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A Simple Moment Method of Forest Biomass
Estimation From Non-Gaussian Texture Information
by High-Resolution Polarimetric SAR

Haipeng Wang, Member, IEEE, and Kazuo Ouchi, Senior Member, IEEE

Abstract—A simple method is described to estimate forest bio-
mass by high-resolution polarimetric synthetic aperture radar
(SAR). The method is based on the regression analysis between
the measured biomass from the ground survey and the second in-
tensity moment of the non-Gaussian texture in the cross-polarized
L-band SAR images. The SAR data used in the analysis were ac-
quired by the airborne polarimetric interferometric SAR over the
coniferous forest in Hokkaido, Japan. The regression analysis was
first carried out, and a model function was derived to relate the
intensity moment and the measured biomass in 19 forest stands.
Using this model function, the biomass values were estimated and
compared with those of 21 different stands with known biomass.
The average accuracy of the moment model was found to be 85%,
which is similar to that of the previous K -distribution model. The
advantage of this method over the distribution-based model is that
there is no need to search a specific distribution function which fits
best to the image texture.

Index Terms—TForest biomass, intensity moment, non-Gaussian
texture, polarimetric high-resolution data, synthetic aperture
radar (SAR).

1. INTRODUCTION

HE IMPACT of forests on global warming is an important

factor since the effective carbon dioxide (COs2) release
by the reduction of forests is considered as large as 20% of
the total CO, release by fossil fuel burning [1]. Because of
vast nature of forests, it is time consuming and labor intensive
to measure forest parameters from ground, and therefore, the
remotely sensed data, in particular, by synthetic aperture radar
(SAR), have been used to estimate forest parameters. There
are substantial numbers of reports regarding the retrieval of
tree biomass by SAR, most of which are based on the relation
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between the backscatter radar cross section (RCS) and the
biomass measured on site [2]-[12], although data fusion [13]
and interferometric approaches [14] have also been reported.
A different approach has also been proposed to estimate tree
biomass [15], [16], utilizing the non-Gaussian texture patterns
in high-resolution polarimetric SAR images of forests. In this
method, a probability density function (pdf) which fits best
to the image amplitude is sought, and an empirical model
function is derived to describe a parameter of the pdf and the
“ground-truth” biomass. For the Tomakomai national forests
in Hokkaido, Japan, the K-distribution [17]-[19] was found
to fit best to the cross-polarized images of coniferous forests
acquired by the airborne L-band polarimetric interferometric
SAR (Pi-SAR) [20]. The results showed that the K -distribution
model could estimate the tree biomass beyond the saturation
limits (approximately 40 tons/ha for the present study) of the
RCS method with the average accuracy of approximately 86%
for individual stands [15]. There are advantages and disadvan-
tages in these two methods. The RCS method is simple and ac-
curate but requires strict radiometric calibration. The other main
drawback of the RCS method is that its saturation limits depend
on many factors, including both SAR system parameters, such
as incidence angle, wavelength, etc., and forest species [4], [9],
[14]. The K-distribution model can estimate larger biomass
with similar accuracy in comparison with the RCS method but
requires a more complex procedure of finding a pdf which fits
best to the data.

In this letter, a simple moment-based regression model with-
out using a pdf is described. In this method, a regression model
function was first derived to describe the relation between
the second intensity moment (variance) and the ground-truth
biomass of 19 stands in the same data used in the previous
studies [15], [16]. From the model function, the biomass values
of other 21 stands were estimated from the SAR data and
compared with the ground-truth biomass. Clear advantages of
this approach are that no specific pdf needs to be assumed
and that no such strict radiometric calibration as that for the
RCS method is required. It should be noted that the use of
texture analysis for image classification and biomass estimation
has been suggested in some previous papers [17], [21]-[25],
but the quantitative empirical relation between the ground-truth
biomass and the second intensity moment has not yet been
reported.

In the next section, the Pi-SAR data and test sites, including
the measured biomass, are briefly described, followed by the
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Fig. 1. Color composite Pi-SAR L-band polarimetric image of the
Tomakomai national forest in Hokkaido, Japan. The HH-, HV-, and VV-
polarization images correspond to red, green, and blue colors, respectively. The
field measurements were made at the stands labeled from 1 to 40. The white,
red, yellow, green, and blue colors of the stands represent the dominant tree
species, corresponding to spruce, red pine, larch, Todo fir, and conifer of mixed
species, respectively. Further details are shown in Table 1.

regression analysis to derive a model function from the data of
19 stands. The model accuracy is then examined by comparison
of the model-based biomass with the ground-truth biomass of
other 21 stands. Finally, the updated regression model function
is derived using all 40 sets of data, and a map of tree biomass
around the test forests is produced using the updated model
function as an example.

II. SAR AND FOREST DATA

The SAR data were collected by the airborne Pi-SAR [20].
The Pi-SAR is equipped with two quad-polarization X-band
(9.55 GHz) antennas developed by the National Institute of
Information and Communications Technology and a single
quad-polarization L-band (1.27 GHz) antenna developed by the
Japan Aerospace Exploration Agency (JAXA). The nominal
spatial resolutions in a full single look are 0.375 m in the
azimuth direction and 1.5 m in the range direction at X-band,
and at L-band, they are 0.75 and 3 m in the respective directions.

The four-look Pi-SAR L-band image of the experimental
site in the Tomakomai national forests is shown in Fig. 1. The
scene center is at (42°44’ N,141°30" E), and the data were
acquired on November 7, 2002. The image sizes are 8.9 km
in the azimuth (from left to right) direction and 4.3 km in
the range (from bottom to top) direction. The incidence angles
are 38.4°, 44.1°, and 48.6° at the near range, center, and far
range, respectively. For the regression analysis, full-single-look
L-band polarization images were used.

The field measurements were made on the 40 stands indi-
cated in Fig. 1, where the measurements of the stands 1 to 12
were made in November 2002, those of the stands 13 to 19 in
August 2003, and those of the stands 20 to 40 in August and
September 2005. During the field survey, the ground-truth data
were collected, including tree species, height, diameter at breast
height, basal area (tree cross section per unit area), and also soil
moisture on a sample site on each stand. By using these data,
the aboveground biomass was computed using the conversion
formulas which are provided by the forestry management [15],
[26]. The dominant species and the measured biomass are

TABLE 1
DOMINANT TREE SPECIES AND AVERAGE BIOMASS OF 40 STANDS. THE
B1OMASS IS IN THE UNIT OF TONS PER HECTARE, AND THE NUMBERS IN
BRACKETS ARE THE PERCENTAGE OF DOMINANT SPECIES, WHERE
THE TERM “CONIFER” IMPLIES A STAND OF MORE THAN TWO
MIXED SPECIES. THE PERCENTAGE IS THE RATIO OF THE
BIOMASS OF THE DOMINANT SPECIES TO THE TOTAL
BIOMASS OF ALL SPECIES AT EACH STAND

[ stands | tree species | B | stands | tree species | B ]
1 larch (75.4) 83.7 21 | larch (74.7) 107.8
2 spruce (97.9) 64.2 22 | red pine (93.7) 85.6
3 larch (86.0) 57.2 23 | larch (75.2) 111.8
4 Todo fir (55.2) 40.5 24 | red pine (81.8) 71.9
5 conifer 47.6 25 | Todo fir (66.7) 43.8
6 larch (83.4) 65.2 26 | red pine (52.0) 67.5
7 larch (95.9) 83.6 27 | conifer 71.6
8 red pine (94.2) 84.4 28 | Todo fir (48.1) 79.6
9 Todo fir (90.0) 83.5 29 | red pine (86.8) 126.7
10 red pine (63.9) 34.0 30 | red pine (83.5) 97.5
11 larch (94.0) 57.4 31 | red pine (100.0) 36.5
12 spruce (98.0) 70.4 32 | red pine (92.2) 79.3
13 red pine (73.3) 99.5 33 | red pine (62.6) 97.2
14 red pine (100.0) 0.9 34 | red pine (79.4) 97.4
15 larch (72.2) 40.1 35 | conifer 52.4
16 red pine (89.9) 66.7 36 | larch (46.8) 121.0
17 red pine (100.0) | 30.5 37 | red pine (59.0) 66.8
18 red pine (100.0) 5.1 38 | spruce (100.0) 0.1
19 red pine (100.0) | 13.4 39 | red pine (89.9) 56.9
20 larch (64.7) 50.8 40 | red pine (96.1) 125.3

shown in Table I. The details of the field measurements and
conversion from tree height and diameter to biomass are not re-
peated here since they are described in our previous paper [15].

III. REGRESSION ANALYSIS
A. Second Intensity Moment and Biomass

For spaceborne SARs of intermediate resolution (20 x 20 m,
for example), structures of scattering objects in the subres-
olution scale may not be resolved so that the resultant im-
ages appear as a granular intensity pattern known as Gaussian
speckle. The Gaussian speckle does not carry information on
the scattering objects except that there are many (more than
four to eight) randomly distributed elementary scatterers within
a resolution cell. However, high-resolution SARs such as Pi-
SAR can resolve some features of scattering objects. Then, the
image appears as “textured,” which cannot be described by
Gaussian statistics. Because the textural information depends
on the scattering objects, the parameters on the objects can be
extracted from the non-Gaussian properties of image ampli-
tude fluctuations. This is the basis of the pdf-based regression
model [15], [16] utilizing strong correlation between the order
parameter of the K -distribution pdf, and tree biomass was
developed.

In addition to the distribution function, the non-Gaussian
property can also be characterized by the moment (variance) of
image intensity or amplitude. In general, the second intensity
moment of the non-Gaussian speckle increases with increasing
non-Gaussianity from the value of two of the Gaussian speckle.
It is this second intensity moment that we use for estimat-
ing the tree biomass. In the present study, we first examine
the correlation between the second intensity moment of Pi-
SAR images of the stands labeled 1 to 19 in Fig. 1 and the
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ground-truth biomass listed in Table I. The second intensity
moment can be computed from

2 1L, 1 &
R

where the angular brackets indicate an ensemble average,
is the image intensity, /; is the jth pixel (intensity) value,
and N is the total number of pixels within the image of a
stand. The size of the stands in the Tomakomai forests was
typically 500 x 500 m, and some stands were subdivided
further into smaller sizes. The intensity moment is computed
over a comparably flat area of each stand, avoiding the areas
such as rivers and areas without trees which yield statistically
nonstationary texture. The number of pixels depends on the
image size of a stand, ranging from 2874 to 22 868. Statistical
stationarity and ergodicity are assumed so that the ensemble
average is approximated by the sample average. The confidence
level of the estimated intensity moment can be computed from

the variance o3, of (1) as [17]
1'2 2

o 1 <<I4> AIP)(1%)
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The result of the regression analysis is shown in Fig. 2. The
third-order polynomial
(%)

<I>2 =ag+a1B,, +GQB72n +a3B21 3)
was used for the regression curve, where B,, is the
biomass by field measurement. The coefficients of the
HH-, VV-, and HV-polarization data were found to be
ap = (2.480,2.236,2.564), a; = (—0.004,0.007, —0.009),

as = (4.598,-1.939,6.414) x 1075, and a3z = (—3.723,
11.798, —1.851) x 1077, the correlation coefficient is
r = (—0.692, —0.692, —0.929), where the values inside

the parentheses correspond to (HH, VV, HV). It can be seen
that the cross-polarization data have the highest (absolute)
correlation value than the copolarization data, which is similar
to that of the K -distribution model [16]. Thus, the regression
model of the cross-correlation data can be considered as a
suitable model for biomass inversion.

The reason for increasing the second intensity moment with
decreasing biomass is associated with the change in non-
Gaussianity, which is similar to that explained in the previous
paper [15]. Briefly, for dense forests with very large biomass,
the backscattered field is modeled as a statistically white ran-
dom field, and the resultant image is just a Gaussian speckle
pattern. SAR images of dense rain forests are good examples.
The second intensity moment of such speckle patterns takes a
constant value of two [17], [18]. This situation corresponds to
the large biomass region in Fig. 2, where the second intensity
moment approaches the value of two with increasing biomass.

In the reverse direction of decreasing biomass, trees tend to
become sparsely distributed, and the image tends to contain the
bright discrete images of individual trees. The image amplitude
fluctuations then obey non-Gaussian statistics, and the intensity
moment increases from the value of two of the Gaussian
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Fig.2. (From top to bottom) Second intensity moment (I2) /(I)? of the HH-,
VV-, and HV-polarization images as a function of the tree biomass B, of
stands 1-19.

speckle pattern. This non-Gaussianity is possible because of the
high-resolution Pi-SAR which can resolve certain structures of
forests. As the biomass approaches zero, the surface becomes
bare soil which, in general, has randomly varying surface
roughness; the image again becomes Gaussian speckle in this
limit, and the second intensity moment is expected to drop
sharply toward the value of two. However, in the test site of
Tomakomai forests, the stands of small biomass, including the
stands 14, 18, and 38, were covered by young transplanted
trees and low vegetation, i.e., they were not bare soil, and
therefore, the intensity moment did not drop as the biomass
closely approaches zero in the HH- and HV-polarization data in
Fig. 2. On the contrary, the moment of the VV-polarization data
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Fig. 3. Scatter diagram of the biomass estimated by the moment model and
the ground-truth biomass of stands 20-40. The biomass values are listed in
Table II. The solid line is the regression line fitted to the data, and the broken
line shows the ideal relation.

decreases as the biomass approaches zero. The similar effect
was seen in the VV-polarization data of the K-distribution
model. The reason is not known and requires detailed numerical
and experimental studies on the interaction between the inci-
dent microwave and forests. Such studies, however, are beyond
the scope of this letter.

B. Comparison of Model-Based and Ground-Truth Biomass

Having derived the regression model function of (3) for the
HV-polarization data, the biomass values of the stands 20 to 40
were estimated using (3) and compared with the ground-truth
biomass. Fig. 3 shows the scatter diagram between the model-
based biomass and the ground-truth biomass, and the biomass
values are shown in Table II. As can be seen in Fig. 3, good
agreement is obtained with a correlation coefficient of 0.891,
and the regression line is Byodel = 0.664Bgelq + 23.903. The
average absolute accuracy was found to be approximately 85%
for individual stands. This average accuracy is defined as 100 x
om %, where

N
1
glefNZ‘B;MLBj‘/Bj @)
j=1

and Bj(-M) is the estimated biomass of the jth stand by the
moment model, B; is the ground-truth biomass of the same
stand, and the number of stands is N = 21 for the present
case. It is of some interest that the root-mean-square error of
the moment method is 19.4% of the average ground-measured
biomass, corresponding to the biomass of 15.2 tons/ha.

C. Updated Model Function

Fig. 4 shows the result of the regression analysis using all the
biomass data of 40 stands. The coefficients of the model func-
tion are now ag = 2.265, a1 = —0.0126, ay = 1.097 x 1074,
and a3 = —3.484 x 1077, and the correlation coefficient is

TABLE 1II
COMPARISON OF THE MODEL-BASED BIOMASS BY THE MOMENT
METHOD (M-MODEL) AND THE GROUND-TRUTH BIOMASS FOR STANDS
20-40. THE BIOMASS IS IN THE UNIT OF TONS PER HECTARE

stands | M-model | ground-truth | stands | M-model | ground-truth
20 67.4 50.8 31 45.0 36.5
21 99.7 107.8 32 925 79.3
22 59.4 85.6 33 922 97.2
23 94.7 111.8 34 88.7 97.4
24 71.6 719 35 67.1 52.4
25 53.5 43.8 36 89.2 121.0
26 70.9 67.5 37 65.1 66.8
27 84.7 71.6 38 0.1 0.1
28 922 79.6 39 66.5 56.9
29 98.7 126.7 40 99.9 1253
30 96.5 975
total 1645.6 1693.6
average 74.8 77.0
28 1 T
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Fig. 4. Second intensity moment (I2)/(I)? of the cross-polarization data as
a function of tree biomass of all stands 1-40.

r = —0.863. The biomass saturation starts from approximately
80-100 tons/ha, and these values may be the upper limit of
biomass estimation by the moment model. Using this model
function, a biomass map surrounding the test site forests was
produced, as shown in Fig. 5. The individual plots were initially
segmented using the forest map provided by the Tomakomai
forestry management [26], and then, the intensity moment was
estimated and converted into biomass in each segmented plot.
This is a typical example of what can be done by the moment
model described in this letter.

Caution, however, should be made on the usage of the
regression model derived in this letter that the texture infor-
mation depends on the spatial resolution of SAR, and the
intensity moment varies even for the same forests if the SAR
resolution changes. Generally, increasing spatial resolution in-
creases non-Gaussianity and corresponding intensity moment.
The backscatter RCS depends on the radar incidence angles
[271, [28], and therefore, the intensity moment is also expected
to vary as the incidence angle changes. In the present analysis,
the incidence angles changed from 40° to 47° at the near to far
range in Fig. 1 so that the effect may be considered as small
within the scene. As mentioned in our previous papers [15],
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Fig. 5. Biomass map of the test site area in the Tomakomai national forests
computed by using the moment model function from the L-band cross-
polarization Pi-SAR data.

[16], in the situations of different spatial resolution, incidence
angles, and slopes, the regression analysis needs to be taken
again for the new sets of data. Nevertheless, the present study
will certainly open a new and different approach to biomass
estimation by high-resolution SAR.

IV. CONCLUSION

A simple method has been described on the estimation of tree
biomass of coniferous forests from the second intensity moment
of high-resolution cross-polarized Pi-SAR L-band data over the
Tomakomai national forests in Hokkaido, Japan. The technique
is to utilize the model function computed from the regression
analysis using the ground-truth biomass and the second in-
tensity moment in the textured SAR images that obey non-
Gaussian statistics. The regression model function was derived
using the data of 19 stands, and comparison was made between
the model-based biomass and the ground-truth biomass of
other 21 sets of data, resulting in the average measurement
accuracy of approximately 85%. A possible application of
making a biomass map has also been presented. The moment
model does not require any distribution function such as K-
distribution. This method neither requires such strict calibration
as for the RCS-based models. In this letter, the model function
was derived from the coniferous forests in Hokkaido, Japan,
but the technique can be applied to other forests with similar
conditions.
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