
A Composite L-Band HH Radar Backscattering
Model for Coniferous Forest Stands
Guoqing Sun and David S. Simonett
Department of Geography, University of California, Santa Barbara, CA 93106

ABSTRACT: The radar backscattering model developed by Richards et al. (1987), has been improved and further tested
in this research. The trunk term may now be calculated from the exact solution to the electromagnetic wave equations
instead of the corner reflector equation. Rough 'surface models have been introduced into the radar model, so that the
forward reflectance and the backscattering from the ground surface are now calculated from the same model and, thus,
are consistent. The number of trees in an individual pixel is assumed to be Poisson distributed, with tree height in a
stand log-normally distributed. The simulated results show that the match of backscattering coefficients for eight forest
stands between SIR-B image data and the simulated results are satisfying, and that the trunk term now seems to be
convincingly established as the dominant term in the L-band HH radar return from coniferous forest stands.

INTRODUCTION

I N A EARLIER PAPER (Richards et aI., 1987), we introduced an
L band HH radar backscatter model of a coniferous forest

stand, in which four scattering components were considered:
volume scatter from foliage, direct backscatter from the ground
surface, bistatic scatter from trunk to ground and then reflection
back to the radar, and scatter from foliage to ground and then
reflection back again. This model has been improved through
the following implementations:

• Bistatic scatter from a dielectric cylinder is calculated using the
exact solution of wave propagation equations instead of a corner
reflector model;

• Rough surface models have been introduced to the model so that
backscatter and forward reflectance of the underlying surface can
be calculated simultaneously and therefore conSistently; and

• The Poisson distribution of trees within a stand and the Lognor
mal distribution of the tree height are assumed based on earlier
research results (Li and Strahler, 1985).

The numbers of pixels simulated are the same as that used
from SIR-B. The input parameters to the model include average
tree numbers per pixel, the average tree height, variance of tree
height, and wavelength, with assumptions on extinction coef
ficient (K), volume scattering coefficient ('T]) for foliage, relative
dielectric constants for tree trunk and soil, and roughness pa
rameters of the soil surface.

The following sections will describe the test sites, SIR-B image
data, field sampling data, and the modeling process.

STUDY SITES AND DATA AVAILABLE

The study area is located south-east of Mount Shasta, in
Northern California. Most of the forest stands are natural stands
of Ponderosa Pine, with underlying surfaces which are very
level. Tree height in the area ranges from about 10 to 50 metres,
and densities vary from 15 to 50 trees per [25m)2 radar resolution
cell.

SIR-B images with three incidence angles (29.7°, 53.8°, 63.8°)
were obtained during the period 8 to 11 October 1984. One of
them (53.8°) missed about one half of the study area.

The lowest digital number (ON) in a SIR-B scene, which is in
the shadow of Mount Shasta, is assumed as the noise floor and
has been subtracted from the image. The ON of the images were
converted to relative backscattering coefficients by the following
equation:

where ONa is noise level, an is a constant for matching SIR-B data
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with the simulated results at one point, and S is the scale factor
of the images to convert the recorded signal from radar receiver
to image ON during the image processing.

Figure 1 shows the TM image of Band 3 and SIR-B image at an
incidence angle of 29.7° of the test sites. The eight different
forest stands are outlined in the TM image.

Extensive field sampling was carried out a year after the SIR
Bflight, with sampling of forest stands of various densities. The
measurements include tree species, tree count, OBH (diameter
at breast height), total height, height to widest part of crown,
width of crown, and the positions for each sampled tree, which
allows for the analysis of tree distribution pattern in a stand.
Four to six plots, aggregating to about 150 trees for each stand,
were sampled.

The relationships between the tree total height, and height
to the widest part of crown with respect to OBH, were estab
lished by regression analysis and serve as inputs to our model.

FOUR COMPONENTS OF THE FOREST STAND MODEL

Four backscattering mechanisms have been used as depicted
in Figure 2: These are foliage volume scattering, surface scat
tering from an underlying soil layer, bistatic scattering from the
foliage to the ground and back to the radar, and bistatic scat
tering from the trunk onto the ground and again followed by
reflection from ground to the radar. The last two mechanisms
can also take place in the opposite directions.

The first component, foliage volume scattering, is given by the
water cloud model (Attema and Ulaby, 1978)

'r/ cosOae =~ [1 - exp ( - 2KhcSecO))

in which 0 is the local incidence angle and he is the effective
depth of the canopy, and 'r/ is a volume scattering coefficient
and K is the canopy extinction coefficient, values for both of
which are often found experimently.

The direct backscattering from the soil surface is the second
component in the model. Depending on the conditions of the
ground surface, the small perturbation model and Kirchhoff
model have been used to calculate the backscattering and spec
ular reflection of the surface. Most surfaces in our study area
meet the requirements of the small perturbation model. The
backscattering is given by (Dobson and Ulaby, 1986)

ar; = ~X4(ku)"'kL)'cos48exp [-(kLsin O)~ I Rhh l1exp(-2Kh,secO)
A

and the forward reflectance of the surface is
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FIG. 1. SIR-B image at an incidence angle of 29.YO and TM band 3 image of study area, located southeast of Mount Shasta. Stands 1 through 6 are
natural forest stands and stands 7 and 8 are plantations of Ponderosa pine.

P5 = R"" exp [ - 2(k acosW]

where A 5 is the surface area not obscured by trunks and A is
the area of a pixel. R"" is Fresnel reflectance of the surface. (J'

and L are the RMS roughness and surface correlation length,
respectively.

The third component due to the interaction between canopy
and ground derived from the model by Engheta and Elachi
(1982) can be written as

a;;-s = hc"'" I Ps I'exp( - 2a)[2 + I Ps I'exp( - a)sinh(a)/a]
The fourth component is the bistatic scattering from the tree

where a = Khc secO.
The fourth component is the bistatic scattering from the tree

trunk onto the ground and back to the sensor. We assume that
the tree trunks are smooth in the surface and can be modeled
as dielectric cylinders, and that trees are randomly distributed
in a homogeneous forest stand.

For a dielectric cylinder with length h, and radius b, which
satisfies h, » 2b, the bistatic scattering cross section in the far
zone is (Ruck et aI., 1970, pp 302-307)

cr(OAA') = kh~ sin'05if(O,cf/) [sin(k(COso+ COS(5 )h,/2)]'
7T k(cos 0+ cos (5)h ,/2

where 0"(O,cf>') is scattering width of a dielectric cylinder with
infinite length.

In the case of the HH mode, the scattering width in the
specular direction (cf/ = 0) is

4 Il.X

if( 0,0) = -.-, I 2: (-1)" C" I'.
k sm 0 ,,=_%

If the cylinder material has a relative permeability, JLz = 1, and

dielectric constant, 1:" then the exact series solution coefficients
are (Ruck et aI., 1970, pp. 273)

C = _ M" N" - q~ ],,(xo) H~')(XO) P.. (x,)

" P" N" - [q" H~,')(XO) ],,(x,W
where] and H and Bessel functions of first kind and Hankel
functions, respectively, and

Xo = kb sinO,

x, = kb Y 1:, - coszO,

q" = n ~~SO [I:Z_ ~OSZO - si~'ol
P" = r,H~/)(xo)]" ' (Xl) - saHi,l), (XO)],,(x l),

N" = s,Hi,')(XO)J,: (Xl) - soHi,'), (XO)J,,(X I ),

M" = rl],,(XO)],: (Xl) - sol,: (XO)],,(xl ),

and

1 1:, 1
So = sino' 5, = Yl:z-coszO' r, = Yl:z-COS'O

On the assumption that the cylinder has a smooth surface,
there will be no direct backscattering from the trunk at oblique
incidence. The contribution of the tree trunk to backscattering
is assumed to be a part of the bistatic scattering from the tree
trunk reflected toward the radar by the soil surface. For scat
tering in the specular direction, 85 = 1800

- 8 and cf/ = 0, the
scattering cross section from the finite cylinder is

khZ
(J"( 8) = ----!. sin'8if(8,0)

7T
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FIG. 2. Backscatter components employed in the forest stand model.

If there are n trees in a pixel, and coherent summation is used,
the total radar cross section of tree trunks will be

1.4~ -----,

;="

(j, = 1 L "\.101 ei<f>, 1
2

;=1

1.2

where oj, 4>; are the radar cross section and the phase angle of
radar return from the i'h tree.

For denser forest stands, where the tree number in a pixel
is large, incoherent summation may be assumed: i.e.,

;=11

Then the backscattering coefficient of the fourth component
can be written as

2
aD = -I P 12 a e -2Kllclcos8
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R2 = 0.87 was used here based on previous research (Li, 1981),
even though another regression DBH = 0.155 + 0.000339 x h2 has
higher R2 = 0.90. The equivalent trunk (cylinder) height (h,)
has been chosen to be the length of the trunk between the
ground and the bottom of the crown plus two thirds of the
actual crown height. The effective canopy depth (he) was deter
mined by measuring from the top of the tree down to the height
above the ground at which the crown was widest. Because of
randomness of tree numbers and heights in an individual pixel,
the equivalent planar thickness of the canopy is calculated from
the average tree height in the pixel, and assumed to be equal
to the average measured canopy height of the trees, based on
the assumption that the forest canopy is nearly closed. Another
option for estimating canopy thickness is to establish an equiv
alent slab of canopy with the same volume as the trees in a

HEIGHT(m)

FIG. 3. Linear regression of DBH versus height for Ponderosa pine.

IMPLEMENTATION OF MODELING

Our radar backscatter model is used to generate the statistics
of radar backscatter for pixels constituting a forest stand of given
characteristics. Thus, the stand-specific data needs to be defined
first.

The relation between tree height and DBH (diameter at breast
height) has been determined from field measurements (Figure
3). A linear regression relation DBH = 0.00531 +0.0172 x h with

In the above formulation, note that the radar cross section is
divided by the area of a pixel and multiplied by the two-way
transmission coefficient and a factor 2, taking into account the
mirror effect of the ground surface.

The incident rays penetrate the first layer, and are scattered
and attenuated in this layer. The rays illuminating the soil sur
face are backscattered toward the radar after being attenuated
by the first layer again. The rays illuminating the tree trunks
undergo a more complex process. The incident rays will be
reflected in the specular direction and then reflected again by
the soil surface toward the radar. The total backscattering coef
ficient of a pixel will be
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all tree trunks in a pixel have been tested. The results given in
this paper are all derived from coherent summation, in which
each trunk has been assigned a random phase with 0 - 27T.
Also the four adjacent simulated pixels have been averaged to
imitate 4-100k radar images.

Assuming an average tree number nm in a rectangular pixel
of the radar image, and that average tree height and variance
in a forest stand are known, simulation of a pixel in the radar
image is as follows:

• generate the number of trees in the pixel from the Poisson distri
bution and generate a height for each of the trees in the pixel from
a lognormal distribution;

• divide the pixel area into a O.5-m grid and position these trees in
the pixel by generating (x, y) coordinates for each tree from uni
form distributions; i.e., randomized spatially, with equal proba
bility of drawing any grid position, but excluding previously
occupied grid positions;

• calculate the radius of each tree from its height and determine the
equivalent depth of canopy from the averaged tree height in the
pixel using the relations derived from field data; and

• calculate the backscattering coefficients for each component and
then sum them.

The same number of pixels as in the SIR-B images have been
simulated for a forest stand and the mean and standard devia
tion of the backscattering coefficient have been compared with
the SIR-B images.

Comer Reflector
50 Ir-----~--r--~--

Height (m)

FIG. 5. Radar cross sections of dielectric cyl
inders over a plane with reflectance 1.0 at
an incidence angle of 29.7°. Diameter and
height are related according to the regres
sion in Figure 3. Also shown is the radar
cross section calculated from the corner re
flector model at the same incidence angle.

SIMULATION RESULTS

Figure 6 shows the simulated curves of backscattering coef
ficient versus incidence angle. Also shown in figure are the four
model components. In order to show the angular behavior of
the model more clearly for illustrative purposes, average tree
number and tree height in the forest stand were fixed and cho
sen as 20 trees and 20 metres, respectively, for this figure, though
in the actual comparisons for each pixel, tree number and height
employed the Poisson and log-normal distributions. Other pa
rameters used in the simulation are as follows: wavelength
0.235m; dielectric constants of tree trunk 4.Q-2.0i; of soil 7.Q
1.5i; volume backscattering and extinction coefficients of canopy
0.02m2m-3 and 0.1 Npm- 1 • The soil surface is assumed to meet
the requirements of the small perturbation model and 0.02 m
and 0.14 m were used for (T and L.

The curves clearly show that, when the incidence angles are
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FIG. 4. Quantile-Quantile plot of log (DBH) versus normal distribution.

pixel, having regard to the individual tree canopies comprising
simple shapes such as cones.

The distribution of tree density within a stand is assumed to
be Poisson distributed based on the previous work by Strahler
and Li (1981, 1985). The basic assumption in applying a Poisson
distribution is that trees occur randomly, Le., all locations are
equilikely and independent. This is a reasonable assumption
for undisturbed natural forest stands, and may also be suitable
for older plantations which have experienced many thinnings.
The field work by Strahler and Li (1981) in the specific target
stands, which belong to the same natural forest and mainly
consist of Ponderosa pine as did our study area, has shown a
reasonable fit to the Poisson model for intermediate and dense
stands at pixel (quadrat) sizes of 10 to 30 m.

Previous work by Johnson (1949), Hafley Scheuner (1977),
and Li and Strahler (1985) has indicated that the heights (di
ameters) of trees of a given species vary in a log-normal fashion
in reasonably closed stands. Figure 4 shows a Quantile-Quantile
plot of 10g(DBH) versus normal distribution. The bulk of the data
is distributing along the straight line, which indicates that this
is basically a log-normal distribution, but with shorter tails in
both low and high ends indicated by departures of the data
from log-normality. In the low end this is because only trees
with DBH greater than three inches were measured. On the
other hand, trees can never grow infinitely as the theoretical
distribution, which causes the shorter tail in the high end. Ac
cordingly, in the simulation we have set limits for both ends.
When the tree height generated from the simulation is greater
than the high limit or less than the low limit, the tree is assigned
to the average height, as an input parameter.

In order to reduce the computation of radar cross sections of
several tens of cylinders in each pixel, a look-up table has been
calculated for each radar incidence angle. Figure 5 shows the
curve stored in a look-up table for incidence angles of 29.7°,
which includes the radar cross section of cylinders of height
from 2.0 to 80 metres in increments of 0.1 meter. The radius of
the cylinder is determined from the regression relation derived
from field measurements. The curves for incidence angles of
53.8° and 63.8° have basically the same shape as that shown in
the Figure 5 except that there are slightly different ripples when
trees are smaller.

Different methods for summing the radar cross section from
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FIG. 8. Observed (0) and simulated
(6) backscattering coefficients for
eight different forest stands. Results
are shown for six natural forest
stands (1~) and two plantations (7
8). The vertical bars around the
means of SIR-B data show the range
of one standard deviation. The SIR
B data have been adjusted to match
the simulated data at one point
(stand 4 in plots a and c, and stand
6 in plot b). Figure 8a is for 29.7",
8b for 53.8°, and 8c for 63.8°.

conditions ranging from dry soil to standing water. Points "a"
through "f" represent a range of actual surfaces with various
moisture contents, and point "g" the surface with standing water
under trees. A 3 to 6 dB increase in backscattering coefficient
from forest stands when there was standing water under it,
observed by some investigators (Engheta and Elachi, 1982;
Ormsby et aI., 1985; Stone and Woodwell, 1985; Hoffer et aI.,
1985; Imhoff et aI., 1985; Paris and Parrish, 1985 a, 1985 b), is a
direct result of the corresponding change of surface forward
reflectance. As shown in Figure 7, the equivalent range for our
model is 3 to 8 dB. Please note that this effect can only be
explained when the interaction terms are dominant. Of the two
interaction terms in our model, the trunk term is always much
the larger.

Figure 8 shows comparisons between simulated backscatter
ing coefficients and SIR-B data over eight Shasta forest stands at
three incidence angles. Stands 1 through 6 are natural forest
stands and 7 and 8 are plantations of about 20 years old. Be-
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FIG. 6. Simulated backscattering coefficient as a function of incidence
angle, for 20 trees 20 metres high. Shown also are the individual
backscattering components.
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FIG. 7. Simulated backscattering coefficient from forest stand 1 under
various surface conditions at an incidence angle of 29.7°. The curve with
the 6s is for a smooth surface, and that with the Os for a slightly rough
surface, which is assumed to satisfy the requirements of the small per
turbation model.

small (8 = 10°), the surface term is important, while the volume
scattering term becomes dominant when the incidence angle is
large (8 > 65°-70°), whereas for intermediate values of 8 = 10°_
65°, the trunk term is dominant. The model seems to have good
angular behavior, consistent with both theoretical and empirical
expectations even though there is no appropriate SIR-B data to
test it.

The sensitivity of backscattering to change in surface prop
erties is shown in Figure 7, in which we plot simulated back
scattering coefficients from a forest stand under various surface
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FIG. 9. Shown here are the ranges
of plus and minus one standard de
viation about the means from sim
ulation. The variances of the
simulated (0) are very similar to
those of observed (l',) data in Fig
ure 8.

cause there is no absolute calibration in the SIR-B images, the
SIR-B data were adjusted by subtracting a variable (for different
images) dB level to match the simulated results at one point
(stand 4 in Figures 8a and 8c, and stand 6 in Figure 8b). The
error bars around means in the plots show the range of one
st~ndard deviation of SIR-B data. At an incidence angle of 29.7°
(FIgure 8a) the remaining agreement between simulated and
SIR-B data is satisfying. The simulated data fall well within one
standard deviation of SIR-B data except stand 8. At 63.8° there
are two major departures; stand 2 and 8. There are only four
stands covered by the SIR-B image of 53.8°.

Generally, the mismatch may arise from the inappropriate
sampling of both field and SIR-B images. It is quite often found
that a single plot selected from random or systematic sampling
p.rocedures not quite suitable for representing the area, espe
Clally when the number of sampled plots is relatively small as
in our study. A SIR-B subimage of 400 pixels for each forest stand
was selected to represent a given forest stand. However, there
is uncertainty in the estimated backscattering coefficients for
each stand, the accumulation of which may change the agree
ment between simulated and SIR-B data. A rigorous statistical
comparison based on certain confidence levels will subse
quently be performed to ensure the realistic behavior of our
model. The mismatch of stand 8, which is a young plantation,
in both incidence angles may also be due to the existence of an
understory of tangled Ceanothis shrubs in the stand, which is
ignored in our model at present.

Figure 9 plots the one standard deviation error bars for sim
ulated data, from which we can see that the variances of the
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data are quite similar to that of the SIR-B data. The spread of
the simulated data results from both the randomness of tree
number and height in a pixel and the coherent summation of
radar cross sections of tree trunks. The similarity of variances
between simulated and SIR-B data indicates that the fading phe
nomenon in SAR images is properly simulated in our model.

CONCLUDING REMARKS

In comparison to earlier studies which primarily were con
cerned with foliage contributions, the inclusion of the trunk
term in our composite model proved to be critical to explain the
radar returns from coniferous forest stands in terms of both
mean and variance of backscattering. Without the trunk term,
the trends of backscattering from different forest stands ob
served experimentally cannot be accounted for (Richards et aI.,
1987). Tree trunks constitute the major part of living material
in coniferous forest stands. Also, the scattering involved with
the trunk term is forward scattering. Hence, the trunk term
becomes dominant in the L Band HH radar return, where both
backscattering and extinction of foliage is relatively small.

The volume backscattering coefficient T/ and extinction coef
ficient K of the foliage layer used in this simulation are 0.02 and
0.1, respectively. In the case of the extinction coefficient, our
estimate is derived through comparing the backscattering of SIR
B pixels with and without the Active Radar Calibrator, and is
about 0.06 Npm· 1 or -0.25dBm· l

• The volume backscattering
coefficient T/ was determined from K according to Attema and
Ulaby (1978). While this estimation may be questionable, the
sensitivity of the model to substantial changes in T/ is low be
cause the volume scattering term is not a dominant term in most
cases at this (L-Band) long wavelength. The T/ and K should not
be the same for different forest stands. An appropriate model,
by which the T/ and K may be estimated from tree density, size,
and shape, is now under development for introduction to our
model.

The comparisons of radar cross section of dielectric cylinders
calculated from the exact solution with that calculated using the
corner reflector model showed that they are in close agreement
at an incidence angle of 29.7° (Figure 5). It is also worth noting
that the model behaves much better at an incidence angle of
29.7° than at 63.8°, which probably arises because (1) at higher
incidence angles the volume term tends to become dominant
(because this term is almost the same for many stands, it follows
that discrimination between different forest stands is corre
spondingly reduced) and (2) the signal to noise ratio of the
image for 63.8° is low. The most suitable SIR-B images to be used
for inversion seem to lie at small incidence angles. If images
close to 30° (29.7°) were to be used for inversion, the corner
reflector model could be used to simplify the inversion proce
dure.
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