1/2, Radarsat and JERS-1), none of which are likely to
be coincident at any given location. Thus the structural information that is the basis for
SAR-derived classification and biomass estimation is composited over time. While studies
to date have shown that this may be adequate for simplified land-cover classification (Dob-
son et al., 1996; Kellndorfer et al., 1996), most of the C dynamics is also dependent upon
SAR-derived estimation of above-ground biomass. It is not realistic to expect that this can
be done to a high level of specificity using a multi-temporal, multi-sensor “virtual” SAR
approach because temporal changes in the scene dielectrics (a moisture related quantity)
become confused with structural attributes that are presumed to be static over the com-
positing period. Even ignoring the confounding factor of temporal dynamics, the use of
non-polarimetric like-polarized SAR data at L- and C-bands will generally limit biomass
retrivals to regenerating forests with above-ground dry biomass less than about 10 kg/m?
due to signal “saturation.” However, it is important to note that even the limited capa-
bility to quantize biomass into several levels would be a major improvement over current
techniques using potential vegetation and assuming mature growth stage.

131



APPENDICES

132



APPENDIX A

Stand Summary Statistics

133



€L ¥oS1 2£81 2681 .22 kLY FLIY uvquid uoddn [1v1 | JuaLmoxs auyd youf €661 69
urquid troadn {ie1 | qazanoxa aud youl £661 8¢
663V 98€1T 8LL92 98687 | vppTit | zzzeel | sTvivl ddsdod pioop i1 | naumdap uadsw 100181q €661 LS
ezel 101y 0gvs 0gys 9001 SLbat SLVST uuquid uoadn 1[e1 | nosmoxa auyd youf €661 9%
8 or (] ¥Q QL 6zl GZ1 uequid uoddn ¥ | usLInoxs autd youl £661 [:14
L 86 ott o1t gct €Lz €L unquid uoadn [[#1 | tuaLInoxa aud youl £661 24
9c1e 81£07 114 ¢4 sakEz | L8¥901 | €169Z1 | 1v68Z1 ddsdod ploap M | naumodp uadsw {100181q £661 £€g
71:7) 62691 ¥00rZ roore ¥8rES 88kLL 88YLL saqutd uoddn {v3 | JuoLmoxa auid pas €661 s
a0y LOLES TLreg ze18s | z9Lv1z | vZTOLT | v8BZILT patuyu ptoap @ | armaap ypaaq £661 ov
060¢ argit 17431 SEorl 1£L02 1£€9¢ zLe8¢e saauyd uosdn e | uaLmoxa autd pas z681 18
0628 09261 929L2 9rORZ ogigL | 999001 | 921101 sasud toddn M | wsamoxs auid pas 7661 08
44 44 44 g9 aL9 619 oro ddsdod ptoap 1 | woaansap uadse Bupquiary z661 6¥
9L6€ veere 79602 6678z | ¢¥gool | keiect | zvisel padteyu poap w1 | quonmaap ajdewr pas 7661 8t
1714 vivil 6¥ZzT1 z96€1 SORVL ¥S0.L8 L9188 ddsdod pap 11#1 | quaumdep | uadse Buyquiagy 2661 Ly
9e1 eLy 999 609 2221 €641 Le81 ddsdod p1ap {ier | wonoap | usdse Sugiquian z661 sy
Tz6¢ 826L1 18212 09812 vecre | 119811 | vOZOIL aeuro(d ©0oMo[ {t®1 | waLmoxs sonuds yowiq 7661 44
0z9L1 06852 1vezy 6oogk | 009vOl | ZPELFY | O1SLPE saqutd uoodn fi®1 | yuasmoxs sutd pas 7661 ey
[:14 (231 oLl FAA [1AN [+{:1 2 o6k uequid uoodn %7 | MdaInoxs auid youl 7661 FA4 2
114 008 clot o101 2691 8092 1192 soqurd uoodn f{er | 1wormoxs aud pas 2661 183
uoodns uoodns oys | JuaLInoxa autd pas 2661 ov
1 002 AZA AZA 106 -T2 124 uoodns uosdns oys | JUBLINDXD asutd paa 2661 6t
uoadns uoddns Moys | JaLmoxa auid youl 2661 8¢
1 g 9 9 el 0z 0z uoodns uoodns Moys | juaiinoxa autd youl Z661 Lf
(Al4 1244 1867 1862 oLVve £919 £9v9 uequyd uoodn o1 | nosmoxe autd youf 1661 og
2414 l918 92601 78601 $9802 oesie L£81€ uequid uoodn 11 | waamoxs autd youf 1661 1
8667 80162 141€2 009sz { 1vvoTt | zioekl | Lbeskl patueyu ptoap [iw? | JuaLmdap odew pas 1661 re
gegt oLrE oLVE 1108 g011g 08SHE grI9g ddsdod p1oap I | qusLmoap uadse Bujquasy 1661 €e
29981 6090¥ 69169 99269 | L81£01 | 996291 | €S¥ZOl adontp) 102MO] I1®1 | uasmoxa Jupad-MIYM ‘N 1681 AN
L9822 vio9z r1092 12282 | v9ZTIl | 8iZ8€1 | SE£90¥T pmauu pioap 1e? | uawmoaap ajdewr pas 1661 {5
ttoe tL60k 122213 veect | 2L.L0L1 | tzzziz | ooLvie paseyu ptoap [i® | wonmoaap aydutu pas 1661 62
793¢ ¥88LY 19L8Y Lbr1S | ¥PIB61 | 116LKT | 165092 pasetu ptoap e | nosanosp yoanq 1661 82
8999 €LLE1 69261 18661 00204 69F68 1£968 uequid uoodn 1®1 | quasimoxa aud spef 1661 X4
8TLT £968 80911 18911 8121§ 92829 66829 sewad toamo[ {ivs | uarmoxs asnuds you(q 1661 114
11168 £1612 8980¢€ rzoLE | 0L0011 | scegri | S6OLKL saaund uoadn ™ | wawmoxa aud pas 1661 ST
(1244 241191 0,081 £0Z61 £grlg £T50L 9490 uwquid uoddn [ | asmoxa auid ypef 1661 ¥e
6£991 82962 £266¢ 9100 { 6LL9€1 | 10491 | 9pe9Ll saauyd uoodn {(m | quasmoxa aud pas 1661 %4
1601 68LE1 08841 08841 ovLLT 0z9sy 0z9sy sasutd uosdn e)_| uasmoxs auid pas 1661 {44
Jaum Jaununs 0], 0],
aBuijo, | tpuvag umol) umol) NUNIL | J9IUIAA | Jounung

pans

Aro8oi1wy | A108a1w) | L108a1w) adA], sopadg “wNf
€ [EAa |z peadrp | 1 (Paer] |eamonng uwunoQ 1mwap | pumig

(w/8%1) SSYINOIE AMd WNALVULS Hdddn

134



8.1 | 188vT | 16EVE pLI9T | 90686 | L6Z0Z1 | 080221 | pmieyu pioap {fes [wusrinoap sjdew 1eSns £661 16
76961 | 8160V | 60S09 60509 | G6LLTIT | 88TELl | 88TELI aoonif} uodMo| [[e1 [ruanmoxa | Iepad Mys u £661 88
vvel 8£99 8£99 788L | 0s99r | ss8ces | cgepg | ddsdod prap fi®1 [wwaaamdap | uadse Bugquiaay £661 L8
€692 | LILIE | LILIE Tivbe | 1968¥1 | 899081 | cOLE8I | pamreyu ptoap [ier juarndap ajdeu pas £661 98
89¢e | 0£19¢ | VECOE 86V6E | DESYVY | ©9L081 | STO¥8I | pmieyu pioap ITey |Ima11002p sjdew 1e8ns £661 g
ost ¥S9 108 v08 LE61 LeLe 1hLe saquid uoddn ey [uaninoxo autd pas £661 €8
6£8 ogly 696V 696¥ 6v9 | 19v11 19%11 saiud noodn Ires [1ud1amoxa auid pai £661 8
8961 6zo8 1866 ¥666 | L8981 19982 1896¢ uequid uoadn res |tuarinoxa auid soef £661 I8
1 214 vy €02 bch bcv— (118 %4 yiie uodxdns uosdns .—._o__w M2IINDOXD v___& —uv._ nam~ 08
09 ag (12 (421 sy ¥9¢ 9% uoddns uooddns .—.—O.—w JUILINOXS o___n mvv._ £661 6L
ovs 1811 0L91 LLO1 929% S61Y zozy | woodns | woodns 11048 [quazinoxs sutd pas £661 8L
9102 G66L 7966 Tioor | 9o06er | 698¢Z | 816€C sa1utd uoddn Ire1 |1uanmoxa auid pas £661 Ll
6692 | 0CLIL | OELIL 0£ebL | LECOVE | €L6L1T | L9S0EZT | pmimyu p1ap [fey |tuanamdap ajdews se3ns £661 9.
ocv9 | €1L91 | 0z62T 6v1£C | 68ISEI | 601191 | 8ELI9L nswd uoodn fret |jusninoxa aud ajym £661 7]
6015 | 96012 | L61SZ y0c9z | s8zeet | £8¥8ST | 68¥6S1 nsuyd uoddn 1ie? |jualImdXa outd anym £661 VL
¥66L | TVOLT | ¥£99T veosT | ecvev | TL089 | ©£L089 saautd uoxdn [fes jruarimoxa autd pas £661 )
£E6¢ £688 | VBLCI 08LZ1 | 61261 | €00ZE | <o0TE sarud uoadn ey |1ua1amoxa suid pas £661 )
690F | £L801 18981 1eggr | eoLic | vecle | veTle sarud uoxdn (21 [7uannoxa autd pas £661 1L
09 621 651 061 16¥1 0291 1891 | ddsdod proap [res |juazndap | uadse Suiquiary £661 0L
oLt 1847 1£47 169 268¢ 91EY 9gyy | ddsdod poap 11e1 [Juanmoap K110 wd £661 69
€go01 | 6L¥61 | <sgrog eL10e | ¥E6ZL | 690€01 | 690£01 sozud uodxdn [[e1 |1ua11moxa suid pas £661 89
6695 | €LVEL | ZEI6T ZeI61 | 890¥9 | o00ce8 | o0zES uequid uoxdn Ire1 [quasimoxo omd yoef £661 L9
uoddns uoddns 1ois |juatinoxa aud youl €661 99
gLLe | 9TIOT | TO6ET 106€1 | p98LE | GGLIS | GGLIS uequid noodn ¥} |juanmoxa ourd el £661 g9
1e1e gLe8 | 908l 90sIl | taLee | LLose | Lezge | wequid uoodn {ie1 |1ua1imdxd autd yoel €661 9
6922 £889 £sI6 €916 | L08L1 | 6SVOT | 6SV9C uequid uoddn Jie1 [uanmoxo auid yoel £661 £9
0£L? 8268 | 89911 86011 | L1L8T | 9.£0v | 9Lc0¥ uequid uoddn ey |1ua1inoxa aud you( £661 29
gecy | 98€IT | 616SH 61681 | gceov | ¥veTo | vveeo wequid uoddn [fey jrusrmdxa auid yoef £661 19
088 (11147 £86¥ £86¥ 69¢9 | escr1 | cscil uequid uoadn {{e1 |juasinoxa auid yoel £661 09

12juIm | soununs |e10], [®10],

afuljo | wouwrg | umoin umor) | jyunay, | 1ompn |dounung

K108 £108 K108 pains
-21e) 011:79 11:70 ad{], satadg “waN

£ [9A9] | T 9ART] | T 19A9T] Jrimdnng jueuuio(] eap | puerg

(v1/3%) SSVINOIF AMd WNLVULS Hdddn

135



£0g 1L€C 1.8C L8 L69¢ 898 1.98 sorud uoodn Ie1 [Iua1imoxs outd pos V661 £8
8501 ooty 8SES 89¢S 66V6 LS8V LS8V sosud uoodn f1e1 Jjuadinoxs auid pas ¥661 (4]
1961 7688 1£8L ¥e8L | 86961 | 628LT | 1§GLC | wequud uoddn {1 |ua11n0xd autd xyoef 661 18
008 Lv8 6EL1 Lvel $99¢ vooy ciov uoodns uoodns 1oys |udLInIXa outd pas V661 08
TLt 8¥T Ty ocy 186 tavt 1ovt uoddns uodns Hoys {juarinoxa aud pa: v661 6.
LE6 9TVl 1882 £9¢T 686¢ 6£€9 15¢£9 uoddus uosdns 10Ys | JUaLINIXD auid pa1 v661 8L
6881 0689 LL98 6LL8 | bLEST | 1SOVE | €SINT sa1uid uoodn I1e1 |1uadmoxa auid pas 661 LL
uoddns uoddns 1i0ys |qua1imoxs amnd yoel 661 99

sib 2s80¢ oLve oLve 9¥8¢ 91E9 91¢9 uequid uodxdn [fe1 |rudrinoxo suid el V661 69
uequid uoodn 1®1 | ma1moxa amd youl V661 8¢

18 092 e te zss £98 £98 | uequd uoodn (e [uatinoxa oud youl | p661 gg
L01 2869 689 689 $801 vLLT VLLL uequd uoadn rer |ruaninoxa auid ol v661 124
GI6E 1108 £c611 0e61ll GL09¢ S66LY coosy satud uoodn [ |yuatinoxa aud pas V661 [§4
6.2 574 37 728 Preo 8889 191 ddsdod poap 1e? |1uanmoap | uadse Fuyquan V661 6¥
89¢ £egl LIt 1641 1122 2029 9.29 | ddsdod pap (fey |quatndop | uadse Suyquan 661 gy
89V L91% 0192 9£9z 69¥S 608 vo1g | wequd uodxdn lI®1 [d11mdXd auid spef ¥661 A2
¥69 LL0¢ 9g.L¢ TLLE LT19 £L86 8886 saqutd uoddn Ife1 |1uarimoxa auid pa v661 1§
uoddns noodns 11048 | U211NdXD aud pas V661 oV

uooddns uoxdns 101§ | JuUd11NOXd auid pa1 V661 6¢

01 ve b9 2] 96 191 191 uocdns uoddns 11048 |9ua1IndXd auid youl V661 8¢
uoodus uoodns Joys | uaInoxa autd yoel v661 LE

VL8 16cv go1g g91g 1269 | 980C1 98021 uequid noddn {®1 |Jua1indx2 auyd yoef V661 9t
9007 00L9 00L9 L0L8 | svbog | 6¥ILS | ggieg | ddsdod proap Ire1 |wanndep | uadse Juquian v661 €€
068% { 62081 | 61661 61661 | €£0ceL | &cigg | TTlgs sajud uoddn J[er |udrinoxo auid pa1 V661 A

s | soununs o], o],
afuijo | youwig | umoip umorpy | yuniy, | 1ojuipgy Lounuing
K108 £108 K108 pains
117} -21®)) -2eD) adAy, sotoadg v
¢ Paop | § peaa [pA01] Jrinjoung Jueunio(] 1ea) | puwig

(v1/3%) SSYWOIF AUd NNLVULS YdddN

136



[42% 08E1 08¢t SoLl 7661 1
€Ll 889 889 098 o661 0S
9012 $£98 S£98 1§ 2210 w661 6¥
Lig L8l L181 veET c661 1114
7661 Ly
194 £90¢ £90¢ 98¢ 661 141
669 6LL1 6LL1 8L€2 7661 147
9L 102 10¢ LLT 2661 13
o1¥e ¥TLS1 volsl vei6l o661 oy
a6ve Lot Lot LTgel u661 14
4 24 €200 £30T 8987 7661 114
Lo £et £el 091 7661 6¢
£0L1 1009 1LL9 gLY8 2661 14
£ve coL oL 96 c661 AN
689 8162 8162 809¢ 1661 ot
gsl (48] vi9 89L 1661 se
ove 7681 7681 ANAA 1661 ve
9601 [oev 1eey LIvs 1661 €€
sce L8T1 1821 ¢191 1661 ot
g9 L8¢ L8C 18¢ 1661 1€
LL9 62T 6928 96L2 1661 62
1123 VELl veLl 1802 1661 8¢
£9 99¢ 99¢ 6z¢ 1661 Le
16¢1 789¢ i89¢ £€08 1661 9%
vit £eTl gLl 9G¥1 1661 S¢
go1 88¢ 88¢ €6y 1661 7
421 14114 114 L29 1661 €7
101 144 12 8¥¢ 1661 (44
Jaw
FEITTYN -utns 0], 0],
afuijoq | yourwig | umorn | umoip yunag, | gy [ounuing
pains
-eay
pauquio) jeajprolg pue Isjiuc)) s[eio], wnieng Appiw 1eax | puwig

137



91 €S €s 69 £661 Sl
68 [ee [ee ocy €661 Ve
£9 LET LET 00¢ £661 €l
4% g8l a8l gcc €661 ol
61 68 68 801 £661 1L
€9l 9eIL 9e1L 6618 £661 0L
€L1e 6958 6968 AN £661 69
V9 Uy s0¢ 69¢ €661 89
| 144 147 Y £661 L9
gcl oce (444 Ly €661 99
9 0¢ 0c gc €661 g9
oL V8¢ V8¢ 219 €661 21
1ve 99¥1 29¥1 80L1 £661 £9
ol L98 198 6L01 €661 c9
ye |84 §4 8Ll €661 19
€0l vove vore Loty €661 09
8501 999¥ 999¥ £TLS £661 6S
16G1 G0L9 G0L9 L6C8 €661 8¢
$co ve9e ve9e 8hct £661 LS
9¢ 68 68 St £661 9¢
8CLC 66211 66C11 L20vl £661 qs
Ste €0e6 £CE6 6EVII €661 Ve
¢t oLel aLel 8011 €661 £s
Le 134 134 ¢ 061 €661 s
Sre 9r91 9191 1661 £661 9y
Jow
199u1M -wins o, 0],
afuetjo] | yuwig | umoiy | umoiny junil, | 10uipp {sowmng
pains
“eopy
paulquIo)) Jeajproligl pue 1aJio)) sjeIo], WNeIg HPPIN Jeap | pueig

138



98¢ Glcl glol 0951 €661 16
96¢ ¥86 v86 oyl £661 88
6¥S 6.0t 6L0¢ 629t €661 L8
ovi 188 188 L3l £661 98
oze 6¢8 6e8 1901 £661 o8
glce L86V1 L86¥1 0T8I €661 €8
1601 6¥cS 6¥cS 0ve9 €661 c8
198 0eLe 0eLT 182¢ €661 18
€661 08
I |2 |4 g €661 6L
43 €8 €8 sol £661 8L
il 60£¢E 60tE 1cov €661 LL
£8 v8¢ ¥8¢ 89¢ €661 92
Iau
123UM -utns 0], 0],
a8uijo] | youwig | umoly | umoi) yuniy, | 10juip Jsounung
pains
-2
pautquio)) jeajpeoig] pue I12j10)) SRI0], WINIRIIS APPIN 1eag | puwig

139



[14:1 g8e8 S8€8 | L0TOI v661 €8
£v6 4144 o6y 4y v661 8
9tL 6LLE 6LLE Sigy bG61 I8

¥661 08

] S S L v661 6L

47 QLI qLl LIT V661 8L
999 ShLT ShLT Tiee ¥661 LL
oLy oeet aeet oLt V661 99
£69 199¢ 199% vace ¥661 69
©89¢ gLttt sLtr 828E1 ¥661 8g
69¥7 82.L01 8TL01 861¢1 v661 gg

L9891 060 06%L L¥68 ¥661 14']
(4:19 gL gLl 9kt v661 19

L0128 6L£6 6LE6 40 ¥661 6¥

£ovi £L09 £L09 SL¥L ¥661 17

vicl 1168 1168 selL V661 4

1214 ¥999 ¥999 8¢I8 v661 |87

1244 9694 9999 060 v661 114

81 v v 9s v661 6t
£9ve 12941 vasol Lioet ¥661 8¢
£66 ©s0¢ cs0¢e 14404 ¥661 Le
2:11 9.8 9.8 090t V661 9¢
928 ¥g9¢ ¥g9¢ ;144 ¥661 £e
X4 L8 L8 ott ¥661 (44
FEIT
ST -utns reio], eo],
afuijo] | youerg | umoin | umoip juniy, | wmp powng
pains
v
pauiquio)) jeajprolg] puw Idjiuo))) s{gio], wneng APPIN 1eax | pueig

140



1241 L1rel 96°1 L6'9 69°L VEveE | SVSII 1434 SE9r1 LIt I££9C |  L6OLE 7661 1
09°L S0°Lt 06'e 80°€l £0°s1 69¥8 | 0SL6I 9CSLT 9¥082 818¢L | 959001 | 9£0T01 o661 0s
780 ve'p 76°0 08°¢g S0°E Le1e 147 144 59 0126 619 | ISEll €661 6¥
1L z8°0t L9°S 8£ 01 8101 c6vh | ¥TERT 75€9¢ 6628¢ 099801 | V6IEET | 9LbLEL 2661 :14
€9y 06°L $8'e v9'8 LTel 8¥8C | PIVII 6¥Tcl T96E1 SO8VL | FSOL8 | LOL88 c661 Ly
Iy 99'8 81°¢C 6L'L LT L68 eLY 99¢ 609 16c¥ £6.L1 1999 c661 Sy
(AR) vi'sl 16°¢ 80°€l 1261 179v | 8T6LI L521T 09817 €E196 | T19G11 | 89811 7661 |44
976 81°9¢ £ey 8C°81 9002 | S69L1 06£5¢ V6T 6o0tY COLVOT | CTVPLVL | LBLLVI 7661 144
£z'1 ve's 61°0 8z'g 0% 8eve 144 0Ll oLl 6091 S6v | 0£961 2661 (A4
60t 81’8 £9°l 4R X4 S0LT 908 erot 9101 92941 809 | SEIN 0661 44
a1 Svo £0ee €000 8987 3661 oy
69'C orer 1el 1e°l 6S°9 89 906 LVe LVe eV 8ve 60L 7661 6¢
10°¢ £0LY 1LL9 TLLD £LY8 2661 8¢
0c'L 09°¢ 8€°l sve g 9 9 91l 0c 996 2661 LE
L't 81'8 10°1 4 oLy el S¥se 1867 1862 v6€9 £9v9 1L001 1661 9¢
Le'9 Lrel Ve'c 8L ¥9°'6 6L65 818 SL601 a8601 69vI1C 0e8IE $095¢ 1667 SE
L8 9L°01 $8°¢g 9L°01 V'Ll 8¢LT | 80I€T TL1ee 90952 TEETTL | TIOEVT | BLISKY 1661 ve
881 ey 0Ll L9'S bL's 1£9¢ 9Lve 9lve 1108 90v9e 08sve oesty 1661 €€
80°8 o¥'LY 89°¢ ¥ 1 6S°El 78681 6000¥ 69169 99765 ELVPOL | 9SETIT | S90V91 1661 A
£8°0 €811 g8y 0021 Le91 12e¢ | V1092 v109¢ 14282 1SSTIT | 8LT8ET | 9880%1 1661 [£%
0£°%1 A £8°9 6681 £7'61 8¥SE | £L60V (24404 V86EY SEOELL | ICCalc | 99SLIT 1661 6T
eLvl 8L'1¢ 89°L 0z°91 Le'e oree | ¥88LY LIL8Y A4 48 8L800C | T16L¥T | TLITST 1661 8¢
98’y 9Z'v1 €0t L8°11 81'tl 129S eLLET 65261 1££61 99v0L 65768 09868 1661 LT
19'g 80°¢1 19°¢ | vert 6L0¥ £568 80911 18911 006¥S | 93879 | TE6LY 1661 9z
0g'vl 0'91 vo'8 1€°¢cl 81'ce SEVaI €161¢C 8989¢ vcoLe €OTIID | 8E6IVI | 1598b1 1661 12
£2'9 82°91 60°¢ 9c'l1 c0'el vgog | ¥SoLl 0L061 £0261 T¥81G | €290L | 6VIIL 1661 1]
6L€1 g6°L1 or's 99°'v1 VI'eZ | 18991 879¢£C £266¢ Lotovy VOTLEL | T0L9LT | €LGLLI 1661 £T
90°¢ L3¢t £9°1 16°L 15°8 61v | 68LE1 088.L1 08841 8818C | 0T9Sk | 89I9F 1661 i
(Kjuo
Jour | wnjeng
(wo) (ud) (w) (ur) um -uins | saddpy) =19, f®10],
‘a’s ueay ‘as ueap afeijog | youwsg | umorn | umorn yunif, | 129uipA |1ouruing
ED
‘Bay painsea |y
HEq e pweyg | (porenopen) B | ponjBiom sje10], puels Jeap | pueig
vl
(wg?gy) wnyeng saddp puwg (vu/3%) ssVNOIg A¥d

141



€e'L 8°'1e L6°E $8°91 86°81 1g¥9 | €£1L91 00630 6VIET cvT8ET | 601191 | LOVIOL £661 SL
ve'L 12°61 0s'v 18°G1 1281 8618 | 96012 L6152 v029e OI9EET | £8¥8SI | 6066S1 £661 vl
w68 0£°Ce o¥'e (ANA 19 ) L8908 oLl v£95¢ ve98e SL9TV | TLOS9 | €LEBI £661 €L
¥s'L 0L'¢e so'e 5°el S9'¢l vLGE £988 ¥8LGI 98LT1 vov6l £00GE | 0£TTE £661 ol
£0'g Le'92 V6’1 Lret z9°el 8L9V | €L801 12461 1£991 c181e vgole | e9tLe £661 9]
90°1 424 90°'1 vo's 0L'e £erl 621 621 061 8298 0291 08101 £661 0L
ST'1 14 9¢'1 6’y oe'e £vee §44 ey 169 12044t 9Igy | 8TTST £661 69
0t'g €L'61 e 8'el ve'sl 02.L01 6L¥61 Seloe seroe 6ETEL | 690E01 | BEVEOT £661 89
81V 78’91 ¥g'c 9L°T1 08¢l 118 | €Chel ceret ceiet T1I¥9 | 0008 | SSTES £661 L9
0’1 Al oot e IA44 £661 99
86°¢C ov'vi °e'T 86°6 80°1( 08Lg | 9T101 1o6gt 106¢1 vl8LE | GSLIG | 08LIS £661 S9
£9°g L8°L1 o¥'e 06'6 88°01 coce SLE8 90811 90511 SS0VT | LLTSE | TE9SE £661 ¥9
gb's £6°¢l 6£'C 86°L 91’6 (4644 €889 €816 €316 £LL81 69¥9C | L918C €661 €9
vo'e ot 16°1 oyl ve's A48 8268 86911 86911 ¥8S6c | 9LEob | GSPIV £661 c9
8h'y 1o'gt 69°C gL'ot 90°C1 L98v | 98Cll 61641 61681 govov | ¥kTT9 | 613T9 €661 19
e 00°01 ol £9°S L8°S £891 111184 €86V £86¥ £€L96 | cSell 89EST £661 09
L'l 60’8 $6°0 69’V [$ 28 Teet ¥9s1 LE81 LE81 v69 vity L£86 £661 69
e 1681 S0L9 S0.9 1628 £661 85
el 19°2% 00°g 66°11 Lst €208 | 98E¥C 8LL9T 98687 890GIT | 2TTEEL | LLOVVI €661 LS
99°¥ o8'el 81°C 98°L S0°6 Ssel 1oy oevs 0evs verol SLYS1 06SST £661 9S8
18’1 LVl 19°0 8LV 06°¢ 9tLe 1114 124 124 SLETI 114 9g1I¥l £661 34
19°1 16°L ¥s'0 L6V i8¢ £e1e 66 ot 91l 6LV6 £Le 1L £661 ¥s
g8°L fo'et (AR 6¢°CH 19°91 e | 61£07 AL SSihee 698901 | €I169¢1 | 6V90€1 £661 €S
08'9 65°61 s1'¢ £9°cl £evl clLL 62891 v00¥2 v00¥C L2988 | 88VLL | BL9LL £661 Ay
£6'v1 g8°'91l 91’8 6g°¢! TL0o OILY | L9LES oLVSS ceiss 86€91¢ | ¥TTOLT | SL8VLD £661 9¥
£juo
EETTH ::.Ma._:m
(u) (u1d) (ur) (ur) 10um -ums | 1addp) =10, [e10],
‘as ueapy ‘ass uvopy afuijo | ypuwsg | umorny | umosp yuuiy, | 1oqupy [sounung
W3y
‘Bay poinseapy
Haq 1 puerq | (parequopes) 8wy | panySiam s[@10], pueig 1eap | pumng
vl
(mg?yp) wmeng 1addn pUeIs (v1/3%) SSYINOIG Add

142



£1'6 s1'ql 80'¢ L8t 1e'Ll TL0T | LBEVC 16£¥C bLI9T 18146 | L620TI | T1v9ETI €661 16
Le'9 ev'etl ov'e 79'6 (ANAY 8¥861 8160% 60509 60509 €ILEIT | 88TELL | 8TSHLI £661 88
009 Lot st's vL 01 90°¢1 £6L1 8€99 8€£99 788L 0ti6y | 88CES 19189 €661 L8
'L ge'9l €6’V 8G6°G1 §g'81 vess | LILIS LiLig Tivve 8ES6VIL | 899081 | 680¥8I £661 98
€Ll ge'll 9’9 443! gg'8l 069t | 0£19¢ vec9e 86¥6¢ 69€SkT | S9L081 | 680581 £661 o8
88’V c0'6 ve'e 19'S a8’y gote ¥49 108 v08 ¥z691 LELT | EV60T £661 €8
L0'e 8g°01 qrt 9L'e £9°¢ 061 ogry 696¥ 696t [§ 7201 £:1241 tosLl £661 8
1z2°¢e 8€'11 18°1 £9'9 £l 6182 S¢08 1866 V666 91¥81 L9982 19687 £661 I8
68'¢l 059’8t 87°'9 et 99°81 v9g 1947 £0L L0L Lovi oniz viie £661 08
08'9¢ 0%°61 L9°81 19 98 S¥I 141 (444 ¥99 89$ €661 6L
Lrel Lot Ie's 1801 S6°¢l 899 1ent 0L91 LL91 6092 144 8oty €661 8L
99°'v 0Lzl yo'e 189 L2 8LLE G661 2966 11001 912L1 698¢C | 6E6.C €661 LL
816 69°81 99'V 68°91 sl 8L9¢ 9ELIL 9ELIL 1184 2] 1CS9bI | TL6LIT | S£6022 £661 9L

(Kjuo

Jow | wnjeng

(u) () (w) () SRS -wns | 1addpy) w101, oy,
‘as ueoly | ‘d'S uwa afutog | youwrg | usmorny | umorp yuniy, | 10mp [tourung
Wy
‘Bay patnseapy
HEA e wpweyq | (parenoea) 1Sy | paryBlam sjej0], pumg leap | pumig
“vd
(wg?f) wnjeng saddp puelg (e1y/3) SSVINOIL Aud

143



8L 19'8 £0°C 69'S 60'9 L rA%A 160 1282 vL8¢ £80¥1 8968 | 61181 V661 £8
6V'c 19°01 Lt L9'9 LR ©00¢ ooty 84¢¢ 84€S 166¢1 L98¥1 76200 ¥661 4}
er'e 80°T1 £C°% 98°8 £0°6 1692 2689 1£8. 14173 LLVEC | 6TSLT | 990CE v661 18
L8l 8¥°61 0z'9 LT°el 08°81 009 LV8 6eel Lyel $992 vooy TIov ¥661 08
0g'1e 00°0¢ L¥'61 (221 8¥¢ ocy ocy 986 {14 8o0v1 ¥661 6L
£6°S1 L9°S1 11 866 89°L1 616 1A A 16€¢ £9¢¢ 14284 6£€9 8959 V661 8L
06°'S go'el L6 vo'8 €36 S6ve 0689 LL98 6LL8 61181 1S0VC | ¥9VLT v661 LL
ve't oLy AyA (AxAl oLl v661 99
c6°l £r's £6°0 AR 61'S riot 6S0¢ 0lve 0Lve 2089 91£9 0.96 V661 6S
(AR 7992 SLIIT QLI 878¢1 v661 89
8l 60°L 69°0 0c's £8°y 0cse 092 e e 18211 £98 190%1 V661 gs
Vo't 120 68°0 10’9 89y voLl 89 689 689 SLe8 bLLL 1cL0t1 v661 |44
10'v 89°¢l 09°¢c 8g'11 Lrel {1744 11os £T6T1 0g611 9vTLE | S66LF | 8SHGY v661 18
60°1 or'y sl 6e's 6S°¥ g8ee ¥vs 142" ic8 £TLS1 8889 | 29981 v661 (17
€06 IL'L vo'y 9’9 V8 1991 £est JAVA S 161 L9501 c0c9 15L81 ¥661 114
'l 89°L 86°0 s 8g°g 2891 L91¢ 019¢ 9£9¢ 08ell 6L08 | 67TST ¥661 (44
¥s'e 8¢'8 Vo'l 421 AR 341 ¢4 LL0g 9g.L¢ 1LLE 18L31 €L86 | 91081 ¥661 44
98°C 12941 959¢ 969S 060L b661 oy
6p°1 gt 18 44 9g ¥661 6¢
0’1 £6°L vi'o 0i'g S¥'y ELVT Vs v9 Vo 08901 191 LLIET ¥661 8¢
66°1L €66 cs0e ¢S0¢ 144112 V661 LE
78°C 18°8 6e°1 £0°g £9°6 6501 162V 991S S91S 96LL | 980T oviel ¥661 9¢
ve'e co's 68°C L'l £0°6 2314 009 00.9 0.8 11844 6V1LS S£9£9 r661 £e
80°¢ 6801 91 | 78] te'6 viév | 62051 61661 61661 06z€E | TTIES | CETES ¥661 1
(Aquo
mw | umjeng
(ud) (u12) () (ur) M -umg | 1addpy) ®0], (=0,
‘as ueo W ‘as uwo| ofetjog | youwig | umorn | umorn juniy, | sojuipy |1swmng
WP
‘Bay painsea|y
Hgq 1 @pweyq | (pateuowd) 8o | panSiam s[zi0], pueig ieax | pumig
v
(ug?yy) wnyeng taddp puelg (eu/34) SSYWOIL Xud

144



806¢ stot £osy 86°1 £8°'g AN 80°C 68°0 L6°'1 7661 $4
8789 £v6 1LL9 Le 65°L 1L°0 L'l 080 1g'1 0661 Y
0¥30¢ g0¢ vvLOE 16°0 Le'e 68°0 10°¢ 16°0 Se'T 2661 6¥
8Kis €681 1voL 66't A 801 6'1 ¥6'0 90°¢2 c661 14
£69¢ £69¢ 86°C 8¢S 661 Ly
424 K 0L (44417 €11 L'y $9°0 £8'1 ve'o £9°1 661 1414
veLs sval 6L69 16'¢ €Tl £6°0 88°1 6L°0 €81 C661 144
6811 199 0621 ve'e (AR £9°0 L Lo $6°1 7661 144
99LE 197 808¢ Lo 19y 80°'¢ (A4 4 et 99°C 661 (A4
(2514 £81 S109 STl ¥8'y 69°C e 48 9¢°2 2661 44
ggsl qqst 90°( 69°¢ 8C°0 el 7661 oy
8 81 9% 6’0 61°'S 00°01 08’y 2661 6t
14211 vi8l b1 S 19°0 08°'C z661 :14
800¢ £ 0102 01'C Lo S0°C €20 15°1 ¢661 Le
LL6 S96 (424 16°0 ARy 6¥'T 80°% (A go'e 1661 9¢
SLe $29 0001 6LC 'L y0'e 61t 86°0 ve'e 1661 gt
Logy 1161 8129 ey 6¥'s vL't ve'l 86'0 16°1 1661 ve
06L1C LTe6 | Liole Ll vo'e £L'0 oLl o'l £9°C 1661 £e
6£81 8007 Lyse 187 9L'S 89°'1 o¥'e L8°0 £8°1 1661 (AN
8801 0¥81 $682 [48) w's 90°1 8Ll el (1 1661 e
11L9 ST6 9E9L L8V 1e°01 {11 16°1 ¥8°0 €81 1661 6%
£LLY G0L 8LbL L9'v 1€°01 ¥8°0 6L'1 g8°0 £6°1 1661 8¢
4731 (1141 Lie 8€°C ero 80 o't 6L0 9Ll 1661 LT
L626 1A 60501 g9'¢ 9L or't 181 92.°0 99°1 1661 92
99L0 £L8 8€9¢ oy LT'6 61°'1 v6'l 90°'1 er'e 1661 1
v6S1 £06 96¥T £8°C ¥s'9 L6°0 9g°l 89°0 68'1 1661 147
184 8v6 eviy ie'e irs L8°0 oe't 960 L8l 1661 €0
44} £LIT eIet S0l 6L'S 60°E 69'¢ 08’1 £8°C 1661 (44
umjeng | wweng mo], (ur) () (wd) (u1d) () ()
aPPIN Joddp pueIg ‘as ued |y ‘as uea ‘as uvap
paiuseapy
(uy/sways aary) urnqeays saddn (ur up) | (wog) 1mpurerq [eseg | (pareqnoges) 1oy eag | pumg

Ansua(]

dog umos)

(wgljtuig) wnyeng apppiy

145



voT1 geol 92¢¢ S1'g (281 S¥'0 06°0 £5°0 sl £661 S
8aege gelt 089¢ Lv'e 05°L 89°0 £e'l €L0 18’1 £661 12
160 06¢ 189 08°'¢ 926 941 61°C 80°1 L €661 €L
Scl 081 S0€ €9°'1 Iv'e 4 9L'c vl oh'e £661 ()
91 8L1 £61 XA | 16°6 08°'g 0S¥y {1 0¢'e £661 1L
8£600 el1s 0shic o¥'0 vo'e 1t 86°1 ol'l £L°7 €661 oL
L1768 gevi 0980V 89°0 A 16°0 89°1 £6°0 11°g £661 69
e gbe 9L8 gLl 68°L 8s'e 0z'L 901 g0'e €661 89
qg £96 Loo1 861 ¥8'9 gl ¥e'e 8€°0 181 £661 L9
88LI1 88LI ¥g'0 99°1 Y20 80°1 £661 99
£e £96 9.6 e 68°9 02T L2 69°1 96°1 £661 g9
(4 oty cls 6¥'C 60’8 L't ve'y Lot 0Le €661 V9
o5t 0es 788 62'C $6'9 9'c ey Ll vs'e £661 £9
(414 e8Il §50¢ 98°1 ©6'S 1¢°¢ L8y 811 v9'e £661 9
£ GL6 9001 £2°C 60°L 181 0L's so'1 66'¢ £661 19
ocy £L8 coot 96'0 ve's (AR 80°9 gh't 6e'¢ €661 09
120 as8¢ 9281 9v°0 96’V 8L°C vo'y £e'l oLt £661 69
68L1 68L1 0e'e w8y 66'0 £9'C £661 89
9858 0221 9S€01 98°C a9 811 Skl 901 061 £661 LS
98 8¢ £y 0'e 76'L g9l 98°'C g0l £€0'7 €661 9¢
959% S1 1292 e1'0 g9’y b6l 1¥'s W'l 62t £661 gg
gesr 8T o861 9¥'0 oLy 68°T 90°9 Vo'l 0Tt £661 124
61Le £6e1 rrg vi'e el o'l 091 sI'l 961 £661 €9
Ly 8¢9 b9 0ge'c Lo's £9°C 8S'y STl £9'e £661 s
L2cL ovot 1928 gL't L8°L 98°0 vt 180 061 £661 9¥
wmeng | umeng 10, () () (ur) (o) () ()
PPN taddq) pueig ‘as LLETN ‘a‘s uvay ‘a's uwa
painseay
(wyy/sways aarp) wnyens saddn (w w) | (wogp) 191pureiq feseg | (pajenojes) 8oy 1meag | pumg

AnsuaQg

dagg umorn

(wg!jjfut) wnyeng sippt

146



€1gy 088 £61L 8LC 09°8 L6°0 A | 06°0 oLt £661 16
168 £18¢ €oLy £1'e 89°S S8l ¥5'e (A £6°1 £661 88
L9101 0011 L9e1t 8V'c 69°'S STl 9Ll vl 61'C £661 L8
L98Y €831 0¥19 e 97’6 99°0 oe't L9°0 91 £661 98
6Ll S0ce vz6e €8°'C 10°L sl 68°1 £8°'1 8¢'C £661 g8
TiLe 8€1 8¥8¢ 191 00°S ST’ or'y ve'l e €661 €8
€508 £9g 9801 60°1 91°g 6C°¢ 1L 0g'1 ovr'e £661 a8
9g8 86 eLLl Skl 87’9 80°¢ £9°¢ el 8S°C €661 8
€l el £e'e £8°01 €661 08
€9 € S9 00°01 o0 It Lo 60°1 €661 6l
90¥1 6¢ 144! st 9¢°'8 ve'o 'l 82°0 0c'1 €661 8L
142%4 €19 9962 o'l LSS Vo0'e bL'e £0°'1 Le £661 LL
112¢ 046 181F POy 89’8 ¢80 12'1 c9'0 8¢l £661 9L
umjeng | wnjeng eI, () (ur) (w2) (ur) () ()
alpPIN Jaddp pueig ‘d‘s uwo ‘a‘s uway ‘a‘s uwa
painseajy
(w1 /smans oalg) wnyenys soddn (w ur) | (wogp) 191pweiq feseq | (paremopes) ySay meag | puwig

INYEDET

tpdag usmos)

(wglytuip) winyeng ajppiN

147



0092 £89 £80¢ 09°0 68°¥ 920 9t 91 £6°C V661 £8
128 SL9 9611 S6°0 L0'9 e L9°9 19°1 we ¥661 (4
89. L18 98¢l 76'l 68°9 09°¢ o'y 1Lt S0'e ¥661 18

A4 e 0s'vy IA XA V661 08
8L 4 8 00°21 1A AN 81°0 Lt v661 6L

6132 41 vseo £8'0 LIt oo el L0 821 v661 8L

(241 €8y ££0¢ SE'¢C wo'e 8I'¢ L6'¢ 8¢’ ve'c 1211 LL

8806 8808 $9°0 08'l 1e°0 £l v661 99
(144 834 086 6v'0 erg 89 18°G L6°0 9t V661 69

£881 £881 0£'C 8y L0°1 8L'C v661 8¢

6L61 801 8807 8L°0 ey £€°e 18's A v6't ¥661 Y

L821 |41 144 ¥r'o SLy ££°¢ £0'9 121 e V661 |4

€15 voot1 Lige S¥'e gL oe'l 61'C (A €6'C V661 ¢4

6zo1¢ L | oLvee 8L'0 65t 00°1 96°1 1e°1 187 v661 14
7T66% sir | Leooe 09'¢ eVl 16°0 99°1 ¥6°0 e v661 17

6962 £e8 208¢e 050 £ 4 19°¢ 08°7 99°1 8V'C b661 A4

18g¢ 6TL orey t9'c 8T's 95°C 8LC el 197 ¥661 147

9041 90L1 ¥s'l vo's 80 61'2 V661 ov
¥ol vot LL'o 9¢'c 920 9¢e°1 v661 6¢

6v81 L1 9981 Sz'0 Ly b8l @ £0°1 86°¢ v661 8¢

960L 960 10°1 80°C £9°0 ve't ¥661 LE

1444 (A4 9LEl c6'0 c8's 86°1 9z’ 80°1 0¥ V661 o

gc19l 0E¥8 | GSSVE (A1 L't £6°0 89'1 8’1 0g'c V661 €e

89 ortt L0g1 bl 86'9 be'e 08'C 96'0 XA V661 (&9
wnjeng | wnjeng 0], () (ur) (o) (o) (ur) ()
a[ppIN loddp | pumg ‘as | uespy ‘s | uwap ‘as | uesp

painseapy
(w1/sways aalp) wnyesys soddn (w wr) | (ungy) sopweiq [eseg | (porenopes) Sy Ieay | pumig

AnsuaQq

daq umor)n

(wgljhuy) wnjeng spppiy

148



st'o SL0 (A AW 06°0 ob'et L9l 8e'el 68°0 S6'v1l €661 84
000 £L°0 00°0 441 kL0 9L°61 L6°0 8L°¢ 18°0 6L'9C Z661 0s
00°0 000 000 00°0 8611 1£°0 6Z°1 68°11 2661 6¥
00°0 00°0 00°0 000 61°0 Le's 86°1 1¢°9¢ 18°¢ L1'8¢ 2661 sy
000 00°0 000 00°0 80°0 18°1 v0've 09°'¢ yo've 7661 Ly
000 00°0 00°0 00°0 S0°0 ¥e'o 929°'r 0s°0 1o sr'g 2661 17
00°0 00°0 00°0 o 9L°0 89'12 86°1 85927 4 £9'8C 7661 144
10'¢ 96°0 AA) gLce 160 or'ee vg'0 96t 1o 61'vE 2661 144
16°0 00°0 00'8 00°0 06°0 S6°L 6S'8 ve'o 0e'o (4: ] o661 (A4
820 850 4 A 1424 88°0 €L'9 gg'9 e 6z°0 L9°L <661 84
(AN} 88°0 oo 8S°1 00t 08°l 081 08°l 661 oy
LA 8L0 90°0 15°0 00°1 Le0 90°0 12°0 v0°0 Lo ¢661 6¢
00°1 000 6E'V 000 00°'1 6tV 6e°Y 10°0 6e°Y 7661 8¢
¥6°0 90°0 GoL'o $0°0 00°1 Lo 9L'0 10°0 20’0 Lo ¢661 Lt
$8°0 vio oy 1L°0 00°1 €6y SLi 0z'e 020 S6'V 1661 9¢
66°0 000 e 000 66°0 o'l oro 06°01 €L (A0 1661 se
00°0 00°0 00°0 00°0 100 81°0 £9°1 o¥'LT L' £0°62 1661 ve
000 000 00°0 00°0 009 Lsl 6e'Vy Llo're 1661 £e
000 00°0 00°0 00°0 86°0 81'89 Vo'l t'8g 90’8 9¢°6S 1661 (AN
00°0 00'0 00°0 00°0 00°0 00 1] 86°9¢ 181 £e'LT 1661 e
00°0 00°0 00°0 00°0 80°0 o' 9V'c 88°CE 6S°C ve'se 1661 6C
00°0 00°0 00°0 00'0 or'e 80’V 80°C 9¢'8¢ 88°¢ eeov 1661 8¢
L6°0 00°0 ve've 000 L6°0 ve've 9¢°0 wLve 698 80°6% 1661 Le
£0°0 000 8s'0 80°0 16°0 1281 Lot 8L°91 AN 4 ¢0°0¢ 1661 9¢
00°0 g0 00°0 901 ¥6°0 90°1¢ (AN} v6'1e 60 90°te 1661 st
$8°0 L0°0 68°'91 et £6°0 cy'sl cro 62761 vy L6l 1661 Ve
00°0 18°0 000 ¥8°61 760 L9°6e 90 L0°8¢ 90°¢C oL'se 1661 £e
000 00t 000 86°L1 001 S0'8l S¢°0 18°L1 10°0 90°81 1661 (44
Juad1ag FTER)

vd 30 v vd -19d Al Al 9Al7 peaq | Suwarg

aulg | 19 vl aulg aulg vd ve | wmmueng | umeng 1101, relo],

youp | autg pay yoer pay | 1aguuo) | 1apon aPPIN laddp | punig | puerg

pains
(=y/ 1) -vapy Iwap | puwig
vy [eseg]

149



10°0 00°0 (AA] 00°0 £6°0 (AN} oro £g°Th L £9°Ch £661 SL
000 00'0 00°0 00°0 89°0 16°62 o 'Le oL’9 L9°L¢ €661 |22
1e'0 69°0 oe's 6¢°cl 6ot 18°L1 810 So°Ll 0’0 ve'Ll €661 €l
L0'0 26'0 $9'0 er'e 66'0 6L'8 er'o £L'8 IS0 98°8 €661 Gl
£0°0 L6°0 €€°0 9L°6 00t 60°01 S0°0 so°orl 9¢°0 60°0¢1 €661 iL
00'0 00'0 00°0 00°0 (] £8°0 9¢'1 L6 £661 0l
00°0 00°0 00°0 00°0 ©0'0 Al 8C°I1 e v9'e ov'el €661 69
1o 68°0 0c'e £V'8e 00°¥ ¢9'8¢ ST°0 Ly'8e er'o ¢9°'8¢ €661 89
0o0°t 00’0 Iv'ec oro 00°1 18°¢¢ vo'o 8b'co 08's ¢8'ce €661 L9
¥6'0 00°0 (A 00°0 v6'0 ov'o evo 81°0 Vo €661 99
86°0 c0'0 or ol 6¢°0 oot 1491 0’0 69°91 s8't L9l €661 g9
001 000 eb'll 00°0 001 it 81'0 9¢'11 £vo (10! £661 22
96°0 €0°0 89°6 £e°0 00°'1 v6'6 €9°0 1€'6 £9°0 ¥6°6 €661 €9
86'0 200 91°'91 9¢'0 00°'1 (A4 VS0 88'G1 86°1 €191 £661 29
86°0 0o 98°81 ot'o 0ot 98°'81 60°0 8L'81 6L°1 98°'81 €661 19
Lo 8¢°0 Ly £8°'1 00°1 95’9 99°1 €6’V 020 65°9 £661 09
66'0 10°0 o'y ¥0°0 00’1 69'v 09T 01'c o |98 4 €661 69
00'1 00°0 00’y 00°0 00°1 00'¥ 00’y 10°0 00'vy £661 8¢
100 £0°0 820 66°0 0z'0 61’9 9¢'¢C SI'67 20'c 1g°1g £661 LS
§6'0 S0°0 |48 9¢'0 00'1 0L's L0°0 £9°¢ L6'Y 0L¢ £661 9¢
00°t 00'0 96'9 00°0 00°t 96'9 68°9 L0°0 €r'o 96°9 €661 Y
00°t 00°0 1€°¢ oo'o 001 1€°¢ Lre ko 1o 1e°¢ £661 24
(AN] 00°0 ¥9°0 oro oo gc'e 8¢'1 18°9¢ oLt 60°LC £661 €S
(441 9¢'0 82'6 66°TT 00°'1 Le'le or'o LI'Te 121 LT'1e £661 aY
00°0 00°0 00°0 00'0 0g'0 LL'8 v6'1 9e' 1 V8'C oe'ey £661 114
Jad19y M2
vd 2 ve vd -13d ALY 3AV] 2ATY peaq | Hutary
amd | -1dd v aut g au ] v veg | wmeng | wmeng =101, 0],
your | autgy pay your pay | sapuoy | 1ayuon) | apprpy taddp | pumg | pumig
po1ns
(ry/ ) -ealy 1wax | puwig

waly fpeseg]

150



00°'0 00°0 00°0 00°0 00 9¢'0 ee'l L9'1% Lot 00°¢e €661 16
00’0 00°0 60’0 00°0 00°1 0v'99 69°0 cLae9 (AR 0v°99 €661 88
00°0 00°0 000 00°0 gL't arel S0°6 $8°91 £661 L8
00'0 00°0 00°0 00°0 00°0 90°0 80 vo'ce or'e q0°'ce £661 98
000 000 00°0 00°0 100 oo 6L0 £9'CE 19'¢ £v'ee £661 S8
€20 ¥9°0 e o8'g 16°0 ve's 86°L vt vio e €661 £8
Lo £9°0 69°¢ 80V 00°1 L9°L 88'cT er's 90°0 L9°L €661 8
080 Lvo v8's £6°¢ L6°0 8eI1 8b'l og ot L0 8LII €661 I8
00°0 16°0 00°0 (42 160 o 6¥°0 €00 6v'0 £661 08
00°0 86°0 00°0 vro S6°0 vio 10°0 vio 02’0 vi‘o £661 6L
00°0 08°0 00°0 £6°0 08'0 £6°0 S1'o 10°1 cro 911 £661 8L
83°0 19°0 otr'e L9°9 68°0 LL'6 S1'e 08’8 8g°0 S6°01 €661 LL
00°0 00°0 00°0 00°0 144 gL'ese 1€°1 61°¢e €661 9L
FUERYER U3
ve u2d v v -19d DAV] 9Al] 9Al] peaq [ Suarg
autg | -194 v aug aulg vd vd | wmeng | wnjeng @10, felof,
yorp | auig  pay youp pay | 1900 | 1951u0p IIPPIN saddpn | puerg | pumig
pains
(ey/, ) ey 1wag | pumig

waly [esug|

151



iz'a L9°0 gL'l 19°¢ £6'0 8L, 09y gL't cro se'8 v661 £8
6¥°0 1670 SI'y 1 4 00°1 0s'8 €¢'C 60'9 $0°0 S8 V661 c8
8¥°0 080 699 68°S L6°0 er il gL'l L6'6 ¥eo oLt ¥661 18
00°0 68°0 00°0 18°0 68°0 18°0 160 S0°0 16°0 b661 08
00'0 L6'0 00°0 o L6°0 (AN ] 10°0 o0 60°0 £€'0 ¥661 6L
00°0 e£L'o 00'0 Vil €L'0 bI'l 62'0 Le €10 961 ¥661 8L
6¢'0 86°0 9L'c ov's 98°0 0’8 q9'1 gL'l £€'0 LE'6 V661 L
001 00°0 29’1 000 00°1 79’1 (A0 (A (AN v661 99
00t 00'0 98'¥ 00°0 00°L 98y bl ol'e 98y V661 6S
001 00°0 12y 00°0 00’1 112 4 1y c0'0 £T'y v661 8¢
00°t 000 £9°9 00°0 0ot €9'9 80°9 Sv'o (] €99 ¥661 se
00°1 00°0 66’y 000 00°1 66°F 90°Yy £6°0 £0°0 66'¥ ¥661 Vs
Lo'o 98°0 8¢'( 06°v1 v6°'0 61°91 8¢l 10°91 b0 6C°LT v661 44
00'0 00°0 000 00°0 9L 11 sy'e £0°'1 12°61 V661 6V
00'0 00°0 000 000 €0°0 0g’'0 6E'8 Vo'l £0°1 £9°'6 V661 sy
98°0 00°0 6¢°9 00°0 98°'0 1£°9 e 06°¢ 810 'L y661 (A4
8¢°0 89'0 ve'e 88V 68'0 A o'y 6e'V €0'0 ov's V661 |34
o 68°0 0y'o 1e°e 00°1 o't o't we v661 oy
L6°0 000 00 00°0 L6°0 v0'0 800 S0°'0 ¥661 GE
00t 00°0 81°9 000 0ot 81'9 01’9 80°0 $0°0 819 V661 8¢
L6°0 €0°0 68'C or'o 001 66°C 66°C 9’0 66°C ¥661 Le
6L'0 61°0 o'y Ll 86°0 I'9 09°0 99°S 19°0 L9 V661 9¢
00°0 000 00°0 000 bay 00°02 e vave V661 £e
00°0 on'l 00°0 00°0¢T 00’1 00°0¢T 90°0 v6'61 00°02 ¥661 4
M1 uad
v juan vd vd -35d dAV] PAl] 9Al] pea(] | Swar
aul ] { 19  v{ auy ] aut g vd ve | wmueng | wmeng o, [e10],
youp | out ] poy youp pay | ajuoy | ojmoy | S[ppi oddp | puwg | pumg
pains
(uy/ ur) -BOJy Jwap | puwnig

raly [eseq]

152



69°ve oSt 0cl 121 1res 7661 0661 s
89°1C 68°6 0cl S8°€C 69'cE ¢661 661 0s
vL'1G 0£°'9¢ 99 | 668'€T 61°SL 7661 7661 117
STvl 69'C1 A 6612 1L°2¢ o661 661 :14
L9812 A 2] V'8¢ g6°t9 £661 7661 A4
00°S1 88°61 0c £6°0¢ 0L°0L v661 2661 414
89°02 ot A L8°0¢ 86°09 2661 7661 144
88°9¢ £eel 29 12°62 L8°8b 2661 2661 144
01z 06'vt 81t £8°0C 10°%L 7661 7661 (47
L8t 60°L1 ocl £eve £€2°99 2661 2661 w
ov'sl Ve've 801 98'¥1 L6'98 7661 7661 ov
96've | 96'931 0¢1 So'61 2099 c661 0661 6¢
6V'el 91°Ll ¥o1 L6'0T $6°19 7661 7661 8¢
g8°Le 4 vl i5°ce bLbs 2661 c661 LE
80°0¢ vL'Ve 1661 9¢
6E°ve 1691 1661 gg
6v'el 1L°L1 1661 Ve
61°81 £o°sl 1661 £e
eV'Ee ¥e'6 1661 ot
os'en 6.8 1661 44
So°Il 0611 1661 62
90°g1 1A 4 1661 8¢
18'9¢ £0°g 1661 Le
06°S1 gg°01 1661 9z
0g'Le L8°91 1661 14
98°1¢ $6°T1 1661 Ve
6622 88°C1 1661 £C
6L°61 08'91 1661 (44

pains

810{] 9, 19A0)) -l

Aysua(g v |0 N Aopig ‘Say Jeap

paansva ]\

(aipprt pue soddn) 1wk | puwag

9, 10117

.x.._c.»oo punoiy)

153



Lo'og Sh'6 8 89°I¢C L9°¢ee £661 €661 )
vo'8e AN 0zl Ge'91 ¥8'6¢ £661 £661 |2
0$°ve L9°81 oct v8'be €699 €661 €661 €L
08°0S ie 0c!t e L6'LT €661 £661 ol
(1198 44 v2'St 0cl 6V°6¢ €V'9T £661 €661 1L
12°8¥ 19'8¢ Ve ¢'61 G'98 £661 £661 0L
8081 co'el 114 £6°61 91°29 €661 £661 69
gLet 96°T1 0zl 16°0% 9L'se £661 £661 89
400 G6°6 0cl ot 61°L9 €661 €661 L9
8LtV LT'6E 0z1 18°L1 [e'es £661 £661 99
£€0°91 LS°El 0cl 9Ll 9v'vL €661 €661 g9
L9'1¢ 08'61 ! e 88°69 €661 €661 ¥9
96°81 09°¢l oct 9L'0¢ 80°0L £661 £661 €9
9Tl 98°01 0%l £8°G1 c1'el €661 £661 a9
oLet ve'ot 0l 96l ¢9°99 €661 £661 9
6S'2T 8E°91 0¢t vL'61 vo'tlL €661 £661 09
[z°9¢ 99°GT oct S6°LL 6L°9L £661 £661 6S
99'1¢ LE1T 0cl oLl 80°G8 £661 €661 8¢
ST Ll Lol A 98°L1 8LEV €661 €661 LS
LE'ST vL'ee 0¢l £€°'91 12°€8 £661 £661 98
vi'el 98°b1 0ct b6l ¥a'c9 £661 €661 sg
6'CC Vrol ozl L'l 11°29 £661 €661 vs
ve'Ll 98°G1 ocl g8'Ll Qo' £661 €661 %Y
£8'G1 Lo Lt 0cl £0°Se eyig €661 €661 cs
68'91 60°v1 0ol ShLl £V'6¢ £661 €661 9¥

pains

10| 9, 130D -vaw

Lsuaq v lJjo N ADPIS ‘Say 1eap

painseay

(pippru puwe 1oddn) 1o | puwmg

94, Jowy

AN.._O>OO punoin)

154



16'9¢ LTI ocl 9L'91 88°0¢ £661 €661 16
LT'9e 16’9 0zl 8¢'6¢ st'ey €661 £661 88
6L'02 65l 06 el L6'26 €661 £661 L8
128117 £6'6 so1 79’61 Se'Le €661 £661 98
Lt 00’8 0¢1 L3091 9'ee €661 €661 g8
8L'91 tL'el 0cl1 L2°0T i1 £661 £661 €8
It L8'81 0cl 88°Cl £5°98 £661 €661 o8
§L'9¢ €01 0cl «el 9L'88 €661 £661 18
00°08 39°6L 0zt 8£°Ce 6'ct €661 €661 08
1698 | LT'LTl 0zl 91°9¢ () £661 £661 6L
£8°L¢ | GI'VI 0ct L6'81 cL’09 £661 £661 8L
er're 12°91 ocl 8I°1¢ L2709 £661 £661 Ll
£9°L3 clol ocl Ll 96°8¢ €661 €661 9L

pains

N0[d 9, 19400 o

Aysuaqg valjo N APIS ‘Aay Ieap

poinswapy

(opppiwt pue soddn) oy | puwg

x 10113

.x..:r»oo punoin




L 90°Co e ¥661 F661 €8
1L sLol 9888 ¥661 ¥661 8
oL L8°c1 96'88 ¥661 V661 18
7L 06'G7 ££'Es ¥661 ¥661 08
Ly 89°62 oLy v661 v661 6L
19 oLl €C'18 ve6l v661 8L
ol e 09°¢9 V661 V66l L
oL Sh'yl vi'ss ¥661 V661 99
69 86°L1 vi'og V661 v661 69
1L 8t vece V661 v661 8¢
ol L6°81 99°8L v661 V661 99
ol £0'81 vo'1L V661 V661 ¥s
oL £6°9¢C 98’19 ¥661 ¥661 §4
0¢ £L'9¢ yy'69 V661 v661 6¥
0g £6°0¢ oLrol v661 v661 15 4
(A 81'81 90°'¥8 ¥661 ¥661 (A7
Ve 4414 8¢'€L r661 ¥661 |8
¥e 6Tl L1°89 v661 y661 oy
1L 89°'l¢c ve'co ¥661 ¥661 6¢
1114 TL°LL €L'0L ¥661 ¥661 8¢
tL Le'Se 86°0L ¥661 bG61 Le
1L o1°el £6'98 ¥661 V661 9¢
Ve 8¢°¢C Lrvy V661 v661 £t
cl SE're 9.'99 V661 ¥661 (44

paius

810 9%, 19A0D) “walll

Aysuaqg vidllje N A3P3Ig ‘Bay Jeax

painses|y

(arppiur pue 1addn) ax | pumg

94, 10117

g._v>°o punoin

156



0°66S6€1S | 9°GSSPLO IS VOVEETIS | 1°682VLY 7661 IS
S IVGEVIG | 9°S€ST199 (S°TITEVIS | 6°CIEI99 661 08
0°CY8EVIS | 1°SPII99 (S'TEILVIS | P'SOTT99 7661 6V
0'8088¥1S | ¥ 198569 {0°9998¥IS | £'8T549S9 7661 :14
0'89L9¥1S | 1°00¥SSO |0°0ISOVIS | $'8805S9 661 Ly
S'0covviIc | 9°1€1099 (6°66CHVIS | V'L6BGSY c661 1414
0°L88LE1IG | 8'8818S9 [0°0ZLLETIS | 6°S98LEI 661 124
0°LLTVELG | L°CVL8S9 [S'080FCIC | ['VLVEGI C661 147
G'CSLTEIS | €°9VE899 |D'TLVIEIS | 6°VE0899 661 (4%
0°CVLSETS | 1°L4TLILO |0°9ESSELS | 6°G8ETLI 661 184
S'CLB6EIS | G'6S6TLY |S'0VI6ENIS | ¥ 09STLY 661 oy
S°6600b1S | L°00£899 [0°6L86E£1S | S°050899 C¢661 [i14
S'€896€£1G | L'01L699 [S'06¥6ETS | 2'0¥Y609 7661 8¢
S'eIveers | S'¥91899 [8°LOTGETS | 8°6S6L99 661 LE
S 1L29¢€1S | 6'V06999 [0°6L09€1S | £099999 1661 9t
S'CLIOCIS | O'TIL0LY [0°VE6SEIS | ©°L1T0L9 1661 Se
S'9GLEVIG | 1°96L099 [0°LOSEVIS | £'€VS099 1661 Ve
0'9L6EVIS | 8°818099 {0°0SLEVIS | T6£V099 1661 €t
0'e86L¥1S | £'€02989 [o'20LL¥18 | £:200959 1661 e
Q' LLIYVIG | ©°601199 [S'9L6EVIS | £°906099 1661 e
0'G100¥1S | 8'198199 |8°S086€1S | 8°'L¥9199 1661 62
S'V696€1G | L'8CLIY9 {S'69V6EIS | £'8EGTI99 1661 8¢
0°TCT19€IS | £°0T0€99 {0°C16SEIS | P 08LTI9 1661 LT
G'8ECLEEIs | 8°06€9L9 (3'ST0LEIS | €'€€TILI 1661 90
0°9001€1S | 2°085699 |S°'STLOLIS | 8°86£699 1661 414
0°'C9C8EIS | ¥'9T8ELY (S'8VOSEIS | £6C9EL9 1661 Ve
S'8080€1S | 8°0S59699 [0°SESOLIS | 6°98€699 1661 £C
0°SY9SEIS | 0°0G8L99 |S'CIVSEIS | 8°1TSLIY 1661 (44
AAN| XaN| AMS| XmMms
—vv.—:m
SA.LYNIGYO0D WLA ey 1eag | pueig

(£



S'091CFIS | 1'VECO99 [S'6SLTPIG | S'LIDI99 £661 SL
S'SIThIG | 1°9L£999 10°9I6TFIG | €'EVIF99 €661 17
S'8SS0VIS | V'EIPOLY |0°6TEOVIS | S'90T0L9 £661 £L
G'G6L6E1S | €°90CCL9 10°98G6ELTS | 6'8661L9 €661 al
0°G8LGEIS | 6'8661L9 |G 18S6ETS | T'9081L9 £661 L
£661 0L
S 1091VIS | L'6E6ELY |S'OBTIVIG | ¥ VOBELY €661 69
0°LEELETS | V'ECTVPOLY |S°6CILETS | £°€020L9 £661 89
G'T6I96ETS | £'9VS899 |G L8V6EIS | L'VVESID £661 L9
0°ST68EIS | 9°LG8899 |0°CTLBEIS | ¥'095899 £661 99
G'8018E1S | 1°958899 |0°006LEIS | 0'¥S9899 €661 g9
0°'9€0LE1S | 8°9I¥699 (S'EEBICIS | V'IIT699 €661 v9
0°'909ZLE1S | 0°128899 [0°S90LEIS | £'0£9899 £661 £9
0°€SL9€1S | £°606899 |G°G€S9CIG | ['01€899 €661 9
€661 19
0°'8V99€1S | ¥'8S0L99 [S°CILILTS | 8°068999 £661 09
S'8T0LETS | 0°L¥8809 [0°L189€1S | S'6¥9899 £661 69
G'606LE1S | 9'8S¥ILI |0°60LLETIS | V'TSTILY €661 8¢
0°01TCHIS | 9°ELL699 |S°LSGIPIS | S'ST19699 £661 LS
0°CT98€IS | 0°€9C699 [S°CIPBEIC | L'PS06Y9 €661 9¢
0°CILOVIG | €'96F699 |S'ESVOVIS | G'L9T699 £661 Y
S'egI6els | L'9¥T699 |0°0VG8EIS | 0°9£0699 €661 ¥a
S'LOTIVIS | L'SVLELY |0°TBOTFIS | I°6TVELD €661 £S
S'6TLLETS | 9°TTLILY 10°CISLELS | 6°SISTILY €661 as
0°'C9SBVIS | P'6TC0S9 |S'EIEBYVIS | 6°806619 £661 9b
A AN X UN A MS X MS
pains
SALVNIGUYOOD N.LN RO JuwdA | pumg

158



0°TL8SVIS | 9'8€89VY |9°€GGGFIS | 8°1¥99V9 €661 16
S'E9E8YIS | 0°9LV9S9 S PVISFKIS | 8°6L0999 £661 88
0'V6VLPIS | T'EH16S9 (S'PILLVIG | €£'8£88G9 €661 L8
S'8I6TVIC | 6°LS5099 |0°009IFIS | 8°00V099 £661 98
G TE86EIS | 9°966859 [0°0£96€1C | ¥ L8LGSY €661 a8
0°9LL8€18 | P'ESTTLY [0°6£9SE1S | 0°950TL9 €661 £8
G'€6CSCIS | 9°L88G99 |S°9COSEIS | 6'889599 €661 o8
0°698S€1S | 8°ITVSI9 |0°VLISEIS | 6°TL1G99 £661 I8
0°¢SEVElg | 1801199 {0'6VIFETG | £'898099 €661 08
G'0e8EEIS | 6°'GITT09 (0°L6SELIS | 1°1T6099 £661 6L
0'8CISEIS | €°68C199 10°L6LYEIS | 1'TETT199 €661 8L
G'9008€1S | 1°6ECHI9 [0°TLLLELS | 6°680V99 €661 LL
S'8VIEVIS | S'86V999 10°SS6CVIS | 6°¥90999 £661 9L
A AN X UN A MS X MS
paans
SALVNIGYOOD N.LN WA dwap | pumig

9



0°9LLSEIS | P'ESTTLY [0°6E£SSEIS | 0°9S0LL9 V661 €8
Q'€6C8EIS | 9°L88G99 |S'OTOSEIS | 6°'889599 V661 8
0'698CL1S | 8°1T¥S99 [0°PLISEIS | 6°'TLIGO9 661 I8
0'ZSEVEIS | 1'801199 J0'6¥IVEIS | £'858099 ¥661 08
G'0£8EE1S | 6'6ITI99 |0°265EC1S | 1'126099 ¥661 6L
0'8Z1SE1S | £'68€199 0°L6LYETS | ['1E1199 ¥661 8.
S'9008€1S | 1'6ETVI9 |0°TLLLEIS | 6°6E0VI9 y661 LL
0'9g68£1S | 9°L98899 0°TTLBEIS | 1099899 ¥661 99
S'8TOLEIG | 0°LV8899 |0'LI8OLIS | G'6¥O899 ¥661 68
G'606LETS | 9°8SPILY [0'60LLETS | ¥'ZSTILY ¥661 8¢
0'CILOVIS | £'96¥699 |¢'ESHOVIS | §'492699 ¥661 gg
S'egI6elg | L'9¥2699 [0'0¥68EIS | 0°9£0699 ¥661 be
0°'66S6€1S | 9°GGSVL9 |S'VOVGELIS | 1'68TVLI F661 84
0°ZYBEVIS | ['SPPIOY [5'TEIEVIS | b'GOT199 ¥661 6¥
S'0ZOVVIS | 8°1E1099 |5'66ZFPIS | b'L686S9 V661 gb
g'ZGLTEIS | €'9VE899 [0°TLYELlS | 6V£0899 ¥661 v
0°EPLSEIS | 1°2TLILY |0°9€SSLIS | 6'S8ETLY V661 v
G'TER6EIS | S'696TLI [SOPOBEIS | V'0ISTLY ¥661 ov
¢'6600¥1G | L'00£899 (0'6L86E1C | 5090899 v661 6¢
G'€896€£1S | L'01L699 |S°'06V6ET1S | €' 0VV699 b661 8¢
S'EIVGEIS | £V91899 |§°L0Z6EIS | 8'656L99 ¥661 Lt
S 1LTOETIS | 6'V06999 [0°6L09€1S | £°099999 V661 9¢
0°9L6EVIS | 8°818099 |0°0SLEVIS | T'6EV099 661 ee
0'6p9SE1S | 0°028L99 [S'TIVEEIS | 8°125L99 ¥661 4
AAN| XaN| AMS| XMS
pains
SA.LVNIGYOO0D W.LN ey 1wa) | pumg

160



BIBLIOGRAPHY

161



BIBLIOGRAPHY

[1] Aber, J.D., and J.M. Melillo, Terrestrial Ecosystems. Holt, Rinehart and Winston Inc.,
Orlando, FL, 1991.

[2] Alban, D.H.and D.A. Perala, “C storage in Lake States aspen ecosystems,” Canadian
Journal of Forest Research, Vol. 22, pp. 1107-1110, 1992.

[3] Anderson, J.R., E.E. Hardy, J.T. Roach, and R.E. Witmer, “A land use and land
cover classification system for use with remote sensor data,” U.S. Geological Survey
Professional Paper 964, Washington, D.C., 28 pp. 1976.

[4] Barnes, B.V. Michkigan Trees. Ann Arbor: The University of Michigan Press, 1981.

[5] Baskerville, “Estimation of dry weight of tree components and total standing crop in
conifer stands,” FEcology, Vol. 46, pp. 867-869, 1965.

[6] Bazilvich,N.I., and L.E. Rodin, “Reserves of organic matter in under-ground of ter-
restrial phytocoenoses,” International Symposium, USSR. Methods of Productivity in
Root Systems and Rhizosphere Organisms Guildford, U.K.: Biddles, Ltd., 1968.

[7] Bergen, K.M., L.E. Pierce, M.C. Dobson, F.T. Ulaby, “A multi-temporal classifier for
SIR-C/X-SAR imagery,” IGARSS ’96: International Geoscience and Remote Sensing
Symposium, Lincoln, NB, pp. 1996.

[8] Bergen, K.M., M.C. Dobson, T.L. Sharik, I.J. Brodie, Structure, Composition, and
Above-ground Biomass of SIR-C/X-SAR and ERS-1 Forest Test Stands 1991-1994,
Raco, Michigan Site. Radiation Laboratory Technical Report, 026511-7-T, Radiation
Laboratory, EECS Dept. The University of Michigan, Ann Arbor, MI, Oct. 1995a.

[9] Bergen, K.M., M.C. Dobson, L.E. Pierce, J. Kellndorfer, and P. Siqueira, October
1994 SIR-C/X-SAR Mission: Ancillary Data Report Raco, Michigan Site, Radiation
Laboratory Technical Report 036511-6T, Radiation Laboratory, EECS Dept. The Uni-
versity of Michigan, Ann Arbor, MI, Dec. 1995b.

[10] Bergen, K.M., M.C. Dobson, L.E. Pierce, J.L. Kendra, J. Kellndorfer, and P. Siqueira,
April 1994 SIR-C/X-SAR Mission: Ancillary Data Report Raco, Michigan Site, Ra-
diation Laboratory Technical Report 036511-5-T, Radiation Laboratory, EECS Dept.
The University of Michigan, Ann Arbor, MI, Dec. 1994.

[11] Birdsey, R.A., “Inventory of C storage and accumulation in U.S. forest ecosystems,”
in H.E. Burkhart et al. (ed.), Research in Forest Inventory, Monitoring, Growth and
Yield. Proc. IUFRO World Congr. Montreal. 5-11 Aug. 1990. School of Forestry and
Wildlife Resources, Publ. FWS-2-90. Virginia Polytechnic Institute and State Univer-
sity, Blacksburg.

162



[12] Bonan, G.B., “Seasonal and annual carbon fluxes in a boreal forest landscape,” Journal
of Geophysical Research, Vol. 96 pp. 17329-17338, 1991.

[13] Bormann, F.H., and G.E. Likens, Pattern and Process in a Forested Ecosystem. New
York: Springer-Verlag, 1979.

[14] Ciais, P., P. Tans, M. Trolier, J.W. White, R.J. Francey, “A large northern hemisphere
terrestrial CO? sink indicated by the 13C/12C ratio of atmospheric CO?. Science, Vol.
269, pp. 1089-1102, 1995.

(15} Clark, W.C., Carbon Diozide Review, New York: Oxford University Press, 1982

[16] Crow, T.R., “Biomass and production in three contiguous forests in northern Wiscon-
sin,” Ecology, Vol. 39 No. 2, pp. 265-273, 1978.

[17] Crow, T.R. and G.G. Erdmann, Weight and volume equations and tables for red maple
in the Lake States. USDA For. Serv. Res. Pap. NC-242. 14 pp., 1983

[18] Dai, A., LY. Fung, “Can climate variability contribute to the “missing” CO, sink?
Global Biogeochemical Cycles, No. 7, pp. 599-610, 1993.

[19] Denning, A.S., LY. Fung, D. Randall, “Latitudinal gradient of atmospheric CO, due
to seasonal exchange with land biota, Nature, Vol. 376, pp. 240-243, 1995.

{20] Dobson, M.C., F.T. Ulaby, L.E. Pierce,T.L. Sharik, K.M. Bergen, et al., “Estimation
of forest biophysical characteristics in northern Michigan with SIR-C/X-SAR,” IEEE
Transactions on Geosciences and Remote Sensing, Vol. 33, No. 4, pp. 877-895, July,
1995a.

[21] Dobson, M.C., L.E. Pierce, F.T. Ulaby, “Knowledge-based land-cover classification
using ERS-1/JERS-1 SAR Composites,” IEEE Transactions Geosciences and Remote
Sensing, Vol. 34, No. 1, pp. 83-99, 1996.

{22] Dobson, M.C., F.T. Ulaby, T. LeToan, A. Beaudoin, and E.S. Kasischke, “Dependence
of radar backscatter on conifer forest biomass,” IEEE Transactions on Geosciences and
Remote Sensing, Vol. 30, No. 2, pp. 412-415, 1992a.

[23] Dobson, M.C., K. McDonald, F.T. Ulaby, and T. Sharik, “Relating the temporal change
observed by AIRSAR to surface and canopy properties of mixed conifer and hardwood
forests of northern Michigan,” Proc. 3rd Airborne Synthetic Aperture Radar (AIRSAR)
Workshop, May 23-24, 1991, Jet Propulsion Laboratory, Pasadena, CA, JPL Pub. 91-
30, pp. 34-43, Aug. 1991.

[24] Dobson, M.C., L.E. Pierce, and F.T. Ulaby, “Semi-empirical method for estimation of
forest biophysical properties from multifrequency polarimetric SAR,” IEEE Transac-
tions on Geosciences and Remote Sensing, pp. 2466, 1994.

[25] Dobson, M.C., L. Pierce, K. Sarabandi, F.T. Ulaby and T.L. Sharik, “Preliminary anal-
ysis of ERS-1 SAR for forest ecosystem studies,” [EEE Transactions on Geosciences
and Remote Sensing, Vol. 30, No. 2, pp. 203-211, 1992b.

[26] Dobson, M.C. E. Wilcox, and F.T. Ulaby, “Effects of forest structure on radar response
to forest biomass,” International Geoscience and Remote Sensing Symposium, August
18-21, 1993, Tokyo, Japan.

163



[27] Dobson, M.C., F.T. Ulaby, and L.E. Pierce, “Land-cover classification and estimation
of terrain attributes using synthetic aperture radar,” Remote Sensing of Environment,
Vol. 51, No. 1, pp. 199-214, 1995b.

[28] ERDAS Corp., ERDAS System Documentation, Atlanta, GA.

[29] Field, C.B., J.T. Randerson, and C.M. Malmstrom, “Global net primary production:
combining ecology and remote sensing,” Remote Sensing of Environment, Vol. 51, pp.
74-85, 1995.

[30] Friedlingstein, P., LY. Fung, E. Holland, J. John, G. Brasseur, D. Erickson, D. Schimel,
“On the contribution of CO? fertilization to the missing biospheric sink,” Global Bio-
geochemical Cycles, Vol. 9, pp. 541-556, 1995.

[31] Grigal, D.F. and L.K. Kernik, “Generality of black spruce biomass estimation equa-
tions,” Canadian Journal of Forest Research, Vol. 14, pp. 468-479, 1984.

[32] Grigal, D.F. and L.F. Ohmann, “C storage in upland forests of the lake states,” Soil
Science Society of America Journal, Vol. 56 pp. 935-943, 1992.

[33] Hagg, W., M. Sties, “Efficient Speckle Fltering of SAR Images,” IGARSS ’94: Proceed-
ings of the 1994 International Geoscience and Remote Sensing Symposium, Pasadena,
California, USA. Vol. 4, pp. 2140-2142.

[34] Harris, W.F., R.S. Kinerson, Jr., and N.T. Edwards, “Comparison of belowground
biomass of natural deciduous forest and loblolly pine plantations,” Pedobiologia, Bd.
17, S. pp. 369-381, 1977.

[35] Haynes, R.E. and S.T. Gower, “Belowground C allocation in unfertilized and fertilized
red pine plantations in northern Wisconsin,” Tree Physiology, Vol. 15 pp. 317-325,
1995.

[36] Keyes, M.R. and C.C. Grier, “Above- and below-ground net production in 40-year-old
Douglas-fir stands on low and high productivity sites,” Canadian Journal of Forest
Research, Vol. 11, pp. 599-605, 1981.

[37) Kasischke, E. S., and Bourgeau-Chavez, L. L., “Observations on the sensitivity of
ERS-1 SAR image intensity to changes in aboveground biomass in young loblolly pine
forests”, International Journal of Remote Sensing, Vol. 15, No. 1, pp. 3-16, 1994.

[38] Kasischke, E. S., Monitoring changes in aboveground biomass in Loblolly Pine forests
using multichannel synthetic aperture radar data Ann Arbor, MI: The University of
Michigan (Dissertation), 1992.

[39] Kellndorfer, J.M., M.C. Dobson, F.T. Ulaby, “Geocoding for Classification of
ERS/JERS-1 SAR Composites. IGARSS ’96: Proceedings of the 1996 International
Geoscience and Remote Sensing Symposium, Lincoln, NB, pp. 2335-2337, 1996a.

[40] Kellndorfer, J.M., M.C. Dobson, F.T. Ulaby, “Regional stability of and ERS/JERS-1
classifier,” IGARSS ’96: Proceedings of the 1996 International Geoscience and Remote
Sensing Symposium, Lincoln, NB, pp. 1093-1095, 1996b.

164



[41] Ker, M.F., “Tree biomass equations for seven species in southwestern New Brunswick,”
Can. For. Serv. Maritime Forest. res. Center Inf. Rep., M-X-114.

[42] Koerper, G.J. , and C.J. Richardson, “Biomass and net annual production regres-
sions for Populus grandidentata on three sites in northern lower Michigan,” Canadian
Journal of Forest Research, Vol. 10, pp. 92-101, 1980.

[43] Leith, H. “Modelling the primary productivity of the world,” Nature and Resources,
Vol. 8, pp. 5-10, 1972.

[44] LeToan, T., A. Beaudoin, J. Riom, and D. Guyon, “Relating forest biomass to SAR
data,” IEEFE Transactions on Geosciences and Remote Sensing, Vol. 30 No. 2 pp. 403-
411, 1992.

[45] Linder, S., and B. Axelsson, “Changes in C uptake and allocation patterns as a result
of irrigation and fertilization in a young it Pinus sylvestris stand,” in R.H. Waring (ed.)
C Uptake and Allocation in Subalpine Ecosystems as a Key to Management. IUFRO
Workshop, 2-3 Aug. 1982, Corvallis, OR. Oregon State University, Corvallis, 1982.

[46] Lozano-Garcia, D.F. and Hoffer, Roger M., “Hierarchical classification of multitempo-
ral/multispectral scanner data,” Eleventh International Symposium; Machine Process-
ing of Remotely Sensed Data with Special Emphasis on Quantifying Global Process:
Models, Sensor Systems, and Analytical Methods. W Lafayette, IN, 1985.

[47] Melillo, J.M., McGuire, D., Kicklighter, D.W., et al., “Global climate change and
terrestrial net primary production,” Nature, Vol. 363, pp. 234-239, 1993.

[48] Michigan State Dept. of Natural Resources, Michigan Resource Information System
(MIRIS), 1985.

[49] McDonald, K.C., M.C. Dobson, and F.T. Ulaby, “Using MIMICS to model L-band
multiangle and multitemporal backscatter for a walnut orchard”, IEEE Trans. Geosci.
Remote Sensing, Vol. 28, pp. 477-491, July, 1990.

[50] Mladenoff, D.J., and J. Pastor, “Sustainable forest ecosystems in the northern hard-
wood and conifer forest region: concepts and management,” in Defining Sustainable
Forestry, ed. by G.H. Aplet, N. Johnson, J.T. Olson, and V.A. Sample, Island Press,
Washington, D.C., 1993.

[51] Moghaddam, M. and A. Freeman, “Modifications to the three-component classification
algorithm for SAR data,” Progress in Electromagnetics Research Symposium (PIERS
’93), July, 1993, Jet Propulsion Laboratory, California Institute of Technology.

[52) Nadelhoffer, K.J. and J.W. Raich, “Fine root production estimates and belowground
C allocation in forest ecosystems,” Ecology, Vol. 73, No. 4, pp. 1139-1147, 1992.

[53] Nadelhoffer, K.J., Aber, J.D., and Melillo, J.M., “Fine roots, net primary production,
and soil nitrogen availability: a new hypothesis,” Ecology, Vol. 66 No. 4, pp. 1377-1390,
1985.

[54] PCI Remote Sensing Corp., PCI System Documentation, Arlington, VA, 1995.

165



[55] Pastor, J. and J.G. Bockheim, “Biomass and production of an aspen - mixed hardwood
- spodosol ecosystem in northern Wisconsin,” National Research Council of Canada,
1981.

[56] Perala, D.A., and D.H. Alban. Allometric biomass estimators for aspen-dominated
ecosystems in the upper great lakes. USDA North Central Forest Experiment Station,
Research Paper NC-314, 1994.

[57] Pierce, L.E., F.T. Ulaby, K. Sarabandi, and M.C. Dobson, “Knowledge-based classifi-
cation of polarimetric SAR images,” IEEE Transactions on Geosciences and Remote
Sensing, Vol. 32, pp. 1081-1086, Sept. 1994a.

[58] Pierce, L.E., M.C. Dobson, and F.T. Ulaby, “Knowledge-based land-cover classification
using ERS-1/JERS-1 composites,” IGARSS '94: Proceedings of the 1994 International
Geoscience and Remote Sensing Symposium, 1994b.

[59] Pierce, L.E., K.M. Bergen, M.C. Dobson, F.T. Ulaby, “Land-Cover Classification using
SIR-C/X-SAR Data,” Proceedings of the 1995 International Geoscience and Remote
Sensing Symposium, Florence, Italy, Vol. , pp. 918-919.

[60] Pregitzer, K.S., D.R. Zak, R.S. Curtis, M.E. Kubiske, J.A. Teeri, and C.S. Vogel,
“Atmospheric CO3, soil nitrogen, and turnover of fine roots,” New Phytologist, Vol.
129, No. 4, pp. 579-585, 1995.

(61] Ranson, J.K., and G. Sun, “Northern forest classification using temporal multifre-
quency and multipolarimetric SAR images,” Remote Sensing of Environment, Vol. 47,
No. 2 pp. 142-153, 1994.

(62] Rhode, W.G. and C.E. Olson, “Estimating leaf moisture content from infrared re-
flectance data,” Proceedings of the third biennial workshop on color aerial photography
in the plant sciences, Bethesda, MD: American Society of Photogrammetry and Remote
Sensing, pp. 144-164, 1971.

[63] Rignot, E. and J. van Zyl, “Change detection techniques for ERS-1 SAR data,” [EEE
Transactions on Geoscience and Remote Sensing, Vol. 31, No. 4, pp. 896-906, July
1993.

[64] Rignot, E., J. Way, C. Williams, and L. Viereck, “Radar estimates of aboveground
biomass in boreal forests of interior Alaska,”/EEE Transactions on (Geoscience and
Remote Sensing, Vol. 32, No. 5, pp. 1117-1124, September 1993.

(65] Rodin, L.E., and N.I. Bazilevich, Production and Mineral Cycling in Terrestrial Vege-
tation, [English translation edited by G.E. Fogg], Oliver and Boyd, London, 1967.

(66] Ruark, G.A. and J.G. Bockheim, “Biomass, net primary production, and nutrient
distribution for an age sequence of Populus tremuloides ecosystems,” Canadian Journal
of Forest Research Vol. 18 pp. 435-443, 1988.

[67] SAS Institute, SAS System Documentation, Cary, NC.

[68] Samson, S.A., “Two indices to characterize temporal patterns in the spectral responses
of vegetation”, Photogrammetric Engineering & Remote Sensing, Vol. 59 No. 4, pp.
511-517, 1993.

166



[69] Santantonio, D., R.K. Hermann and W.S. Overton, “Root biomass studies in forest
ecosystems,” Pedobiologia, Bd. 17, pp. 1-21, 1977.

[70] Sarabandi, K., Pierce, L., Dobson, M.C., Ulaby, R.T., Stiles, J. et al., “Polarimet-
ric calibration of SIR-C using point and distributed targets,” IEEE Transactions on
Geosciences and Remote Sensing, Vol. 33, No. 4, July 1995.

[71] Schimel, D.S., “Terrestrial biogeochemical cycles: global estimates with remote sens-
ing,” Remote Sensing of Environment Vol. 51 pp. 49-56, 1995.

[72] Schowengerdt, Robert A., Techniques for image processing and classification in remote
sensing, New York : Academic Press, 1983.

[73] Schriever, J.R. and R.G. Congalton, “Mapping forest cover-types in New Hampshire
using multi-temporal Landsat Thematic Mapper data”, ASPRS/ACSM Annual Con-
vention and Ezposition, 15-19 February (New Orleans, Louisiana), Vol. 3, pp. 333-342,
1993.

74] Sedjo, R.A., “Temperate forest ecosystems in the global C cycle,” Ambio, Vol. 21, pp.
274-277, 1992.

[75] Sellers, P.J., B.W. Meeson, F.G. Hall, G. Asrar, R.E. Murphy, R.A. Schiffer, F.P.
Bretherton, R.E. Dickinson, R.G. Ellingson, C.B. Field, K.F. Huemmrich, C.O. Justice,
J.M. Melack, N.T. Roulet, D.S. Schimel, and P.D. Try, “Remote sensing of the land
surface for studies of global change: models-algorithms-experiments,” Remote Sensing
of Environment, Vol. 51, pp. 3-26, 1995.

(76] Sellers, P. J. (ed.), ISLSCP Workshop Report: Remote Sensing of the Land Surface
for Studies of Global Change, International Satellite Land Surface Climatology Project
Workshop, June 23-26, 1992, Columbia, MD, NASA Goddard Space Flight Center,
Greenbelt, MD, May 1993.

[77] A Systems Analysis of the Global Boreal Forest, ed. by H.H. Shugart, R. Leemans, and
G.B. Bonan, Cambridge University Press, Cambridge, U.K., 1992.

[78] Stofan, E.R., D.L. Evans, C. Schmullius, B. Holt, J.J. Plaut, et al, “Overview of Results
of Spaceborne Imaging Radar-C, X-Band Synthetic Aperture Radar (SIR-C/X-SAR)",
IEEE Trans. Geosci. Remote Sensing, Vol. 33, No. 4, pp. 817-827, 1995.

[79] Tans, P.P., LY. Fung, and T. Takahashi, “Observational constraints on the global
atmosphericCO; budget,” Science (Washington, DC), Vol. 247, pp. 1431-1438, 1990.

(80] Tou, J.T., and R.C. Gonzalez, Pattern Recognition Principles. Addison-Wesley Pub-
lishing Co., 1974.

[81] Townshend, J., C. Justice, W. Li, C. Gurney, and J. McManus, “Global land cover
classification by remote sensing: Present capabilities and future possibilities,” Remote
Sensing of Environment, Vol. 35 pp. 243-255, 1991.

[82] Ulaby, F.T., K. Sarabandi, K. McDonald, M. Whitt, and M.C. Dobson, “Michigan
Microwave Canopy Scattering Model (MIMICS),” International Journal of Remote
Sensing, Vol. 11, pp. 1223-1253, 1990.



[83] Ulaby, F.T., R.K. Moore, and A.K. Fung, Microwave Remote Sensing, Vol. III “From
Theory to Applications,” Artech, Dedham, MA, 1981.

[84] Prototype 1990 conterminous US land cover characteristics data set CD-ROM, USGS
EROS Data Center, Sioux Falls, SD, 1993.

[85] Van Zyl, J.J., “Unsupervised classification of scattering behavior using radar polarime-
try data”, IEEE Transactions on Geosciences and Remote Sensing, Vol. 27, pp. 36-45,
1989.

[86] Vitousek, P.M., “Can planted forests counteract increasing atmospheric C dioxide?,”
Journal of Environmental Quality, Vol. 20, pp. 348-354, 1991.

[87] Way, I.B., E. Rignot, K. McDonald, R. Oren, R. Kwok, G. Bonan, M.C. Dobson, L.
Viereck, and J.E. Roth, “Evaluating the type and state of Alaska taiga forests with
imaging radar for use in ecosystem flux models”, IEEE Transactions on Geoscience
and Remote Sensing, Vol. 32, No. 2, pp. 353-370, 1994.

[88] Westlake, D.F., “Comparisons of plant productivity,” Biological Review, Vol. 38, pp.
385-425, 1963.

[89] Whittaker, R.H., F.H. Bormann, G.E. Likens, and T.G. Siccama, “The Hubbard Brook
ecosystem study: forest biomass and production,” Ecological Monographs, Vol. 44 pp.
233-252, 1974.

[90] Whittaker, R.H. and P.L. Marks, “Methods of assessing terrestrial productivity,” in
Primary productivity of the biosphere, ed. by H. Lieth and R.H. Whittaker, Springer-
Verlag, New York, NY. pp. 55-118, 1975.

[91] Whittaker, R.H. and G.E. Likens, “Primary production: the biosphere and man,” in
Primary productivity of the biosphere, ed. by H. Lieth and R.H. Whittaker, Springer-
Verlag, New York, NY. pp. 305-328, 1975.

[92] Whittaker, R.H. and G.M. Woodwell, “Dimension and production relations of trees
and shrubs in the Brookhaven Forest, New York,” Journal of Ecology, Vol. 56 pp. 1-25,
1968.

[93] Willstiter, R. and A. Stoll, Untersuchungen tiber die assimilation der kohlensaure,
Berlin: Springer-Verlag, 1918.

[94] Wolter, P.T., D.J. Mladenoff, G.E. Host, and T.R. Crow, “Improved Forest Classifica-
tion in the Northern Lake States Using Multi-Temporal Landsat Imagery,” Photogram-
metric Engineering and Remote Sensing, Vol. 61, no. 9, pp. 1129-1143, 1995.

[95] Young, H.E., J.H. Ribe, and K. Wainwright. Weight Tables for Tree and Shrub Species
in Maine, University of Maine, Orono, Life Sciences and Agricultural Experiment Sta-
tion, Misc. Report No. 230, 1980.

168



