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Estimation of Forest Biophysical Characteristics
in Northern Michigan with SIR-C/X-SAR

M. Craig Dobson, Fawwaz T. Ulaby, Fellow, IEEE, Leland E. Pierce, Member, IEEE,
T. L. Sharik, K. M. Bergen, J. Kellndorfer, J. R. Kendra, E. Li, Y. C. Lin,
A. Nashashibi, Kamal Sarabandi, Senior Member, IEEE, and P. Siqueira

Abstract— A three-step process is presented for estimation of
forest biophysical properties from orbital polarimetric SAR data.
Simple direct retrieval of total aboveground biomass is shown to
be ill-posed unless the effects of forest structure are explicitly
taken into account. The process first involves classification by
1) using SAR data to classify terrain on the basis of structural
categories or 2) a priori classification of vegetation type on some
other basis. Next, polarimetric SAR data at L- and C-bands
are used to estimate basal area, height and dry crown biomass
for forested areas. The estimation algorithms are empirically
determined and are specific to each structural class. The last step
uses a simple biophysical model to combine the estimates of basal
area and height with ancillary information on trunk taper factor
and wood density to estimate trunk biomass. Total biomass is
estimated as the sum of crown and trunk biomass.

The methodology is tested using SIR-C data obtained from
the Raco Supersite in Northern Michigan on Apr. 15, 1994.
This site is located at the ecotone between the boreal forest
and northern temperate forests, and includes forest communities
common to both. The results show that for the forest communities
examined, biophysical attributes can be estimated with relatively
small rms errors: 1) height (023 m) with rms error of 2.4 m,
2) basal area (0-72 m*/ha) with rms error of 3.5 m®/ha, 3) dry
trunk biomass (0-19 kg/m?) with rms error of 1.1 kg/m?, 4) dry
crown biomass (0-6 kg/m”) with rms error of 0.5 kg/m?, and 5)
total aboveground biomass (0-25 kg/m?) with rms error of 1.4
kg/m”. The addition of X-SAR data to SIR-C was found to yield
substantial further improvement in estimates of crown biomass
in particular. However, due to a small sample size resulting from
antenna misalignment between SIR-C and X-SAR, the statistical
significance of this improvement cannot be reliably established
until further data are analyzed. Finally, the results reported
herein are for a small subset of the data acquired by SIR-C/X-
SAR. Future efforts will examine the role of incidence angle and
environmental conditions on the retrieval process.

I. INTRODUCTION

NUMBER of earth science disciplines require informa-
tion on the spatial and temporal distribution of land cover
types [1]. At local to regional scales, information on actual
land-cover is obtained by a variety of methods ranging from
detailed ground surveys to analyses of aerial and satellite
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imagery. Extension of optical remote sensing techniques to
much larger, i.e., continental, scales can be frustrated by the
inherent limitations of cloud-cover. Due to the strong positive
correlations between vegetative cover, net precipitation and
cloud-cover and self-reinforcing feedback loops, those regions
of the planet most readily observed by optical techniques
also tend to be the least vegetated. As a consequence, the
actual distributions of vegetative types at continental to global
scales is poorly known and studies requiring such information
often rely upon maps of potential, pre-settlement, vegetation
predicted on the basis of climate and physiography.

Land/atmosphere processes are governed by the type of
land-cover and its quantity per unit area. Biomass, net quantity
of biotic material per unit area, consists of living and dead
fractions temporarily stored in both above and below ground
pools. The sizes and distributions of these pools play a major
role in the Earth’s carbon cycle, yet the actual distribution
of biomass is poorly known. In addition, the apportionment
of living biomass between woody structural components and
foliage determines the carbon fluxes required by maintenance
and growth [2]. Destructive sampling for estimation of biomass
is very difficult even for the aboveground fraction. As a
consequence, biotic populations are often undersampled, and
accurate estimates are elusive even at local scales. In spite of
these difficulties, it is not uncommon for these local estimates
to be applied as constants across biomes defined on the basis
of potential vegetation maps in order to initialize surface
conditions for global-scale models.

The atmosphere is nearly transparent to synthetic aperture
radar. Thus, if land-cover classes are sufficiently distinctive
with respect to their intrinsic structural and dielectric proper-
ties, then SAR data should be suitable for terrain classification
and thereby compliment existing capabilities using optical
sensors. The microwave dielectric constant is well known to
be dependent upon the moisture content and dry density of
biotic materials. Because microwave extinction losses through
vegetation scale with frequency, there is a unique capability
for radar to penetrate the canopy and directly sense the
woody biomass fraction beneath the foliage. Multifrequency
techniques can be used to “profile” the vegetative layer and
provide information on both the foliar and woody biomass.
However, microwave scattering is well known to be dependent
upon the geometric properties of size, shape and orientation of
the scattering elements, thus the relationships between radar
backscatter and biomass can be expected to be nonunique and
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dependent upon vegetation structural attributes. The purpose
of this paper is to show how multifrequency, polarimetric
SIR-C/X-SAR data can be exploited to yield more accurate
estimates of various forest biophysical properties such as
crown-layer biomass (foliage plus branches), tree height and
basal area (net trunk cross-sectional area per unit ground area).
These estimates are inputs to a simple biophysical model that
uses common allometric relationships to yield estimates of
trunk biomass and net aboveground standing biomass.

The overall objectives of this study are to develop and
demonstrate a methodology for retrieval of forest biophysi-
cal properties based on radar backscattering behavior. Since
structural attributes play such a critical role in determining
backscattering behavior, a test site has been carefully selected
to include plant communities with a range of distinctive
architectures. The Raco Supersite is located at the southern
ecotone of the boreal forest along a physiographic gradient
of soil type, topography and moisture availability resulting
from Wisconsinan glaciation of the Pleistocene Epoch (until
10000 bp). Its lacrustine deposits, sandy glacial outwash plains
and moraines support broad landscape patches of vegetation
communities representative of both the boreal forest and the
northern temperate forest. Thus, the results of this study may
be more widely applicable over the natural ranges of the
species considered.

A. Background

Two sets of factors exert primary control over radar
backscattering from terrain: 1) geometric factors related to the
structural attributes of the surface and overlying vegetation
cover, and 2) dielectric properties mainly controlled by the
relative moisture contents of the vegetation and underlying
surface. Both sets of factors may be time-variant. Because
of the resonance of water in the microwave region, the
dielectric properties control the magnitude and relative phase
of backscatter as a function of wavelength. Backscatter is
proportional to volumetric moisture content within some
scattering volume. To the extent that biotic materials are
moist, this results in a correlation between backscatter and
wet biomass.

Structural attributes also exert control over the frequency,
polarization, relative phase and angular dependence of radar
backscatter. In general, the total dynamic range in backscatter
related to structural attributes is greater than that related to
the natural variance in moisture-governed attributes. Within
a resolution cell, the structural attributes of importance are
known to be the plant architecture (size, shape and orientation
of the woody stems); leaf size, shape and orientation; and
surface roughness. The influence of each of these attributes on
radar backscattering has been largely explored via theoretical
modeling and empirical investigations using airborne and
spaceborne SAR [3]-[14]. These studies present a strong case
that structural properties are the primary determinants of radar
backscatter and must be accounted for prior to determination of
biomass related quantities. The variance of structural attributes
over spatial scales greater than a resolution element imparts
texture to radar imagery which is separable from the variance
induced by coherent fading [15]-[18]. As a consequence,

higher order statistical moments may contain information
related to community structure (i.e., the presence of gaps) [19)].

Image classification discriminates classes on the basis of
features extracted from the spectral, spatial, or temporal do-
mains. Two general approaches have been used to classify
SAR imagery: 1) maximum likelihood classifiers, includ-
ing both supervised and unsupervised cluster analysis and
2) knowledge-based techniques such as hierarchical deci-
sion trees and those based upon determination of dominant
scattering mechanisms from electromagnetic theory. A key
issue for any of these approaches is how consistent or stable
the classifier is when applied to new regions or the same
region at different times. Most recent classification efforts have
used supervised maximum likelihood approaches; these often
lead to very high classification accuracies for a given scene
[20]-[28]. A given local region will only contain a subset of
the terrain conditions existent within the full natural domain;
hence, the extendability of locally-trained and supervised
statistical classifiers can be impaired by the need for a priori
information on probability of occurrence or for extensive local
training populations. The knowledge-based techniques may
overcome this limitation by first classifying on the basis of
explicit relationships between radar backscatter and structural
attributes [29]-[32]. These structural classes are then relabeled
locally on the basis of known linkages between structure and
floristic community. At present, such classifiers have been
successfully tested locally, but have not yet been tested beyond
the geographic province of their development.

An understanding of the causative factors for radar backscat-
tering from forests has evolved through development of the-
oretical scattering models generally using a radiative transfer
approach [3]-{17]. The model results are largely congruent
with empirical data [33]-[45], and show the observed de-
pendencies upon biomass and time-variant quantities such as
changing dielectric properties. Most studies have concentrated
on a single tree structural type (i.e., mono-species). Both
models and data show that, for a given species (structural
type), the radar backscattering coefficient (0% 5,0 at frequency
band f, polarization p and incident angle 6) increases with
biomass in a power-law relationship. Backscatter is shown to
saturate at a biomass level that scales with wavelength for a
given species. The hv- and hh-polarized backscatter are found
to be the most sensitive to total biomass and hence yield the
highest correlations; vv-polarized backscatter is more sensitive
to crown-layer attributes and hence tends to saturate at lower
levels of total biomass.

On this basis, some investigators have concluded that these
saturation points define the upper limits for accurate estimation
of forest biomass [44], [46]. This indeed is the case when
only single frequency and polarization data are available. Im-
portantly, when structurally dissimilar species are compared,
both models and data show that there is structural control
over both the slope of the power-law relationships and the
saturation level at a given frequency and polarization. This is
most evident when comparing the backscattering behaviors of
different species [9], [31]. As a consequence, there is added
information in the frequency and polarization behavior that
can be brought to bear on the biomass estimation problem.
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Models and some empirical data have shown that polarization
ratios and spectral gradients do not saturate as quickly and
can therefore be used to extend the range of biomass esti-
mation beyond that imposed by the “apparent” saturation of
a single frequency/polarization configuration [36], {42), [44].
“Apparent” is used here because backscatter often begins to
decrease after biomass exceeds some structurally determined
threshold; this decrease or darkening is related to increasing
extinction of the signal. This effect can be seen in some of
the empirical data reported in the literature (36}, [40], [42],
[45]. As a consequence, some studies have concluded that
such ratios can be used to minimize species-related structural
effects when defining power-law form estimation equations for
total biomass. The spectral gradient of hv-polarized backscatter
(0B 1y /08 py) was found to be best for this purpose in a
study of forests in Maine using polarimetric AIRSAR data
(P-, L- and C-bands) [42]. However, our experience with both
AIRSAR and SIR-C data from the Raco Supersite indicates
that such approaches are too simplistic and do not adequately
account for structural effects of different species although they
can extend the range of the estimates to higher levels of
biomass within a given forest structural type.

In addition, most empirical investigations of mono-species
forest stands show that there exists considerable scatter
about the power-law relationship between backscatter and
net biomass. However, model results indicate that much of
this scatter is also a consequence of structural control, is
therefore to be expected, and does not necessarily pose a
limitation to accurate estimation of forest biomass [9], [47].
This can be understood by consideration of the following. In
mature forests, most of the net biomass is contained within the
woody main stems (often more than 90% of the total). Thus,
to first approximation, biomass is the product of tree height,
tree cross-sectional area, a taper factor and wood density as
integrated over the stocking density of a given forest stand. For
example, a few large and widely scattered trees can result in
the same net biomass as many small but tightly packed trees;
but the implications for radar backscattering are significantly
different in the two cases. While such a situation may be
infrequent for natural forests, many forests are managed.
Management practices such as thinning, selective harvest, or
leaving a few mature trees standing as seed sources after
harvest can cause this situation to be quite common as is
found in our data. Below saturation, the scattering models
show that trunk height, basal area and stocking density have
very different nonlinear effects on ¢°. When the trunks are
considered as near-vertical dielectric cylinders on a rough
surface, 0° resulting from multiple, specular scattering from
the ground and the trunks tends to vary linearly with stocking
density and tree diameter and to vary with height squared.
Consequently, in the example the net backscatter from the
few tall trees will be much greater than that from the many
small trees of equivalent net biomass. As a result, attempts
to estimate net biomass directly from a simple power-law
function of ¢° cannot account for this sort of structurally
induced scatter in the relationship.

An argument has been recently presented that this apparent
“noise” in the simple power-law relationship of ¢° with total

biomass is additional “signal” that can be exploited to improve
the accuracy of biomass estimates [9]. The key to exploiting
this “signal” is to estimate net biomass indirectly through a
three-step process. First, the primary structural attributes (i.e.,
basal area, height and crown biomass) are estimated from SAR
data for a given structural type. Then the trunk biomass is
estimated as the product of basal area, height, a main stem
taper factor and the dry density of the main stem. Finally, the
net biomass is determined by the sum of the SAR-derived
crown biomass and the trunk biomass. This approach was
partly explored via a neural network technique and found to
yield very satisfactory results [47]. The three-step approach is
further developed in this paper.

B. Methodology

Assuming a priori classification of land-cover, empirical
formulations are developed herein and used to estimate
forest biophysical properties from multifrequency and
polarimetric radar backscatter. Distinctive formulations are
used for each structural class. Locally defined allometric
relationships between tree diameter and height are used in
conjunction with measurements of wood density in order
to estimate trunk biomass from SAR-derived estimates of
tree height and basal area.

The a priori classification can be based on the SAR data
itself or from some other source. SIR-C/X-SAR data acquired
during SRL-1 in April 1994 at the Raco Supersite have
previously been classified into terrain classes [32]. This classi-
fication uses a hierarchical approach to discriminate structural
classes. At each step, a knowledge-based conceptual model de-
rived from theoretical modeling and antecedent measurements
is used to select discriminant features on the basis of simple
structural attributes such as branching architecture and foliage
shape and size. The classification results are evaluated for an
independent testing population. A key is used to translate the
structural categories into the names of local floristic types.
These classification results are summarized in Table 1. In
this study we assume 100% correct classification in order to
decouple errors in the the biophysical retrievals from those in
classification.

II. SITE DESCRIPTION

The Raco Supersite investigated during the SIR-C/X-SAR
missions is at the eastern end of the Upper Peninsula of
Michigan (Fig. 1). Its center coordinates are 46°15’ N. latitude
and 84°30’ W. longitude. Located at the ecotone between the
boreal forests and northern temperate forests, this transitional
zone is expected to be ecologically sensitive to anticipated
global changes resulting from climatic warming. Baseline
studies of vegetation communities are essential to future
monitoring of such changes.

This site contains most boreal forest species as well as
many of the temperate species, thus studies here serve to
link studies performed well to the north and south. The
distribution of forest communities is largely determined by
a soil-controlled resource gradient established by glacial de-
posits such as moraines and outwash. Typically, landscape
patch sizes are large; homogeneous forest stands usually
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TABLE I
PERCENT CLASSIFIED AS (Independent Test Region)
. Short
Type Tall Vegetation Vegetation Surface
Structural Tree Form Excurrent Decurrent
Class Branch Size Large Small Large Small NA NA
Foliage Type | Long Needle Short Needle None None
- . Upland Lowland Northern . Grasses, Bare Soil,

Local Floristic Community Conifers Conifers Hardwood | ASPeR & Birch | 4ees, Shrubs| Paved, Water

Upland Conifers 94.53 0.01 5.38 0 0.08 0

Lowland Conifers 4.53 92.88 241 0.1 0.07 0
TRUE |Northern Hardwood 0.87 7.81 90.30 1.02 0 0
CLASS ]Aspen & Birch 0 5.49 6.11 88.40 0 0

Short Vegetation 0.85 0.01 141 0.02 96.38 133

|Surface 0 0 0 0 1.05 98.95

Average Classification Accuracy: 94%
Raco Supersite

Fig. 1. Map of Raco Supersite location. Inset depicts path of orbit 102
over Michigan and the Great Lakes. Detail shows area of scene 102.41 and
permanent forest test stands.

exceed 10 ha in size. Represented communities include: 1)
northern hardwoods: sugar maple (Acer saccharum), red maple
(Acer rubrum), American beech (Fagus grandifolia), eastern
hemlock (Tsuga canadensis) and balsam fir (Abies balsamea);
2) upland pine communities: jack pine (Pinus banksiana), red
pine (Pinus resinosa) and eastern white pine (Pinus strobus);
3) lowland conifer bogs: black spruce (Picea mariana), white
spruce (Picea glauca), northern white-cedar (Thuja occiden-
talis) and tamarack (Larix laricina); 4) lowland hardwoods: red
maple, white birch (Betula papyrifera), yellow birch (Betula
alleghaniensis) and trembling aspen (Populus tremuloides);
and 5) areas of disturbance induced pioneer species: trem-
bling aspen, bigtooth aspen (Populus grandidentata), cherries
(Prunus pensylvanica, Prunus serotina and Prunus viginiana)
and serviceberry (Amelanchier). The site is not totally forested.
Scattered permanent clearings, hayfields and a large agricul-
tural region in the southeastern portion of the site provide
areas of relatively low biomass and variable surface roughness
conditions. The Michigan Department of Natural Resources
inferred the distribution of these community types from high
altitude aerial photography obtained in 1979 (Fig. 2).

W e W Agricutture
E ] m"""“"" HEE wetiand
Northern Water /
- m- Airport
- g(mhl / :' Urban

Fig. 2. Land-cover distribution at Raco Supersite as inferred by the Michigan
department of natural resources from high altitude aerial photography obtained
in 1979.

Importantly, the forest species at the Raco Supersite rep-
resent two major branching architectures (excurrent and de-
current tree forms) and leaf types (broadleaf and needle-leaf).
The excurrent branching pattern is a result of the central stem
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outgrowing the lateral branches; this results in a cone-shaped
crown and a cylinder-shaped central trunk. Most coniferous
species are excurrent. The decurrent branching pattern arises
when the lateral branches grow as fast or faster than the
main stem; the definition of a central trunk can be completely
lost due to repeated forking. Most dicotyledonous trees are
decurrent in form as adults [48]. Some deciduous species
modify form with age; at the Raco Supersite young aspens
are excurrent and undergo transition to a decurrent form with
maturity.

A stratified sample of each of the dominant forest communi-
ties were selected for biometric survey. This sample population
consists of over 60 stands. A 200 m by 200 m sample area
was surveyed within each stand and located at least twice the
height of the trees from all stand edges. The coordinates of
the corners were obtained using GPS with 3-D differential
processing and are generally accurate to within 10 m. The
sampling strategy applied to each sample area was designed
to yield a 15% (or better) uncertainty about the measured
means at a 95% confidence level. Within each 4 ha sample
area, 40 sampling points were located along 5 transects using
systematic sampling with a random start. At each sampling
point, a set of nested circular plots of area 100 m?, 32 m?2
and 3 m? were established to characterize the upper stratum
(height > 5 m), middle stratum (1 m < height < 5 m) and
the lower stratum (height < 1 m), respectively. The diameters
of all live and dead stems were recorded by species to the
nearest 0.1 cm. For the upper stratum, the diameters were
measured at breast height (1.37 m); basal diameters (15 cm
above the ground) were recorded for middle stratum stems.
Within each plot, a subsample of the stems was measured
for total height and height to the lowest live branch using
clinometers and height poles. The difference is the crown
thickness. This subsample was used to generate stand specific
allometric equations to estimate height from diameter for
each species. These equations take the form of second-order
polynomials [49], [50].

Allometric regression equations developed by other inves-
tigators [51]-[60] were used to estimate dry biomass of tree
components (main stem, branches and foliage) on a per tree
basis for each live stem. Often, there are separate sets of
expressions for small and large trees. Within each of the
sample plots, the tree-level biomass estimates were summed
over the sampled area and expressed in terms of kg/m?. Crown
biomass is the sum of branch and foliage biomass. Basal area
is calculated as the sum of measured stem cross-sectional area
per unit area of ground. Stocking density is the number of
stems per unit area.

Biometric surveys at the Raco Supersite were conducted
in 1991 (14 stands), 1992 (16 stands), 1993 (33 stands) and
1994 (reinventory of the youngest 26 stands). The sampling
design inventoried all stems within 10% and 3.2% of the 4
ha plot area for the upper and middle strata, respectively.
Previous application of this sample design to similar forest
stands indicated that the average expected uncertainty about
the measured means should be on the order of 15%. The
actual sampling error was evaluated through an analysis of
the with-in stand variance (among the 40 sampling locations)

of the biometric data obtained in 1991 and 1992. Over these
30 stands, the average uncertainty around the measured means
is calculated to be 14.1%, 16% and 21.9% for diameter, basal
area and stocking density, respectively, at the 0.05 significance
level. The uncertainties are found to be highest for young
conifer seedlings and least for mature conifer plantations and
northern hardwoods. An overview of the mean biophysical
characteristics is shown in Fig. 3; stocking density, basal area,
height and net aboveground dry biomass are presented relative
to mean stem diameter.

III. SITE CHARACTERISTICS AND DATA ACQUISITION

The Raco Supersite was imaged 12 times from Apr. 9-19
during the SRL-1 mission. Over this period, data were acquired
on both ascending and descending nodes of the orbit with SAR
look angles ranging from 19° to 47° relative to nadir. The data
acquired on Apr. 15, 1994 during the descending portion of
orbit 102 at a look angle of 31° are used in this report. This
scene was selected for two reasons. First, five of the SRL-
1 data acquisitions over the Raco Supersite have look angles
within £5° of this scene and most are for descending passes
of the shuttle. Thus, this scene is highly representative of the
average SAR imaging parameters used during SRL-1. The
second consideration relates to ground conditions at the Raco
Supersite. Apr. is a time of great dynamic change in surface
properties and vegetation conditions. On the day of launch,
Whitefish Bay on Lake Superior was completely ice-covered
as were all inland lakes; snow-cover was 100% and snow-
depths range from 50 cm in lowland conifer stands adjacent
to Lake Superior to 20 cm in forest clearings. By Apr. 19,
the ice-pack on Lake Superior had broken and shifted; warm
daytime temperatures reduced snow-cover to zero in clearings
and less than 30 cm in heavily forested areas. Most of the
change had occurred prior to Apr. 15. Thus, this scene is also
largely representative of site conditions during the last 3/4 of
the SIR-C/X-SAR data acquisitions over the Raco Supersite
during SRL-1.

A. SIR-C/X-SAR Data

A summary of the SIR-C/X-SAR imaging parameters is
given in Table II for the descending scene acquired during
data-take 102.41. The fully polarimetric SIR-C data at L- and
C-bands (vv-polarized X-SAR data at X-band) were processed
by the Jet Propulsion Laboratory (Deutsche Forschungsanstalt
fiir Luft- und Raumfahrt) to single-look complex values in
slant range format. Calibration values for antenna pattern
correction and amplitude and phase correction are those pro-
vided by JPL and DLR. No further calibration is applied
to these standard SAR image products although the Raco
Supersite was instrumented with an array of passive and active
calibration targets as well as a polarimetric scatterometer used
to define the average Mueller matrix of distributed targets. A
comparison of the standard JPL calibration factors with those
derived from local point and distributed targets is discussed
in [61]. Within the context of this paper, absolute calibration
errors are not of great concern, provided that they do not
vary across the image swath in the range direction. However,
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such errors are of concern with respect to applying the
algorithms developed herein to other scenes at this or other
sites. Calibration errors, if determined, for SIR-C/ X-SAR data
will establish a series of linear offsets that must be applied to
the biophysical estimation algorithms presented in Section IV.

The SIR-C/X-SAR imagery for this scene is shown in
Fig. 4 for L- and C-bands as three-polarization (hh, vv,
hv) false-color composites and as a multifrequency (L-, C-,
and X-band) composite. Histogram equalization stretches are
separately applied to linear received power for each channel
in Fig. 4. Ground control points were used to coregister X-
band to the SIR-C (L- and C-band) data. A second-order
polynomial warp is used for coordinate transformation, and
yields offset errors less than 25 m. In order to segment and
extract SAR data from known regions of interest, a geographic
information system containing land-cover (Fig. 2), soils, digital
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Overview of average forest biophysical characteristics determined by biometric surveys.

TABLE 11

Orbit: 102 Data-Take: 102.41
Time: 17:00:31.723 (GMT)

Mission: SRL-1
Date: April 15, 1994

[Sensor Parameters

Band L C X
Frequency (GHyp) 125 53 96
Wavelength (cm) 24 566 3.125

Polarizations

Pulse Bandwidth (MH;) 19

PRF (H,) 1620 1620
Image Parameters (single look, slant range)

Image Center (lat., long.)

polarimetric vV
20

46.37°N, 84.89°W 46.39N, 85.0'W

Look Angle (near - far range)
Pixel Spacing (range/azimuth)
Pixel Resolution (range/azimuth)

303" 33.8°
6.66m/4.48m
7.4m/6.2m

296" - 331"
6.66m/4.49m
7.33m/6.3m

Post Processing (avg. Mueller Matrix)
Pixels Averaged (range/azimuth)
Pixel Spacing at Center (ground range/az.)
Number of Looks

24.9m/26.9m
7.7

2/5
25.5m/22.5m
65

elevation and the location of surveyed forest stands (Fig. 1)
is transformed into slant range and then coregistered to the
composite multifrequency SAR imagery. The coregistration
accuracy is also estimated to be on the order of +/ — 25 m.
Post processing of the data included averaging using a 5 X 5
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Fig. 4. SIR-C/X-SAR image of Raco Supersite acquired during orbit 102
on Apr. 15, 1994: (a) L-band, (b) C-band and (c) L/C/X-bands. For single
frequency images, red = hh, green = vv and blue = hv. For muitifrequency
image, red = L-band, green = C-band and blue = X-band; L- and C-bands
are total power. A linear enhancement has been applied to all channels.

window for ¢° and determination of the peak co-polarized
relative phase difference at L-band (L) and C-band (C;) from
the average Mueller matrix [62].

B. Site Characteristics

The week preceding this overpass by SIR-C/X-SAR was
characterized by a warming trend with min./max. temperatures
increasing from —11.7/8.9°C to 1.1/12.8°C on Apr. 15 [63].
The air temperature at the time of this data-take was 10°C.
As a consequence, tree borings for temperature and dielec-
tric measurements showed all trees to be completely thawed
aboveground. A light rain fell prior to the overpass; 0.86 cm
of precipitation was recorded at the Raco airfield during the
period from 05:00 to 09:00. The precipitation was associated
with somewhat scattered thundershowers. A network of 21
rain gauges distributed across the test site recorded an average
rainfall of 1.26 cm over a 24-hour period. The precipitation
was not uniformly distributed; amounts tended to be lowest
along Lake Superior and greatest in the vicinity of the Raco
Plain.

Whitefish Bay in Lake Superior appears in the upper right
corners of the images in Fig. 4. At the bottom of the image is
a 20 km x 20 km agricultural region of hayfields on drained
lacrustine deposits; the characteristic pattern is due to variable
roughnesses and dormant vegetation covers on the snow-free,
but saturated soils. Above the agricultural area is a poorly
drained region of spruce-dominated lowland conifer bogs;
these regions produce relatively high return at all frequencies
and polarizations and thus appear very bright in Fig. 4.
Snow-cover is still relatively deep in similar northern white-
cedar bogs along the Lake Superior shore (32 cm average
snow depth). Beneath the snow, the surface is saturated with
water; gravimetric moistures of the organic horizon can exceed
3000% on a dry weight basis.

Above these lowland conifers in the center of Fig. 4, the
elevation rises by approximately 20 m to an excessively

drained sandy outwash plain known as the Raco Plain. This
area contains scattered clearings and is dominated by upland
conifer stands (red pine and jack pine) that appear pink in Fig.
4(a) due to strong backscattering at 9 , ;. The black triangular
feature is due to 1.5 km runways at the decommissioned
Raco airbase. The two major types of upland conifers are
differentiated by multifrequency data; all stands of red pines
appear as red in Fig. 4(c) while jack pines appear more green.
Average snow depth ranges from 7-25 cm in red pine stands
and was found to average 23 cm on Apr. 16-17. The upper
10 cm of all soils on the Raco Plain are thawed and are wet
to saturated with water; average gravimetric moistures vary
from 15% to 30% in clearings and from 60% to over 400%
in upland forest stands.

In the upper left of Fig. 4 are areas of high return (spruce-
dominated lowland conifer bogs) and scattered plantations
of red pine. To the right of these lowlands (upper middle
of Fig. 4) is a terminal moraine that roughly parallels the
Lake Superior shore. The moraine is dominated by scattered
aspen stands in successional sequence to northern hardwood
communities. The relatively high cross-polarized return of the
excurrent northern hardwoods and mature aspens causes this
region to appear darker and bluish in Fig. 4. Local depressions
in the moraine are filled by scattered inland lakes; these are
ice- and snow-covered. Snow-cover is still continuous within
these leafless deciduous forest stands on Apr. 17; snow depth
averages 25 cm. Gravimetric soil moisture ranges from 70% to
1,000% in the saturated upper 5 cm of the organic and mineral
soil horizons. Aspens, birch and lowland conifer communities
generally line the shore of Lake Superior.

IV. ESTIMATION OF FOREST BIOPHYSICAL PROPERTIES

The SIR-C/X-SAR data (Fig. 4) was segmented for the
forest test stands (Fig. 1). The mean backscattering coefficient
o° for each of the three linear polarization combinations (hh,
hv and vv) are plotted versus basal area, average tree height
and total aboveground dry biomass in Fig. 5 at both L- and C-
bands. For a given frequency and polarization, ¢° is found to
have a power-law relation to the biophysical variate; however,
there is much scatter in the data. In addition, ¢° is found to
increase at very low levels of dry biomass (i.e., <1 kg/mz)
due to sensitivity to surface properties such as roughness and
moisture as forest biomass becomes negligible.

Other studies have sought to find indices using 0° and
relative phase differences to minimize the scatter observed
in Fig. 5; and thus permit use of a singular expression
for estimation of dry biomass that is independent of forest
structural differences. One such index is the ratio of long
to short wavelength cross-polarized backscatter [42]. The
02 1o/0% 4, Tatio is calculated for the various forest stands in
this study (Fig. 6). In general, 0%, < o0&, at low biomass
and o7 4, > 0&,, at high forest biomass for a given forest
commuhity. Altﬁough this ratio is found to be generally well-
behaved within a forest structural type, it is obvious that this
relatively simple approach does not compensate for all of the
structural effects. As a result, the generalized least-squares
power-law fit to the data yields a low correlation (r? = 0.22)
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Fig. 5.

of total dry biomass with o7 ;. /0, When calculated over
the entire sample population. Tests of other simple indices did
not perform significantly better at reducing the scatter related
to forest structural types.

If structural effects on ¢° cannot be ignored, then a dif-
ferent approach must be taken that explicitly accounts for
these effects. This section presents one such approach based
upon a simple biophysical model with empirically driven
coefficients that account for allometric relationships, moisture
conditions and wood density. The approach assumes that forest
structural types are either known a priori or estimated via
classification with the SAR data itself. The results in Table I
show that such a classification can be performed with good
accuracy.

A. Model

A simple biophysical model of aboveground standing
biomass in a forest is given by

By=B.+ B; 1)

Radar backscatter versus mean forest biophysical characteristics: (a) basal area, (b) height and (c) total dry biomass.

where
By = total dry standing biomass (kg/m?)
B, = dry biomass of crown (kg/mz)
B; = dry biomass of trunks (kg/m?).
The crown biomass consists of both the foliage and small

woody stems. For a single tree with a tapered, cylindrical
trunk, the trunk volume V; can be determined geometrically as

_ whd?t
T4

Vi 2

where

h = trunk height

d = trunk diameter

t = trunk taper factor.
The dry biomass of a single trunk b, is then the product of V;
and the dry density of wood p;. Hence,
_ whd?tp,
= TR

by 3
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(dB) vs. total biomass.

Calculation of trunk biomass on a stand basis is performed by
summation of b; over the distributions of height and diameter
within stocking density S

S rhjd?tps

B; = —_— 4
; i @
For the SIR-C/X-SAR data, the single look resolution area

is approximately 46 m? (Table II). ¢° is generally calculated

as an average over a much larger N of looks (i.e., N > 30).

Hence, o° represents an ensemble average over a relatively

large area (75 m x 75 m in this study), and consequently

contains many individual trees. If all trees within this area
have identical heights and diameters, then B, can be expressed
in terms of the basal area b, as

B = psthba %)

where b, = wd?S/4. However, forest stands contain a great
deal of variance in h and d and often include multi-modal
distributions related to mixed species and age distributions of
stems. In addition, h, d and S are not independent random
variates, hence the product of average height, basal area and
taper factor do not generally yield the average biomass. As
a consequence, it is more appropriate to use an approximate
form of (5)

B; ~ pstshb, (6)

where ¢, is an effective taper factor for a given structural type
and h is the average tree height.

For many forest species allometric equations have been
determined to relate height to diameter and these variates to
biomass. If height and diameter were perfectly correlated for a
given species, then (3) and (4) could be uniquely determined
given only height or diameter. This, however, is not the
case; hence both height and diameter distributions need to be
measured to accurately estimate stand biomass. In addition,
competition, natural disturbance processes and silvicultural

management modify stocking density over time. As a result,
B, does not necessarily vary in a monotonic fashion with either
h or d. Within a given region, it is not uncommon to find
stands of a given species composition with equivalent biomass
but very different distributions of , b, and stocking density S.
The net backscatter o° from a forest can be modeled by

c° =0+ T2 (0? + 02 + 02,) @)
where

o2 = backscatter coefficient of the crown layer of
smaller woody branches and foliage

T. = transmissivity of the crown layer

T; = transmissivity of the trunk layer

oy = backscatter coefficient of the trunk layer

0?2 = backscatter coefficient of the surface

o2, = backscatter coefficient resulting from interaction
of the surface and the trunk layer.

Radiative transfer approaches have been used to model the
backscattering coefficients and transmissivities of the various
layers given in (7) for a number of forest types [3]-[17]. When
model calculations are depicted versus the net dry biomass
for a given forest structural type they display characteristic
behaviors of the form exhibited by empirical data. Several
aspects of these characteristic behaviors are illustrated in
Fig. 7(a) which shows polynomial fits of dry biomass to
0% p Observed by SIR-C. First, the relationships tend to be
distinctive for each forest structural type. Secondly, there are
three general regions within each characteristic curve: 1) a
region of very low dry biomass, 2) a region of moderate
biomass and c) a region of high biomass. In the low biomass
region, ¢° is dominated by ¢¢ since o2, of and oy, are small
and 7 is close to 1.0. In the moderate biomass region, o°
is roughly proportional to biomass and is dominated by o¢,
a2, and ¢¢,; and T is reduced sufficiently to limit the relative



886 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 33, NO. 4, JULY 1995

1 i 1
L-band, hv-polarization
154
@
=
=]
Bl
o
&
S
&)
g 20
3
3
2
&
@
4

Lowland ¢ Jack Pine

Comfcrl.' 2-083

2094

g
K4
'I
rd
2514 T T T
©.5) 0.0 0.5 Lo 15

Dry Biomass (log(kg/mz))
(a)
-5 1 1 1

Height Stocking

— (m) (stemg/ha)
a 85 1,773
b 5.0 2,671

-104

Backscatter Coefficient (dB)
b
1

-204

. Jack Pine
o ° L-band

0.5 0 0s 1

Dry Biomass (log(kg/mz))
()

Fig. 7. Forest structural attributes control (a) the slope and saturation level
of the power-law relationship of biomass to a;! pp and (b) the scatter about
this relationship within a given forest structural type. The data for two stands
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(a) is largest.

contribution of o¢. In the high biomass region, or zone of
saturation, 7. and/or 7, have become small enough to cause
extinction losses to exceed incremental increases in 02, of and
o5, as biomass is increased. As a result, o° saturates and may
decrease as net biomass increases beyond some threshold.
The scattering models tell us that there is structural control
of the behavior in all three regions. In the low biomass region,

o° is sensitive to surface roughness. In the saturation region,

extinction is determined by the sizes of the scattering elements
(woody cylinders and foliage) relative to wavelength and
their packing density. At sufficient packing density or vertical
thickness, the crown layer can become opaque and block
scattering contributions from larger woody elements below,
thus causing net o° to decrease (darkening effect). The slope of
the relationship in the moderate biomass region is determined
by structural attributes of the vegetation such as the sizes of
scattering objects relative to wavelength (length and diameters
of cylindrical woody stems) and the numbers of such objects
per unit area. The orientation distributions of the scatterers
determine the polarization behaviors of the scattered fields at
a given wavelength. Hence, within this region o° is primarily
determined by forest architecture: the height distributions of
trees, species-dependent allometric relationships (height to
diameter relationships), and stocking density. The power-law
behavior in this region is that expected for backscatter and
bistatic scattering involving woody dielectric cylinders.

For example, the bistatic radar cross section of a perfectly
conducting cyliner in the specular direction is given by [64]

Oeylinder = kdh? cos(% - 0) ®)

where 4 is the angle of incidence relative to the axis of the ver-
tical cylinder. The backscatter at broadside to such a cylinder
is kdh?. Of course trees are not perfectly conducting, and the
effects of wood as a lossy dielectric are only approximated by

0o = Ty e~ (ko c0s0)* pgp2 cos(f - 0) ©)
2
where

I' = Fresnel reflection coefficient in the specular
direction for the woody cylinder (T';) and
the ground surface (I",)

d = diameter of woody cylinder

h = height or length of cylinder

k = wavenumber

o = rms roughness of the ground surface.
For a stocking density S of identical cylinders,

a5 = Sog/A. (10)

where A is the illuminated area. Thus, in forest communities
where height, diameter and stocking density are highly cor-
related, a power-law relationship is expected between ¢° and
B;. Secondly, to the extent that h, d and S relationships are
distinctive between species, then there will be species-related
structural control of the slope of this power-law relationship
as evidenced in Fig. 7(a).

Another implication of (7)-(10) is that scatter is expected
about the characteristic power-law behavior for a given struc-
tural type. This is because o° is proportional to sdh? while
biomass is proportional to sd?h. Thus, two stands of equivalent
biomass can be expected to produce very different o°. This
effect is illustrated by the SIR-C data for jack pine forests
in Fig. 7(b). Two stands are annotated; both having total dry
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TABLE III
A. Using SIR-C Data Only
Local Species Biophysical . . No. of
Structure ot P ke Units Equation Coses | 12 RMSE
Group [Sub-Group
Decurrent All N. Hardwoods {Height m _{),498[,; +8.387 17 0.198 4.20
2
(no leaves) and Basal Area m” | ha 1'109Cg+30'2’49 17 0.389 7.43
) 2a
Aspen  [Trunk Biomass | 8/™" | 0.026hb, +2.676 17 | 028 | 533
2
Crown Biomass | ke/m? | 0169C, +2.966 17 | o286 | 142
Total Biomass | k¢/m* | B.+B, 17 | 0249 | 659
(0.19901 )
Excurrent|  All Lowland  |Height m 2,211.798 %10 W/ 143839 46 0.397 6.00
-0.286{ 07 -0
and Basal Area m?/ha | 183.743%10 86( Lw L"")+4.94s 46 0333 | 1242
A anl021
2 -
Upland  |Trunk Biomass | k&/m 0'025(’1 ba) 1215 46 | o0s99 | 305
2
Conifers  |Crown Biomass | %&/m 0~295( OLw— O?-‘,W) +3.369 46 0.531 0.68
2| A A
Total Biomass | ¥8/™ | B.+B, 46 | 0585 | 37
B. Using SIR-C/X-SAR Data
Decurrent| Al |N.Hardwoods {Height m | -434(0,, - Ok n)-4712 10 0.304 2.53
) “n
(noleaves)| and Aspen |Trunk Biomass kg/m 0:043 hba -2.397 10 0.419 3.72
2 o.24|(o‘l" P ~o‘;( )
Excurrent All All Conifers |Basal Area m* [ha | 23.656%10 v AW/ 17,808 17 0.489 8.95
2 A A yLO2L
Trunk Biomass | %8/m 0,013(h ba) +0.663 17 0.671 321

biomass of approximately 3.8 kg/m?. Both plantation stands
have similar surface conditions with respect to snow cover and
surface roughness; however, at L-band, ¢° can be as much as
2 dB different. As expected from (9) and (10), the taller trees
with a smaller stocking density have larger o°.

In summary, the effects of forest structure are found to yield
ambiguities in the relationship of ¢° to B,. The ambiguities
are caused by 1) structural differences in growth form and
branching architecture, 2) between-stand differences in height,
diameter and stocking density, and 3) saturation effects as
the forest becomes more opaque at high levels of biomass.
As a consequence, direct inversion of ¢° for biomass can
be ill-posed without explicit accounting for structural effects.
In concept this could be done via inversion of the nonlinear
scattering models, provided that polarimetric observations are
available over a wide range of incidence angles. In practice,
for a space-borne SAR, this is generally not realizable as only
a single angle is available at any given time.

To overcome this dilemma, a three-step process is proposed.
First, a priori information or classification of terrain using
SAR data can be used to assign the forest structural type
of a given region. Second, polarimetric SAR data is used to
estimate the fundamental parameters in the simple biophysical
model (height, basal area and crown biomass). The estimation
equations are structure-specific to account empirically for
tree form, branching architecture and foliage characteristics.
Finally, trunk-layer biomass B; is estimated from estimates

of basal area (b,) and height (h) using a priori knowledge
of taper factor and wood density for a given structure type.
Hence, the inversion model is given by

ba, = f1.(c°) (1n

hi = f2.(6°) 12)
B, = po,tiba,hi +ci (13)
B, = f3,(c°) (14)
By, = By, + B., (15)

where the functions fi, and f; and fs are empirically derived
using least-squares techniques for the s structural type. The
coefficients for (13) are empirically derived for each struc-
tural type using measured biometric data, allometric equations
available in the literature and measurements of wood density.

B. Biophysical Estimation Using SIR-C Data Alone

The SIR-C data and the biometric data from the 63 for-
est test stands at the Raco Supersite are used to solve for
the functions and coefficients in (11)-(14) for each forest
community. A subset of the measured data is used in this
process and includes only stands where By > 2.5 kg/m2.
This biomass filter minimizes the sensitivity of the solution
to surface roughness effects and is consistent with the SAR-
based terrain classification which distinguishes tall vegetation
as being =2.5 kg/m?. Least-squares techniques are used to
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TABLE IV
A. Using SIR-C Data Only
Local Species Biophysical . . No. of
Structure Name Variate Units Equation Cases r2 RMSE
Group | Sub-Group
(0.23890’2 ) ’
Excurrent Long Upland Height m 7,403.452*10 " +3.075 40 0.781 4.14
0174 6; , -0
Needles | Conifers |Basal Area m?[ha | 76.377%10 4( L C-"") +4.723 40 0.594 6.23
Trunk Biomass | k¢/m” | 0.013(hb, )% +0.957 0 | 0545 | 255
Crown Biomass | k8/m® | 0.257(OF 4, ~ O )+3.118 40 | o561 | 065
Total Biomass | k/m* | B, +B, 20 | os02 | 269
Excurrent |  Short Lowland  [Height m 1162(0% ,, - O¢, ) +12.012 4 0.630 0.62
Needles Conifers  |Basal Area m? ha | ~14.519OF s~ OLj) +136.826 4 0.951 4.21
Trunk Biomass | k8/m* | 0.135(hb,)°*™ —1.179 4 0958 | 061
Crown Biomass | kg/m? | 0.9710% , +17.394 0.990 0.07
Total Biomass kg /m? B.+B 4 0.968 0.65
B. Using SIR-C/X-SAR Data
2 0'7‘“("2,/.\;“’;{ )
Excurrent Long Upland Basal Area m®/ha [ 25366510 W/ +5.928 16 0.640 7.25
Needles Conifers  |Crown Biomass | kg/m® | 0. 432( Olw— O'}’{'w) +2.928 16 0.790 0.84

find solutions for f;, fo and f3 for each structural class
having a statistically significant sample population. Simple
linear functions of ¢° and peak relative co-polarized phase
difference ¢ at L-band, L¢, and C-band, C¢, are selected on
the basis of maximum correlation coefficient 72.

Separate equation sets are derived for each of three a priori
classification scenarios: 1) classification of trees only on the
basis of tree form (only excurrent and decurrent forms exist at
the Raco Supersite), 2) additional subclassification of excurrent
trees on the basis of needle size (this distinguishes upland and
lowland conifer communities at the Raco Supersite), and 3)
further subclassification of both excurrent and decurrent tree
forms on the basis of relative branch architecture (this yields
categories congruent with the structural classes resulting from
classification by SIR-C/X-SAR). The empirical retrieval equa-
tions for these three classification scenarios are given in Tables
III-V, respectively. Although multiple linear solutions yield
higher correlations, the improvement is generally marginal and
hence are not presented in Tables III-V or used herein. Except
where noted, ¢° is in dB and ( is in degrees in these tables.
The values of correlation coefficient and rms error are those
obtained by application of the estimation functions to all test
stands of that structural class including those where By < 2.5
kg/m?. In general the crown biomass function uses data at C-
band alone or ratioed to o° at L-band. The functions for b,
and A primarily make use of ¢° at L-band and polarization
ratios with the exception of the decurrent tree forms.

When considering the results obtained using classifications
at the two finest levels (Tables IV and V), it is important to
note that the results for lowland conifers are only based upon

four stands (two white-cedar stands and two spruce stands). In
addition, the results for the decurrent-type northern hardwoods
(Table V) show small values of both 72 and RMSE for height.
This is a consequence of the relatively narrow range of average
height within the sample population of 12 stands. The large
sample size of the upland conifer species make these results
significant at all levels of classification.

Table VI shows the net effect of the level of structural
classification on the retrieval results for each biophysical
parameter. The total number of stands decreases from 63 to
60 at finer levels of classification as some structural types
(species) have very small sample populations (i.e., two white
pine plantations). Results for such small populations have
no statistical significance and are not reported. In general,
the first two levels of structural classification, based upon
growth form and growth form plus needle size, yield relatively
poor rms errors for each variate. There is only marginal
improvement between the two except for basal area where
rms error improves from 11.3 m?/ha to 6.5 m?/ha when the
excurrent trees are subclassified by needle-length. This is
a consquence of two factors: 1) the short needle excurrent
trees only constitute a small fraction of the sample population
(i.e., 4 stands) but 2) the basal areas and height to diameter
relationships of these lowland conifer species are very different
from those of upland conifers.

Structural classification to the third level, that afforded
by SIR-C/X-SAR, is found to yield significant improvement
in the accuracy of the biophysical estimates. At this level
of classification, the rms errors are found to be 2.4 m and
3.5 m?/ha for height and basal area, respectively. The SAR-
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TABLE V
A. Using SIR-C Data Only
Local Species Biophysical . . No. of
Structure Name Variate Units Equation Cases r? RMSE
Group | Sub-Group
Decurrent| Large |N.Hardwoods Height m -14760¢,,, —0.712 12 0.07 233
2
Branches | (Maple, Beech) Basal Area m” [ ha 0-912Cg +34.009 12 049 3.97
Trunk Biomass | kg/m* | 0.039hb,-3343 12 0.61 1.76
2
Crown Biomass | k&/m” | 0.29C; +3.761 12 0.57 085
Total Biomass | kg/m? | B.+B 12 0.64 2.38
Decurrent| Small Aspens Height m 11.488( O 4, ~ Op py) - 51:227 5 0.94 0.89
2
Branches Basal Area | m”/ha | 0.828C_ +19.386 5 079 | 29
Trunk Biomass | kg/m? | 0.028hb,0.189 5 0.95 0.64
Crown Biomass | k&/m” | 0.036C; +0.758 5 0% | o025
Total Biomass | k8/m”> | B.+B, 5 0% | oe
Excurrent | Small Lowland Height m 1162(0F - O¢ ) +12.012 4 0.95 421
Branches, Conifers Basal Area m? [ ha “4-519(07;.\:-/ - O.i,hv) +136.826 4 0.63 0.62
Small Trunk Biomass | kg/m? | 0.135(hb,)*"" -1179 4 0% | o061
Needles Crown Biomass | kg/m? | 0.97107 , +17.394 4 0.99 0.07
2 A A
Total Biomass | ®6/™" | B.+B, 4 0.97 0.65
4).192(02 o}, )
Excurrent |  Small Upland Height (1) m 26.423*10 S 20 178 147
(mzsaz b )
Branches, Conifer Basal Area m? / ha | 2,308.02*10 M/ -123 20 0.88 2.21
Medium | (ack Pine) . | Trunk Biomass | kg/m? | 0.03hb,~-0.162 20 0.87 0.87
Needles Crown Biomass | kg/ m? | 0. 4160¢,,, +5.929 20 0.56 0.34
Total Biomass | k&/m* | B.+B, 20 0.89 0.93
Excurrent | Large Upland Height m 4.6690 ,, +71.53 19 0.89 345
Branches, Conifer Basal Area m? [ha | 6.975 0',:_,,, +132.076 19 0.87 4.26
Long (Red Pine) | Trunk Biomass | kg/m* | 0.011(hb, )" ~0.353 19 0.96 0.98
Needles Crown Biomass | kg/m? | 0.376(O% p, - Ot a)+3.747 19 0.88 0.32
Total Biomass | k¢/m” | B.+B, 19 095 | 12
B. Using SIR-C/X-SAR Data
Large | N.Hardwoods . —0145{ 6°  -0°
Decurrent | p 1 ches | Maple, Beechy| i8Nt 3.246%10 {%in %) +0.905 8 06 | 12
Small
. . .588 07, /0
Branches, |Upland Conifer| Crown Biomass 2 | 0.036* 102 88( Chv X.vv) ~0.127
Excurrent Long (ack Pine) o kg | m 8 . 7 0.87 023
Needles
Large
Branches, |Upland Conifer, . 2 104 ~0%..)+2977
Excurrent Long (Red Pine) Crown Biomass | kg/m . 30( O‘L,hv X.vv) - 8 0.96 0.24
Needles
notes: (1) o~ is in linear units.

is calculated allometrically from measured stem diameters).
Approximately 90% of the forest stands are found to have
estimated b, and h that are within the 95% confidence interval

around b, and h.

derived estimates i)a and h are plotted versus the biometrically
sampled b, and the mean of allometrically estimated h in Fig.
9. The error bars shown are those determined by the measured
within-stand variance in ¢°, basal area and diameter (height
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TABLE VI
. s 2
y=aj+b RMSE=(2(yfy) /N)
STRUCTURAL  CLASSIFICATION LEVEL
DECURRENT
SMALL BRANCH
DECURRENT | DECURRENT LARGE BRANCH
CLASS TYPES EXCURRENT |EXCURRENT EXCURRENT
SHORT NEEDLE| SHORT NEEDLE
LONG NEEDLE LONG NEEDLE
SMALL BRANCH
LARGE BRANCH
No. of Classes 2 3 S
No. of Cases 63 61 60
Height 2 0.367 0.653 0.895
a 10 10 0.995
b -0.002 -0.002 0.094
RMSE (m) 5.57 4.02 2.38
Basal Area” 12 0411 0.799 0.941
a 1.0 1.0 10
b -0.001 0.001 -0.008
RMSE (m2/ha) 11.30 6.48 3.53
Trunk Biomass r? 0.601 0.637 0.964
a 1.003 10 1.001
b -0.029 0.0 -0.012
RMSE (kg/mz) 3.80 3.49 111
Crown Biomass r2 0475 0518 0.964
a 10 10 1.001
b 0.0 0.001 -0.012
RMSE (kg/ml) 094 091 0.47
Total Dry Biomass r2 0573 0.632 0.958
a 1.0 0.992 0.985
b 0.242 0.204 0.260
RMSE (kg/mZ) 4.67 411 1.40

The estimates of dry biomass for the trunk, crown and
aboveground total have rms errors of 1.1, 0.5, and 1.4 kg/m?,
respectively. The distributions of these errors are shown in Fig.
9. The error bars assume 20% uncertainty in the allometric
estimation of biomass. The errors are randomly distributed
over the entire range of biomass (up to 25 kg/m?), indicating
that “saturation effects” are not inhibiting estimate accuracy.

Having established that the preceding methodology can
yield accurate estimates of forest biophysical properties, the
approach can be applied in the image domain to create
thematic maps at regional scales. This is is illustrated using
the SIR-C data from the region including the Raco Supersite
(Figs. 10 and 11). The a priori classification given in Fig. 2
is used to specify retrieval algorithms and their coefficients
at the pixel level for height and basal area (Fig. 10). Crown
biomass is estimated in a similar fashion [Fig. 11(a)]. Ancillary
information concerning taper factor and wood density are
combined with ?)a and h to estimate trunk biomass [Fig. 11(b)].
Total biomass [Fig. 11(c)] is the summation of crown and
trunk fractions.

These thematic maps are useful for regional ecosystem
mapping and process models as well as for local resource
management. In the region of the Raco Plain, for example,
budworms have seriously damaged many of the jack pine
stands. The susceptibility of jack pines to infestation is known
to be a function of the local distributions of height and basal
area. Hence, thematic maps of these two variates can be used to
generate susceptibility maps to guide forest management plans.

The biomass map alone can be used to provide an estimate
of the aboveground carbon pool. In addition, there is an oppor-
tunity to improve estimates of carbon flux since maintenance
respiration can be calculated on the basis of the distribution of
the woody biomass. Woody biomass is given as B; + X;B.
where X; is the allometrically derived fraction of the crown
comprised of woody stems for the ith class.
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Fig. 8. Accuracy of SIR-C SAR-derived estimates of (a) basal area and (b)
height.

C. Improvement Using SIR-C/X-SAR

Due to misalignment between the SIR-C and X-SAR an-
tennas [see Fig. 4(c)], only a fraction of the forest test stands
at the Raco Supersite were imaged by X-SAR (59% of the
deciduous stands and 37% of the coniferous stands). Within
this limited data set, the optimum functions and coefficients for
the estimation (11)-(14) are recalculated using SIR-C and X-
SAR data. For those cases where the inclusion of X-SAR leads
to an increase in r2, the equations are included as subsections
in Tables III-V. In all cases, X-SAR is only selected when used
in combination with longer wavelength and cross-polarized
data (usually L-band). The addition of X-SAR ratios is found
to significantly reduce rms errors in estimates of height for
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Fig. 9. Accuracy of SIR-C SAR-derived estimates of dry biomass: (a) trunk biomass, (b) crown biomass and (c) total biomass.

decurrent tree forms and also in estimates of crown biomass
for excurrent tree forms.

However, the sample size is too small to evaluate the
statistical significance of these results. This will have to be
done using other X-SAR data takes from SRL-1 and SRL-2.
The X-SAR data is not used to generate the results shown in
Figs. 8-11.

V. CONCLUSION

In this study we have examined relatively simple approaches
for retrieval of forest biophysical properties from orbital SAR
data. In general, a power-law relationship is found to exist
between o° and dry biomass which saturates at biomass levels
that scale with wavelength. The slope of this relationship and

the saturation behavior are found to be controlled by forest
structural attributes. As a result, simple direct retrieval of total
dry biomass from ¢° or multifrequency ratios is found to be
ill-posed in our study area unless the effects of forest structure
are taken into explicit account. A methodology for doing so
is developed and tested using the SIR-C/X-SAR data obtained
at the Raco Supersite during SRL-1 in April 1994.

This methodology uses a three-step process. First, a given
terrain element is classified into a structural category on the
basis of either 1) SAR-derived structural class (i.e., surface;
short vegetation; tall vegetation subdivided by tree form,
branch architecture and foliage characteristics) or 2) a priori
classification by some other means. Secondly, polarimetric
SAR data is used to empirically estimate primary structural
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Fig. 10. Images of SIR-C SAR-derived (a) estimates of trunk height and (b)
basal area in the Upper Peninsula of Michigan.

variates (basal area, height and crown biomass) of forested
areas. The coefficients of the estimation algorithms are specific
to each structural class. Lastly, trunk biomass is estimated
from basal area and height using a simple biophysical model
that requires commonly available information on trunk taper
factor and the density of wood for each structural class. Net
dry biomass is estimated as the sum of the trunk and crown
biomass.

The methodology is tested using the SIR-C data alone
and in combination with X-SAR data for three classification
scenarios. In the first, only excurrent and decurrent tree forms
are classified. In the second, the excurrent tree form is further
subclassified on the basis of foliage structure (short versus
long needles). The third scenario includes subclassification of
both excurrent and decurrent tree forms on the basis of branch
size (large and small). The accuracy of the retrieval process
is found to be highly dependent upon the level of antecedent
classification. For total dry biomass, the rms errors are found
to be 4.7, 4.1, and 1.4 kg/m? for classifications levels 1 to
3, respectively when applied to the 60 or more test stands.
These results are further improved by addition of X-SAR
data, particularly the estimation of crown biomass. However,
the statistical significance of this improvement cannot be
fully evaluated due to a small sample size resulting from
antenna misalignment. The testing population includes forest

communities representative of both the boreal forest and the
northern temperate forest. Total aboveground dry biomass
ranges from O to 25 kg/m? for the sample population. In
general, the SAR-derived estimate errors are on the order of
those obtained by intensive biometric surveys of the test stand
(2 10% area sample for trees greater than 5 m in height and a
3% area sample for trees less than 5 m in height).

The estimation equations make use of both the amplitude
and relative phase information of SIR-C. In general, the
shorter wavelengths (C- and X-band) alone or as ratios to
L-band hv-polarized data yield the best estimation functions
for crown biomass. Longer wavelength data, particularly L-
band with hv-polarization, are best for estimation of trunk
related properties (basal area and height) for excurrent tree
forms. This is to be expected for tree types that produce strong
bistatic returns from trunk and surface interaction. Although
these decurrent tree species all have large and near-vertical
trunks, higher frequency data at C-band is generally selected
for estimation of trunk-layer attributes. This result indicates
that the trunk-layer structural attributes are being inferred from
crown-layer properties with which they are highly correlated.
Relatively poor correlations between L-band backscatter and
height indicates that the large branch elements in the crown are
the dominant scatterers at this wavelength. This also explains
the higher rms errors found for the decurrent tree forms relative
to the excurrent forms.

The estimation functions are applied in the image domain
to illustrate the landscape patterns of the derived properties
over an ecophysiological gradient. The lateral and temporal
extensibility of the specific estimation functions obtained in
the study are limited by two sets of factors. First, there are
sensor-related factors given by SAR calibration. In this study
we have used the standard SIR-C/X-SAR single-look products
with no additional post-processing calibration applied at the
local scene level. Hence, any calibration errors inherent in
this scene (or some other scene) will affect the equation
coefficients. Secondly, there are several factors related to scene
properties: 1) moisture or dielectric effects and 2) allometric
relationships. The empirical approach used herein implicitly
incorporates the dielectric properties of the vegetation and
the underlying surface into the equation coefficients for each
structural class. These are known to vary with time; and
the extent to which these effect the equation coefficients is
being evaluated using the remaining SIR-C/X-SAR images
obtained in April and October 1994. During SRL-1 and 2
missions, the Raco Supersite experienced surface conditions
including wet snow, dry snow, no snow, saturated soil to dry
soil and vegetation conditions ranging from pre-emergence
of deciduous shoots to senescence. These effects are the
subject of continuing research and will be reported upon at
a later date. In addition, lateral extensibility is affected by
the regional nature of allometric relationships. Hence, locally
derived allometric relatioships should be used where possible.

In spite of these caveats, this study shows that high ac-
curacy retrievals of forest height, basal area, crown and
trunk biomass are possible using SIR-C/X-SAR. While simple
single frequency and polarization retrievals are limited by
saturation effects, the multi-step approach used herein shows
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retrievals are accurate up to at least 25 kg/m? for the forest
communities studied. The challenge now lies in extending the
approach regionally outside of the area of development and
in applying the SAR-derived information to ecological and
resource management problems.
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