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Abstract—The estimation of forest biomass from synthetic aper-
ture radar (SAR) data is limited by the lack of forest structure
information. Interferometric synthetic aperture radar (InSAR)
provides a means for the extraction of forest structure. The crucial
issue in InSAR application is to parameterize forest structure
and to link the parameter with InSAR observations. Model-based
analysis enables exploring the theoretical linkages between InSAR
observations and forest structure free from temporal decorrelation
effects. In this paper, a semicoherent model (SCSR) was first
developed and verified. A series of simulations at L-band was then
made for both homogeneous and heterogeneous forests generated
from a forest growth model. The forest structure was parameter-
ized by four height indices. Aside from the height of scattering
phase center (HSPC), the depth of scattering phase center (DSPC)
was also proposed to characterize the scattering phase center of
InSAR. The results showed that the behavior of homogeneous for-
est on InSAR data was quite different from that of heterogeneous
forest. Special care was needed when the retrieval algorithms of
forest biomass developed on a homogeneous forest were applied
to a heterogeneous forest. Crown size-weighted height (CWH) and
Lorey’s height were correlated with the HSPC at all polarizations
and with the DSPC at copolarization in both cases of homogeneous
and heterogeneous forests. These findings indicated that CWH
could be an alternative biomass indicator of the Lorey’s height for
biomass estimation, which can be derived from the combination of
InSAR data and the elevation of the forest canopy top from lidar
or high-resolution stereo images.
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I. INTRODUCTION

THE exchange of carbon between forests and atmosphere
is a vital component of the global carbon cycle. Accurate

estimates of terrestrial carbon storage are required to determine
its role in the global carbon cycle, to estimate the effect of
anthropogenic disturbances (i.e., land use/land cover changes)
on the cycle, and to monitor mitigation efforts that rely on
carbon sequestration through reforestation [1]. The estimation
of forest biomass from SAR data is limited by the lack of
forest structure information. Interferometric synthetic aperture
radar (InSAR) is a potential tool for the extraction of forest
structure because it is sensitive to the vertical distribution of
forest components over forested areas. The digital elevation
model derived from InSAR is typically the elevation of the
scattering phase center (SPC) rather than that of the bare ground
surface. The SPC is located at a certain position between the
forest canopy top and ground surface. It will change along with
the SAR system parameters, understory conditions, and forest
structures. There is consensus that the SPC of short-wavelength
data (such as X- or C-band) should be located within the
forest canopy while that of long-wavelength data should be
lower due to its deeper penetration. Some researchers have
successfully estimated the forest height using the dependence
of the SPC on wavelength. Neeff et al. [2] used the difference
between the digital terrain model from the X-band and the
P-band InSAR data as a measure of vegetation height in the
estimation of forest biomass. Balzter et al. [3] used the X-band
and L-band InSAR data acquired by Experimental Synthetic
Aperture Radar (E-SAR) airborne sensors to estimate the top
heights of forest stands. Praks et al. [4] presented results from
the Finnish Synthetic Aperture Radar (FinSAR) project, where
the E-SAR (operating at the L- and X-bands) and the Helsinki
University of Technology Scatterometer (operating at the X- and
C-bands) instruments were operated together to validate tree-
height retrieval algorithms for boreal forest. Aside from the
dependence of the SPC on wavelength, its dependence on po-
larization [i.e., polarimetric SAR interferometry (PolInSAR)] is
currently a hot topic in the retrieval of forest vertical structures.
PolInSAR technology allows the separation of ground/forest
phase centers through the selection of proper polarimetric basis
and polarimetric combinations. Although PolInSAR is a new
and advanced technology, it is still very important to explore
algorithms for the estimation of forest biomass using single-
or dual-polarization InSAR for heterogeneous forest because
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there has been and will be near global coverage of such kind of
data acquired, for example, by the Phased Array type L-band
Synthetic Aperture Radar (PALSAR) onboard Advanced Land
Observing Satellite (ALOS) (under fine mode single polariza-
tion or fine beam double polarization) and ALOS/PALSAR-2
(under fine beam dual polarization).

A crucial step for the exploration of such kind of algorithms
is to find parameters which are a good description of the phys-
ical state of forest structures as well as correlated with InSAR
observations. However, the mixture of contributions from upper
and lower parts of forests complicates the interpretation of
long-wavelength InSAR data. Model simulation is a powerful
tool to provide an insight into the influencing mechanism of
forest structure on the SPC. Meanwhile, model-based analysis
may liberate the exploration of the theoretical linkage between
InSAR observations and forest structures from the disturbance
of temporal decorrelation that extensively existed in repeat-
pass InSAR data. Several such kinds of models have been
developed for the purpose. Thirion et al. proposed a forest
coherent scattering model [5], which was based on a layered
forest scene. The model was used to investigate the behavior of
the interferometric phase center height along with frequency
and the attenuation coefficients [6]. Liu et al. developed a
3-D coherent model based on realistic forest scenes [7]. The
influence of forest type (i.e., conifer forest, broadleaf forest,
and mixed forest) as well as the horizontal arrangement of trees
(i.e., clump, regular, and random) on the position of the SPC
were analyzed by the model simulations [8]. Garestier and Toan
modified the random volume over ground (RVoG) model by
vertically varying the extinction in the volume layer to integrate
vertical heterogeneity in forest models [9]. It can be seen that,
in these research works, the vertical heterogeneity is mainly
defined by varied extinctions. Although the volume extinction
is easy to be taken into account in models, it is not intuitive for
the development of retrieval algorithms of forest height because
the correlation between volume extinction and forest height is
unknown and should be explored based on theoretical models.
These research works are either based on a layered canopy
model or realistic tree model. The layered model cannot fully
describe the horizontal and vertical structures of forest. The
realistic tree model requires more input information on a 3-D
forest scene; for example, the size and position of each needle
or leaf should be specified, so the computation load is heavy.
The radar backscatter model by Sun and Ranson was built on
a 3-D forest scene, which was constituted by cubic cells [10].
The interactions between leaves/needles and branches within a
cubic cell were ignored while those between cubic cells were
considered. It provides a balance between the layered and the
realistic forest scene. If this 3-D model can be modified into a
coherent or semicoherent backscattering model, the influence
of forest structures on the SPC can be simulated with less
computation loads.

In this paper, a semicoherent model was first developed based
on the Sun and Ranson model [10] in Section II. The model was
referred to as the semicoherent Sun and Ranson (SCSR) model.
It was first verified by a layered forest scene at L-band and by
the shuttle radar topography mission (SRTM) data at C-band
in Section III. Section IV describes the model-based analysis
of the influence of forest structures on the SPC followed by
discussions and conclusions.

Fig. 1. Conceptual diagram of 3-D forest scene model.

II. MODEL DESCRIPTION

A. Description of Forest Scene

The forest scene characteristics used in the Sun and Ranson
model will be kept in the SCSR model [10]. The inputs of the
model include the position, size, species, and crown shape of
each tree. The position and diameter at breast height (DBH)
of trees can be obtained from field measurements or forest
growth models. Regression relationships developed from field
data are used to estimate the tree height, crown depth, and
width from DBH. The dielectric constants can be specified for
different species and for different environmental conditions. In
the model, tree crown shapes are modeled as simple conical,
ellipsoidal, and half-ellipsoidal shapes, depending on the tree
species. The 3-D forest scene is constituted by the stack of
cubic cells as shown in Fig. 1. The constituents of cubic cells
are determined by their positions. The cubic cell located within
a tree crown is composed by branches and leaves/needles. The
densities of branches and leaves (needles) are assumed to be
uniform within the crown. Other cells include gap, trunk, and
ground cells in the model.

B. Backscattering of the 3-D Forest Stand

Instead of the Muller matrix of a cell used in the Sun and
Ranson model, the scattering matrix of a cubic cell is calculated
in the new model to express both the terms of phase and
backscattering coefficients. The coherent interactions between
branches and leaves/needles within the crown cell are ignored.
The phase of a signal received by the SAR antenna from
a cubic cell is determined by the distance traveled by the
radar wave. The distance traveled by the radar wave or time
delay determines which image pixel this signature should be
in. The signals located within the same SAR image pixel are
coherently added to form the value of the pixel. The more
detailed descriptions are as follows.

A forest stand is illuminated by a plane wave �Ei in the
direction of �ki. After the interaction with the forest stand, the
electric wave �Es is scattered into the direction of �ks. The zenith
and azimuth angles of the incidence wave are θi and φi while
that of the scattered wave are θs and φs. If there are M forest
cells (i.e., the cubic cells located within the crown or trunk) and
N ground surface cells projected within a SAR image pixel, the
total scattered field within the SAR pixel can be written as

�Es =

(
M∑
n=1

�Es
n

)
+

(
N∑

n=1

�Es
gn

)
. (1)

�Es
n is the scattered field from the nth forest cell while

�Es
gn is the direct backscattering from a ground cell within the
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Fig. 2. Scattering components and their paths used in the model.

pixel. Only the first-order scattering is considered to keep the
calculation tractable. The scattering field �Es

n consist of four
scattering components: (a) the direct backscattering from the
cell �Es

tn; (b) the scattering from ground toward the cell and
then further scattered by the cell to radar �Egs

tn ; (c) the scattering
through the same path as (b) but in the opposite direction �Esg

tn ;
and (d) the multiple scattering between the cell and ground
�Egsg
tn , i.e., radar−> ground−> cell−> ground−> radar.
In the backscattering case, these components can be ex-

pressed as

�Es
tn= eik0l1 T̄ i

nS̄
s
n(θi, φi;π − θi, φi − π)T̄ i

n
�Ei (2)

�Egs
tn = eik0l2 T̄ i

nS̄
s
n(π − θi, φi;π − θi;φi − π)T̄ r

nR̄T̄ t
n
�Ei (3)

�Esg
tn = eik0l3 T̄ t

nR̄T̄ r
nS̄

s
n(θi, φi; θi, φi − π)T̄ i

n
�Ei (4)

�Egsg
tn = eik0l4 T̄ t

nR̄T̄ r
nS̄

s
n(π − θi, φi; θi, φi − π)T̄ r

nR̄T̄ t
n
�Ei (5)

where l1, l2, l3, and l4 are the path length of radar waves in
these scattering components. The path length of each scattering
component is shown in Fig. 2. The expression of l1, l2, l3, and
l4 are 2|�r1|, |�r2|+ |�r3|+ |�r1|, |�r1|+ |�r3|+ |�r2|, and 2(|�r2|+
|�r3|), respectively. k0 is the wavenumber in free space. The
changes of wavenumber within the forest canopy were ignored.
�r1, �r2, and �r3 denote the range vector from the antenna to the
canopy cell, the vector from the antenna to the ground surface
cell corresponding with the canopy cell, and the vector from the
canopy cell to the ground cell, respectively.

S̄s
n is the scattering matrix of the nth cell in the specified

direction. The crown cell consists of the branches and leaves
with given size and orientation distributions. The scattering
matrix can be described as

S̄s
n = nb

m∑
i=1

pαi
pβi

plprS̄b(αi, βi, li, ri,�ki,�ks)

+ nl

n∑
j=1

pαj
pβj

S̄l(αj , βj ,�ki,�ks) (6)

where S̄b is the scattering matrix of a branch with orientation
angles αi and βi, length li, and radius ri and pαi

, pβi
, pl, and

pr are the corresponding probability density functions. S̄l is the
scattering matrix of leaves or needles with orientations αj and

βj and pαj
and pβj

are the corresponding probability density
functions. nb and nl are the numbers of branches and leaves (or
needles) per cubic meter. The model used to calculate S̄b and
S̄l is determined by the relative size of the scatterer and radar
wavelength. For small leaves of deciduous trees or coniferous
needles with a length less than 10% of the wavelength, the
Rayleigh approximation is applied [11]. For large disk-shaped
leaves, each leaf is modeled as a resistive sheet, and the
physical optics approximation is adopted [12]. Trunks and large
branches are modeled as finite-length dielectric cylinders. The
field inside the finite cylinder is calculated using the infinite-
length approximation [11]. For dielectric thin disks or cylinders
whose sizes are smaller or comparable to the wavelength, a
generalized Rayleigh–Gans model [13] has been implemented.
This approximation requires that at least one dimension of an
object is small with respect to the wavelength. Its inner field
is approximated as a homogeneous field along this dimension,
while phase differences in the other two dimensions must be
accounted for [14].

A specular reflection matrix R̄ is calculated using the surface
Fresnel reflection coefficient matrix, multiplied by a factor of
exp[−2(k0σ cos θ)2] to take into account the surface roughness
effect [15], where σ is the root-mean-square height of the
surface.

T̄ i
n and T̄ r

n denote the transmissivity matrices in the incidence
and reflection directions, respectively. T̄ t

n is the transmissivity
matrix from the canopy cell to ground surface. According to
Lin and Sarabandi [16], the Foldy–Lax approximation is used
in the calculation of transmissivity matrices. The elements of
the transmissivity matrix of a canopy cell can be expressed as

T̄u
q̂p̂(L) = eiMq̂p̂L (7)

where q̂, p̂ = v̂, and ĥ are the incidence and scattered polariza-
tion of the electric wave. L is the traveling length of the electric
wave in a canopy cell. The expression Mq̂p̂ can be denoted by

Mq̂p̂ =
2π

k0
Sf
n,q̂p̂ (8)

where Sf
n,q̂p̂ is the forward scattering matrix. If m canopy cells

are passed when the electric wave travels from the antenna to
the nth cell, the transmissivity matrix can be calculated as

T i
n,q̂p̂ =

[
Tu
q̂p̂(L)

]m
= Tu

q̂p̂(mL). (9)

In this model, the branches and leaves (or needles) are
uniformly distributed within canopy cells, and therefore, the
transmissivity matrix can also be calculated as follows.

1) For copolarization (q̂ = p̂)

T i
n,q̂p̂ = Tu

q̂p̂(mL) = eiMq̂p̂mL. (10)

2) For cross-polarization (q̂ �= p̂)

T i
n,q̂p̂ = eiMq̂q̂LeiMp̂p̂L . . .︸ ︷︷ ︸

m

= ei(Mq̂q̂+Mp̂p̂)
mL
2 . (11)

�Es
gn in (1) denotes the direct backscattering of ground sur-

face. For the direct backscattering of the ground surface in a
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Fig. 3. Geometry relationships for InSAR configuration.

different location, the radar signal will undergo different canopy
attenuation. �Es

gn can be expressed as

�Es
gn = eik0l5 T̄ i

nS̄
g
n(θi, φi;π − θi, φi − π)T̄ i

n
�Ei (12)

where S̄g
n is the ground backscattering matrix of the nth ground

surface cell. Considering the randomness of the phase of ground
backscattering, S̄g

n is specified by the backscattering amplitude
calculated by the integral equation model [17] and a random
phase. l5 = 2|�r4|, where �r4 is the range vector from the antenna
to the ground surface cell.

The first item in (1) included all the scattering components
related to the nth cell. However, some of the scattering compo-
nents may be at the outside of the SAR image pixel when the
nth cell located at the edge of the forest scene. Equation (1) can
also be written as

�Es =

M ′∑
n=1

[(
ds �E

s
tn + dgs

(
�Egs
tn + �Esg

tn

)
+ dgsg �E

gsg
tn

)
crown

+
(
d′s �E

s
tn + d′gs

(
�Egs
tn + �Esg

tn

))
trunk

]
+

N∑
n=1

dg �E
s
gn (13)

where ds, dgs, dgsg , dg , d′s, and d′gs = 0 or 1 depend on whether
the corresponding scattering components are located within the
SAR image pixel.

C. Estimation of HSPC

The interferometric SAR images can be simulated using the
SCSR model by placing the SAR antenna at two different
positions. The position of the SPC can be retrieved from the
simulated InSAR data. Fig. 3 shows the basic InSAR configu-
ration with two antennae A1 and A2. The altitude of antenna
A1 is H0. The baseline length is B. α is the baseline angle
with respect to the horizontal direction. θ is the look incidence
angle with β as its complementary angle. For simplicity, the
Earth surface is modeled as a sphere with radius R. G is a point
above the sphere. �r1 and �r2 are the range vectors from the two
antennae to point G.

According to the cosine theorem, the elevation of point G can
be expressed as

h =
√

(R+H0)2 + |�r1|2 − 2(R+H0)|�r1| cos θ −R. (14)

In (14), R, H0, and |�r1| are known, and only the look angle
θ needs to be determined. As shown in Fig. 3, A2C is the
perpendicular components of the baseline. From the geometry
relationship, we can get⎧⎨
⎩

A1C + CG = |�r1|
A2C = B sin(α+ β) = A2G sin γ
|�r1| − |�r2| = λΔφ

2π

⇒

⎧⎨
⎩

B cos(α+ β) + |�r2| cos γ = |�r1|
B sin(α+ β) = |�r2| sin γ
|�r1| − |�r2| = λΔφ

2π .
(15)

In (15), λ is the radar wavelength. Δφ is the phase difference
from simulated InSAR data. There are three unknown variables
(β, γ, and |�r2|) and three independent equations. Therefore, β
can be determined, and θ can further be determined

θ =
π

2
−

⎛
⎜⎝cos−1

⎛
⎜⎝B2 + 2|�r1|Δφ

2π λ−
(

Δφ
2π λ

)2

2B|�r1|

⎞
⎟⎠− α

⎞
⎟⎠ .

(16)

The height of scattering phase center (HSPC) is the difference
between the elevation of SPC and that of the ground surface.

III. MODEL VERIFICATION

Model verification is the prerequisite of the model-based
analysis of the influences of forest structure on the SPC. The
full validation of a coherent radar backscatter model would
require high-quality PolInSAR data as well as extensive field
measurements. Because of the lack of high-quality L-band
PolInSAR data, the performance of the behavior of the SCSR
model was verified in two ways. First, layered forest scenes
with homogeneous horizontal structure were used to simulate
the dependence of HSPC on the vertical height and structure
of the canopy at L-band. Then, the simulated HSPC at C-band
was compared with those derived from SRTM and the ground
surface elevation from National Elevation data provided by the
United States Geological Survey.

A. Simulation of Layered Forest Scenes

The model was first examined under the simplest forest
scene, i.e., the single-layer forest scene. The single-layer forest
scene consists of a layer of cubic cells at a given height as
crown cells. Move up the layer gradually at a step of the layer’s
thickness as shown in Fig. 4(a) to examine the behavior of the
HSPC. The model was then examined under a more compli-
cated forest scene than a single-layer one, i.e., a multiple-layer
forest scene. Add crown layers one by one over the top of the
previous layers as shown in Fig. 4(b) to observe the behavior of
the HSPC. The incidence angle was assumed as 35◦ while the
width of the cubic cell was 0.5 m. For the calculation simplicity
of the transmission path length, the cell thickness should be
0.714 m (i.e., 0.5 m/tan35◦) to make the electric wave passing
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Fig. 4. Examination of model by layered forest scenes at L-band. (a) Single-
layer forest scene: One canopy layer moving upward. (b) Multiple-layer forest
scene: Adding canopy layers one by one. (c) Simulated HSPC of (a) and (b).

through the diagonal of a cell. A canopy layer is moved upward
from 0.714 m (the top height of the first layer) to 6.426 m
(the top height of the ninth layer) in Fig. 4(a). The canopy
height increased at a step of the thickness of the layer (i.e., cell
thickness). The forest canopy thickness of the multiple-layer
forest scene gradually increased from 1.428 m (two layers) to
6.426 m (nine layers) in Fig. 4(b). The wavelength was L-band
(i.e., 0.235 m). The baseline length was set to be 400 m, and the
baseline tilt angle was −20◦.

Simulated results were shown in Fig. 4(c). The horizontal
axis was the top height of a forest scene while the vertical axis
was the HSPC from modeling. For the layered forest scene,
the model consisted of five scattering components, i.e., �Es

tn,
�Egs
tn , �Esg

tn , �Egsg
tn , and �Es

gn. Their corresponding HSPCs were
expressed as hs

tn, hgs
tn, hsg

tn, hgsg
tn , and hs

gn. The results showed
that the HSPC increased linearly with the increases of the layer
height or thickness. These results were expected. hs

tn should
be equal to the center height of the top layer. hgs

tn, hsg
tn, and

hs
gn should be zero while hgsg

tn should be −hs
tn. However, the

amplitudes of the last four components should be much smaller
than �Es

tn because �Egs
tn , �Esg

tn , and �Egsg
tn were reflected by the

cubic cell as well as by the ground surface while �Es
gn was

attenuated by the crown layer. Therefore, �Es
tn was the dominant

factor. The HSPC should increase along with the layer height
or thickness. The HSPC should also be lower than the top
height of the forest canopy due to the contribution of double
bounces (i.e., �Egs

tn , �Esg
tn , and �Egsg

tn ) and ground backscattering
(i.e., �Es

gn). Fig. 4(c) showed that the HSPC of the single-

Fig. 5. Validation of the SCSR model using field measurement at C-band.
(a) Forest canopy top surface of test site. (b) Simulated and observed HSPCs.
The horizontal axis is the simulated HSPC while the vertical axis is the HSPC
derived from SRTM.

layer forest scene was higher than that of the multiple-layer
one with the same top height because the contributions from
the underlying layers and the double bounces pulled down
the HSPC of the multiple-layer forest scene. These reasonable
phenomena demonstrated the soundness of the model under the
layered forest scene.

B. Simulation at C-Band and Comparison With SRTM Data

The SCSR model was further validated by the C-band InSAR
data (SRTM) at a test site in Maine. The 3 ha (200 m ×
150 m) field plot is located at the International Paper’s North-
ern Experiments Forest located near Howland, Maine, USA
(45◦12′ N, 65◦45′ W). The Cartesian stem location, DBH, tree
species, and relative canopy position have been recorded for
each stem with DBH > 3 cm. It is a mixed conifer and north-
ern hardwood stand composed of over 90% conifers (mostly
spruce and hemlock) [10]. The 3-D forest scene was shown
as Fig. 5(a). Heights were estimated from the relationships
between DBH and height developed from field measurements.
Diameter and height distributions were detailed in [18]. The
detailed measurements of the branch size and orientation of
hemlock trees, dielectric constants of trees, roughness and
dielectric constants of ground surface were described in [19].

The plot was divided into 30 subplots of 30 m × 30 m
which was about the same size as a pixel of SRTM data
(1 arc-second). The stand data of the subplots (i.e., the tree
size, positions, species, and dielectric constants) were used to
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build the 3-D forest scene. Then, the SCSR model was used
to simulate the InSAR data and to retrieve the HSPC. The
system parameters used in the simulation were wavelength =
5.6 cm, incidence angle = 35◦, baseline length = 62 m, and
baseline angle = 60◦ [20]. The comparison of the HSPC de-
rived from SRTM and that retrieved from simulated InSAR data
was shown in Fig. 5(b). It was clear that the simulated results
were consistent with observations.

IV. MODEL SIMULATION ANALYSIS

A. Scheme for Simulation Analysis

Forest density and forest height are important factors de-
termining the forest carbon storage. These two factors are
always coupled in heterogeneous forest. A set of homogeneous
forest stands was first simulated to investigate the sensitivity
of the position of the SPC to forest density and forest height
separately. To form a series of stands with different heights,
19 trees of the same size were scattered within a 30 m × 30 m
plot. The heights of these trees increased from 5 to 40 m with
an interval of 1 m. The crown depth was 0.6 × tree height
while the crown width was 0.5 × tree height. For the simulation
of forest stands with different densities, trees were put into a
30 m × 30 m plot one by one from 1 to 70. Tree height was
28 m with crown depth of 16 m and crown width of 14 m. In the
process of building 3-D forest scenes, if the crown of an added
tree overlapped with the crowns of existing trees, the new crown
was ignored. Therefore, cells of overlapping crowns only have
the property of the crown of the first tree.

Homogeneous forest enabled us to analyze the effect of
forest height and density on the position of the SPC separately.
However, it had to be admitted that some cases of homogeneous
forests were rare or even did not exist in reality. Therefore, a set
of heterogeneous forests generated from a forest growth model
was also simulated using the SCSR model. The forest growth
model (ZELIG) had been parameterized in research sites by
Ranson et al. [21]. The heterogeneous forests were generated at
five-year intervals up to 500 years. Because the ZELIG model
possesses underlying stochasticity in tree regeneration, mortal-
ity, and weather routines, 15 duplicative runs were conducted to
generate a range of stand responses. In total, 1500 forest stands
were simulated. The 3-D forest scenes built from these 1500
forest stands were fed into the SCSR model to simulate their
corresponding HSPCs. The interferometric system parameters
used here were the same as those used in Section III-A. The
structures of these heterogeneous forests were defined by four
height indexes: a) Maximum height—the height of the tallest
tree within a forest stand; b) Mean height—the average height
of all trees within a forest stand; c) Lorey’s height (i.e., basal
area weighted mean height)—it was calculated by multiplying
each tree height by its basal area and then dividing the sum
of this calculation by the total stand basal area; and d) Crown
size-weighted height (CWH)—the average height of each tree
weighted by its crown size as proposed by Pang et al. [22].

The HSPC was the distance from ground surface to the SPC.
It was the difference between the elevation of the SPC and
that of ground surface. However, it was difficult to get ground
elevation over forest areas even by lidar data, particularly over
dense tropical rain forest. It was easy to obtain the elevation
of the forest canopy top by lidar or high-resolution stereo im-

Fig. 6. Effects of forest structures of homogeneous forest on the SPC at
L-band. (a) Effect of forest height on the HSPC. (b) Effect of forest density on
the HSPC. (c) Effect of forest height on the DSPC. (d) Effect of forest density
on the DSPC.

ages. Herein, a new variable “depth of scattering phase center”
(DSPC) was defined to describe the position of the SPC. DSPC
was defined as the distance from the forest canopy top to the
SPC. The CWH serves as the height of the forest canopy top
in this study because it can be directly derived from lidar data.
The relationships between the HSPC, DSPC, and forest height
indices were explored.

B. Results

Fig. 6 showed the effects of forest structures on the HSPC
in homogeneous forests. Fig. 6(a) and (c) showed that the
HSPC and DSPC increased nearly linearly with the increase
of forest height. The separation between cross-polarization and
copolarization also became larger for tall stands. Fig. 6(b) and
(d) showed that the HSPC and DSPC were sensitive to forest
stem density when the forest was sparse. The sensitivity of the
HSPC and DSPC to forest density significantly decreased when
there were more than seven trees in a forest stand.

Fig. 7(a) showed the changes of the HSPC and DSPC at
L-band (HH polarization) of one duplicate along with the forest
age. It was shown that the HSPC increased rapidly as the young
forest grows. When forests mature (greater than 200 years old),
the HSPC fluctuated around a certain value (about 8 m in
this case). It was clear that the effect of forest density on the
HSPC was very weak. The decrease of forest density from 50
to 190 years and the increase from 190 to 210 years were not
reflected on the HSPC. This was consistent with the result of
homogeneous forest. For forest stands younger than 20 years
old, their HSPC were lower than DSPC. Both HSPC and DSPC
increased as the forest is growing, and the HSPC was higher
than the DSPC until the forest became mature (greater than
200 years old). Then, the HSPC and DSPC fluctuated around
each other and a certain value. Comparing the maximum height
and the CWH, it was clear that the CWH was more stable in the
description of the state of the forest stand than the maximum
height. The effect of the death of the tallest tree on CWH,
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Fig. 7. Effects of forest structures of heterogeneous forest on (a) HSPC and
on (b) the backscattering coefficients at L-band (HH).

such as for the forest stands aged around 90 years and around
445 years, was much smaller than that on the maximum height.
The overall trend of CWH was consistent with Lorey’s height,
although there was a small difference in absolute value over
some ages.

Fig. 7(b) shows the backscattering coefficients from different
scattering components which were also the indications of the
contributions of different components to the HSPC. For a young
forest, the canopy–ground double bounce was the dominant
component. The contribution of the direct backscattering from
the forest canopy increased along with the forest age and
became dominant after 30 years. Forest stands younger than
30 years old could be deemed to be homogeneous forest be-
cause they exhibited the same behavior as homogeneous forest
in Fig. 6 that the HSPC and DSPC increased steadily along with
the increase of forest height and forest density. Although the
direct backscattering from the forest canopy was the dominant
term after 30 years, the contributions from other components
were still important, particularly the canopy–ground double
bounce. The canopy–ground double bounce pulled down the
HSPC because its SPC was near ground surface. The decrease
of the contribution from the canopy–ground double bounce
caused the increase of the HSPC from 30 to 200 years.

Fig. 8 shows the array of scatterplots of the forest height
indices against the position of the SPC expressed as the HSPC
or the DSPC of all 15 duplicates. The four columns from left
to right were for the maximum height, CWH, Lorey’s height,
and mean height, respectively. Each row was for the results

of one polarization. The first three rows were for the HSPC
(HH, HV, and VV up to down) while the last three were for the
DSPC. Fig. 8(c), (g), and (k) showed that the HSPC was highly
correlated with Lorey’s height with R2 of 0.945, 0.978, and
0.945 at HH, HV, and VV polarizations, respectively. Fig. 8(b),
(f), and (j) showed that the HSPC was also correlated with
the CWH with R2 of 0.899, 0.940, and 0.918, respectively.
As shown in Fig. 8(a), (e), and (i), the maximum height was
correlated with the HSPC when forests were young. Fig. 8(d),
(h), and (l) also showed the correlation between the HSPC and
mean height of the young forest. Fig. 8(n) and (v) showed that
the copolarized DSPC was highly correlated with CWH with
R2 of 0.878 and 0.905, respectively. The copolarized DSPC was
also correlated with Lorey’s height with R2 of 0.830 and 0.905
as shown in Fig. 8(o) and (w).

V. DISCUSSIONS

In the model verification using SRTM data, the predictions
derived from the model are not perfect. The errors may be
caused by several factors. First, the dynamic range of the
incidence angle of C-band SAR images of SRTM was from 30◦

to 60◦. The exact incidence angle and polarization is unknown
at the plot site. It is also difficult to exactly match the subplot
with SRTM pixels, although they have the same size because
of the mismatching between the radar-looking direction and the
orientation of subplots.

In this paper, in addition to the “height” of the scattering
phase center (HSPC), the “depth” of the scattering phase center
(DSPC) is proposed to describe the position of SPC. It has to be
underlined that the DSPC is not the penetration degree but the
penetration depth, i.e., the product of the penetration degree and
forest height. Theoretically, forest biomass should be negatively
correlated with penetration degree but positively correlated with
DSPC. As shown in Fig. 6(c), the penetration degree is 80%
under a 5-m-tall forest with penetration depth = 4 m while the
penetration degree at HH is 60% under a 40-m-tall forest with
the penetration depth = 24 m. An exception is that the increase
of forest biomass is not because of the forest growth but due
to the increase of forest density as shown in Fig. 6(d). This
situation generally does not appear in heterogeneous forest as
shown in Fig. 8.

The DSPC is defined in this study by the distance from the
SPC to the reference point assigned by the CWH. The CWH
is not the only way to define the DSPC. The critical issue in
the definition of the DSPC is that the height index representing
the top height of the forest canopy should stably describe the
state of the forest stand. Otherwise, the correlation between the
DSPC and forest biomass will be overwhelmed if the height
index can be easily affected by the changes of a few trees.

Fig. 8 showed that the DSPC correlated with CWH and
Lorey’s height only at copolarization. The loss of correlation
between the DSPC and CWH or Lorey’s height at cross-
polarization may be attributed to the smaller penetration depth
at cross-polarization than that at copolarization. It can be seen
from Fig. 8(n) and (r) that the gains of the regression equation
between the DSPC and CWH are 0.474 and 0.138 at HH and
HV, respectively. That is to say, the average penetration degree
is 47.4% at HH while it is only 13.8% at HV. The sensitivity
of penetration depth to CWH at HV may be masked by the
disturbance of forest structures on DSPC at HV.
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Fig. 8. Correlations between the position of the SPC at L-band and forest height indices. The horizontal axis is the forest height index while the vertical axis is
the position of the SPC expressed as the HSPC or the DSPC and derived from different polarizations.

As pointed out in a previous section, the forest younger
than 30 years old could be deemed to be homogeneous forest
because its height and density increased steadily along with

forest age. The structures of forest older than 30 years were
complicated by the tree mortality and regeneration. Fig. 7(a)
showed that the maximum height, CWH, Lorey’s height, and
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mean height of homogeneous forest were lower than 20, 10,
8, and 5 m, respectively. Fig. 8 showed that the behavior of
homogeneous forest on InSAR data was quite different from
that of heterogeneous forest. Both the HSPC and DSPC of
all polarizations had excellent correlations with all the four
height indices of homogeneous forest, but that was not the case
for heterogeneous forest. Therefore, it was relatively easy to
develop algorithms of forest biomass for homogeneous forest.
Special care was needed when these retrieval algorithms were
applied on heterogeneous forest.

Saatchi et al. mapped the forest carbon stocks in tropical
regions across three continents [23]. One of the critical steps of
their study was to build the relationship between lidar-derived
Lorey’s height and above ground biomass. The correlation be-
tween the HSPC and Lorey’s height provided a theoretical base
for the extrapolation of lidar-estimated biomass to the entire re-
gion through the combination of lidar and InSAR data. Neverthe-
less, the disturbance from the temporal decorrelation of InSAR
should be first analyzed before the method becomes practical.

The derivation of the HSPC from InSAR needs the ground
surface elevation under the forest. As mentioned in the previous
section, the acquisition of ground surface elevation is not easy
at dense forest. The correlation between the DSPC and Lorey’s
height at copolarization provides a potential way to estimate
forest biomass without ground surface elevation. The derivation
of the DSPC from InSAR is easy relative to the HSPC because it
only needs the top height of the forest canopy. The information
of the forest canopy top may be acquired from high-resolution
stereo images, lidar data, or short-wavelength InSAR data.

VI. CONCLUSION

The estimation of forest biomass from SAR data is always
limited by the signal saturation problems due to the lack of
forest structure information. The crucial issue is to parameterize
the forest structure and to link the parameter to remote-sensing
observations. The InSAR data provide information on forest
vertical structures, particularly at long wavelength. However,
the mixture of contributions from upper and lower parts of the
forest complicates the interpretation of long-wavelength InSAR
data. The understanding of the influence of forest structure on
the position of the SPC is critical for the interpretation and
exploits of long-wavelength InSAR data. In this paper, a new
semicoherent model (SCSR) was developed based on the Sun
and Ranson [10] model. The influence of forest structures on
the position of the SPC was simulated by the SCSR model
at L-band under both homogeneous and heterogeneous forest
conditions. Aside from the HSPC, the DSPC was also proposed
to express the InSAR observations. The simulations showed
that both the HSPC and DSPC at all polarizations were posi-
tively correlated with forest height under homogeneous forest.
The HSPC of heterogeneous forest was highly correlated with
Lorey’s height and CWH at all polarizations while the DSPC of
heterogeneous forest positively correlated with Lorey’s height
and CWH at copolarization. The retrieval algorithm of forest
biomass or height developed on homogeneous forest may not
be applicable to heterogeneous forest. The DSPC was a measur-
able variable which may be obtained through the combination
of InSAR data and lidar or high-resolution photogrammetry
data. A potential way for the estimation of forest biomass is
the data synergy of InSAR data with lidar or high-resolution

stereo images. The effect of temporal decorrelation in repeat-
pass InSAR data on these findings will be further explored
using PALSAR InSAR data in our future research.
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