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PAPER

Experimental Validation of Conifer and Broad-Leaf Tree
Classification Using High Resolution PolSAR Data above X-Band
Yoshio YAMAGUCHI†a) , Fellow, Yuto MINETANI† , Maito UMEMURA†b) , Nonmembers,
and Hiroyoshi YAMADA†c) , Fellow

SUMMARY This paper presents a conifer and broad-leaf tree classification scheme that processes high resolution polarimetric synthetic aperture
data above X-band. To validate the proposal, fully polarimetric measurements are conducted in a precisely controlled environment to examine the
difference between the scattering mechanisms of conifer and broad-leaf
trees at 15 GHz. With 3.75 cm range resolution, scattering matrices of two
tree types were measured by a vector network analyzer. Polarimetric analyses using the 4-component scattering power decomposition and alpha-bar
angle of eigenvalue decomposition yielded clear distinction between the
two tree types. This scheme was also applied to an X-band Pi-SAR2 data
set. The results confirm that it is possible to distinguish between tree types
using fully polarimetric and high-resolution data above X-band.
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1.

Introduction

Forests play an important role in the carbon storage (biomass)
and the carbon dynamic cycle. In this regard, forest monitoring by polarimetric SAR (PolSAR) and polarimetric interferometric SAR (PolInSAR) have attracted attention in recent
years [1]–[4]. PolSAR information is sensitive to orientation and structural parameters, while PolInSAR information
(coherence) is sensitive to spatial variability. The combination of PolSAR and PolInSAR has found to be effective
for precise forest mapping and forest-type classification [1].
PolInSAR techniques associated with optimal coherence are
now applied to forest type classification and forest height
retrieval for accurate biomass estimation [1], [2]. Usually,
low observation frequencies are preferred such as L-band or
P-band, as they offer deeper penetration into the canopy.
Forests consist of different tree species according to
location, varying from tropical rain forest to boreal forest.
Typical boreal tree species are broad-leaf and conifer trees.
In the middle latitudes, there is some mixture of conifer and
broad-leaf trees. There is a need of precise monitoring forest.
This paper shows how to distinguish or classify conifer
and broad-leaf trees by polarimetric information present in
high frequency SAR. If radar measurements of forests operate above X-band, the penetration depth through the canopy
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becomes small. The dominant scattering comes from tree
canopy at these high frequencies. If the polarimetric scattering mechanisms of these canopies differ, it may be possible
to distinguish these tree species from just the polarimetric
information.
We have conducted 2-D fully polarimetric measurements of conifer and broad leaf trees at Ku-band in an anechoic chamber to examine the difference of scattering mechanisms. The purpose is to validate the classification possibility of conifer and broad-leaf trees at high frequencies
above X band. The previous work [5] showed the possibility in the 2–5.5 GHz range by using entropy-alpha angle
(H/ᾱ) decomposition. Following [5], this paper presents
the separation results at Ku-band using scattering power decomposition [6] and H/ᾱ eigenvalue decomposition [7]. A
similar classification result was also confirmed by the X-band
airborne Pi-SAR2 [8] data set. These experiments support
the discrimination capability of conifer and broad-leaf trees
by high-resolution PolSAR data.
2.

Polarimetric Measurement of Conifer and BroadLeaf Trees

Conifer trees have needle-like leaves. From the high frequency polarimetric scattering point of view, conifer trees
can be considered as a cloud of randomly oriented dipoles. In
polarimetric measurements, conifer trees generate the crosspolarized HV component at all incidence angles, which
yields predominantly volume scattering in the polarimetric scattering power decomposition. On the other hand, the
broad-leaf trees have flat leaf surfaces. If the radar incidence angle is less than 45◦ , radar waves impinge on the
leaf surface directly. Surface scattering occurs on the leaves,
producing surface scattering power. If the incidence angle
becomes larger, radar waves tend to impinge leaf edges and
do not induce surface scattering. These scattering and incidence angle characteristics seem significant when the sizes
of leaves are comparable with the wavelength. The purpose
of our measurements is to examine the different polarimetric
responses from these trees at Ku-band.
Using a 4-port vector network-analyzer, full PolSAR
measurements were conducted in an anechoic chamber at
Niigata University, Japan. The specifications are listed in
Table 1. The range resolution is 3.75 cm. Four polarimetric
horn antennas were scanned in the azimuth direction along
2.6 m track at 1 cm increments. This data acquisition method
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Table 1

Measurement specifications.

tree. The upper row is for incidence angle of 30◦ , the middle
row is for 45◦ , and the lower row is for 60◦ . These 3 × 3
tree arrangements are used for Figs. 3, 5, 7 and 8 in the next
section.
3.

Analysis Methods

After collecting the PolSAR measurements, scattering matrices for each situation shown in Fig. 2 were obtained. Then
we analyzed the data sets using the 4-component scattering
power decomposition [6] and alpha-angle [7]; these are well
known methods in polarimetric data analysis [9].
3.1
Fig. 1 Experimental set-up for PolSAR measurement of ornamental
broad-leaf and conifer trees.
Table 2

Range R and height H.

Scattering Power Decomposition

First, 4-component scattering power decomposition [6] was
applied to the data sets. This method decomposes the total
power T P of an imaging window into the surface scattering
power Ps, the double bounce power Pd, the volume scattering power Pv, and the helix scattering power Ph.
Total Power: T P = Ps + Pd + Pv + Ph

Fig. 2

Tree arrangements seen from antenna at different incidence angles.

is the same as Stripmap mode of normal SAR system. Small
ornamental conifer and broad-leaf tress were used for targets
as shown in Fig. 1.
In order to check the incidence angle dependency in the
PolSAR scattering, we have inclined trees as shown in Fig. 1
with incidence angles of 30◦ , 45◦ , and 60◦ . The corresponding experimental ranges and heights from the floor are given
in Table 2.
Figure 2 shows tree arrangements at different angles.
The left column shows a broad leaf tree, the middle is a
mixture of both trees, and the right column shows the conifer

(1)

These powers are used to create RGB color-coded images
with Pd assigned to Red, Green to Pv, and Blue to Ps.
The helix power Ph is assigned to Yellow (1/2 Red and 1/2
Green). The HV component in this study plays the most
important role in tree classification. The window size in
this analysis was chosen as 2 × 3, with 2 pixels in the range
direction and 3 pixels in the azimuth direction. This window
size (7.5 cm × 3 cm) was determined considering the tree
size and radar resolution.
Figure 3 shows the scattering power decomposition image yielded by the tree arrangement in Fig. 2. The broad-leaf
tree exhibits a blue color and conifer tree looks green, from
this we can distinguish two tree types by color information.
As incidence angle becomes larger (up to 60◦ ), the volume
scattering power Pv (Green) increases slightly as a general
rule. If the incidence angle becomes even larger, radar waves
tend to impinge on the leaf edges and do not induce surface
scattering. Due to the high-resolution of the data sets, it is
possible to see the details and the scattering properties of
tree structures by eye inspection.
If we check the decomposition result quantitatively, the
power ratio becomes as shown in Fig. 4. The power ratio of
the 4-component scattering powers is displayed for broadleaf and conifer trees for the case of 30◦ incidence angles.
We confirmed that Ps is dominant in the broad-leaf, whereas
Pv is dominant in the conifer tree.
3.2

Eigenvalue Decomposition — H/Alpha-Bar Angle

Since the scattering power decomposition image distinguishes broad-leaf and conifer tree by color, it seems that
it should be possible to classify them by other polarimetric indexes. We applied the H/alpha-bar classification from
the eigenvalue analysis [7] to the same data sets. Since this
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Fig. 5
Fig. 3 Color-coded scattering power decomposition [6] images with Blue
corresponding to the surface scattering power Ps, Green to the volume
scattering power Pv, Red to the double bounce scattering power Pd, and
Yellow to the helix scattering power Ph.

Fig. 4

Decomposition power ratios.

method is well established, and the most frequently used one
in the PolSAR data analysis [9], the details of the method
are omitted here. After obtaining the 3 eigenvalues (λ 1 , λ 2
and λ 3 ) of the coherency matrix in an imaging window, the
alpha-bar angle ᾱ is derived as
ᾱ = P1 α1 + P2 α2 + P3 α3

(0◦ ≤ ᾱ ≤ 90◦ )

(2)

where,
Pi =

λi
λ1 + λ2 + λ3

(i = 1, 2, 3)

(3)

The value of ᾱ roughly corresponds to that of flat surface
(ᾱ = 0◦ ), dipole (ᾱ = 45◦ ), and dihedral (ᾱ = 90◦ ). The
alpha-bar angle represents the polarimetric scattering mechanism.
Figure 5 shows the corresponding results to Fig. 2. We
see that conifer trees have large ᾱ (Red) and broad-leaf trees
exhibit small value (Blue). Thus it also seems possible to
distinguish these trees by ᾱ.

4.

1347

Alpha-bar angle of two tree types.

Classification

Based on the results of Fig. 3 and Fig. 5, it seems possible
to classify conifer and broad-leaf trees by a combined use of
the scattering powers (especially using the volume scattering
power Pv) and alpha-bar angle.
Figure 6 shows a simple algorithm for classification.
The algorithm, first obtains the scattering powers (Ps, Pd,
Pv, and Ph) and excludes noise power lower than a threshold
(−45 dB in this case). The threshold power level is dependent
on the instrument and measurement environment. Then the
algorithm classifies these trees by alpha-bar angle, where
threshold angle is set ᾱ = 30◦ . This threshold level may be
dependent on tree species and on the radar resolution at SAR
operating frequency.
Both tree types are clearly distinguished as seen in Fig. 7
when compared to Fig. 2. This indicates the usefulness of
the polarimetric information. The classification result arises
from both the high-resolution imagery and the nature of
the high frequency scattering. If the resolution is coarser,
then the dominant scattering will become volumetric for both
species. In such a case, it would be difficult to distinguish tree
type. If the SAR frequency is lower than C-band, the radar
wave will penetrate deeper into trees and will not provide
much information on the tree canopy. In such a case, it is
also difficult to classify tree type.
In addition to alpha-bar angle classification, it seems
possible to execute the same procedure by decomposition
powers only. If all processing is carried out by scattering
powers, it will be easy and beneficial for the signal processing. In this sense, we tried the next parameter for classification.
Power Anisotropy: P A =

Ps − Pv
Ps + Pv

(4)

This definition is quite simple as shown in the numerator (4).
The classification criterion is decided after some trials.
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Fig. 8
Fig. 6

Fig. 7

Classification result of tree types by power anisotropy.

Classification algorithm.

Classification result of tree types by alpha-angle.

If P A < 0.2 then Conifer.
If P A > 0.2 then Broad-leaf.
This rule was applied to the same data set of Fig. 7. The
classification results are shown in Fig. 8, which are similar
to those in Fig. 7 with blue enhanced slightly. Since both
methods provide almost similar results, we can use them by
our preference. However, from the theoretical point of view,
alpha angle method utilizes full polarimetric information, it
would be safer to use alpha-angle method.

Fig. 9

5.

Yoyogi-Park by Google Earth.

Application to Real Observation Data

The experimental results at Ku-band in the anechoic chamber suggested that polarimetric scattering characteristics play
an important role in tree discrimination. The effective parameter seems to be leaf size with respect to wavelength,
resolution, and penetration capability. In order to check the
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Fig. 11

Fig. 10 Scattering power decomposition image of Yoyogi-Park, Tokyo
on Aug. 26, 2013.

discrimination availability at X-band and the discrimination
capability in the real world, we extended the previous analyses to the actual airborne Pi-SAR2 data set, acquired by
NICT on Aug. 26, 2013. Pi-SAR2 is a fully polarimetric SAR system with the very high-resolution capability of
30 cm × 30 cm on the ground [8]. The incidence angle was
approximately 50 degrees at Yoyogi-Park in Tokyo, Japan.
Fig. 9 shows a Google Earth image of Yoyogi-park in central
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Classification of conifer and broad-leaf tree in Yoyogi-Park.

Tokyo, Japan.
First, the scattering power decomposition was performed on the acquired data. The decomposition image
is shown in Fig. 10, where two color-coding methods are
employed. Figure 10(a) is color-coded with commonly used
assignment, i.e., Red for Pd, Green for Pv, and Blue for Ps.
On the other hand, Fig. 10(b) is color-coded with Green for
Ps and Blue for Pv. The reason to change the color-coding
is intuitive recognition of our eyes. Although the same decomposition result is displayed in Fig. 10, it seems easier
for our eye to recognize trees with green color as shown in
Fig. 10(b). This is based on our knowledge that broad leaves
in general have brighter green than conifer leaves.
The image is very vivid and seems easy to interpret.
Most of green mixed with blue areas correspond to broad-leaf
trees in Fig. 10(b). However, there are some areas colored
dark blue indicated by the white arrow. These green areas
correspond to the conifer trees shown in Fig. 9(b). Other
localized dark blue areas in the lower image were also confirmed as conifer trees by Google Earth image.
Then, based on the decomposition result of Fig. 10,
the same classification scheme with ᾱ = 40◦ was applied
to the data set. The classified image is shown in Fig. 11,
where red spots correspond to conifer trees. Other red dots
in the whole park are caused by random scattering from
complicated structure of trees. The classification result almost agrees with the result of Fig. 10 and Google Earth image. Therefore, the ability to discriminate polarimetrically
conifer and broad-leaf trees was demonstrated by the X-band
Pi-SAR2 data set. The high-resolution capability and polarimetric information served each other for this discrimination.
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6.

Conclusion

Fully polarimetric SAR measurements in the Ku-band were
conducted to discriminate conifer and broad-leaf trees in
an anechoic chamber. Scattering power decomposition and
alpha-bar angle of eigenvalue analyses provided clear distinction between the two tree types. This scheme was then
applied to high-resolution PolSAR data at X-band. We confirmed that discrimination between conifer and broad-leaf
trees was possible by processing airborne Pi-SAR images
of Yoyogi-Park. Not only by the measurement data in a
well-controlled anechoic chamber but also by real-world data
acquired with airborne SAR demonstrated that accurate discrimination of conifer and broad-leaf trees was possible.
Therefore the initial purpose of the paper was validated.
The discrimination of tree types depends on the scattering characteristics of the tree leaves with respect to size, frequency (wavelength), resolution, and penetration capability.
Although these relations are complicated, high-resolution
and fully polarimetric data at higher frequencies (Ku- and
X-band) will bring interesting results for future forest monitoring.
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