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1. ABSTRACT

Forest canopy height is an important parameter that is
strongly correlated with timber volume, biomass,
carbon stocks and ecological values such as habitat
quality. This parameter is critical to the terrestrial
carbon cycle and biomass models and in forest
inventory.  Remote sensing technologies such as
interferometric synthetic aperture radar (InSAR) and
polarimetric InSAR (PolInSAR) provide a means to
extract canopy height remotely and over large areas.
Single-pass X-HH/C-HH InSAR and single-pass L-
PolInSAR derived canopy height over Lodgepole pine
forest vegetation in Edson, Alberta, Canada are
compared to LiDAR derived canopy height. Canopy
height of the X-HH and C-HH given by the scattering
phase center height (%,.) and of the L-PolInSAR given
by the Random Volume over Ground (RVoG) DEM
difference method indicate an Root Mean Square Error
(RMSE) and standard deviation (SD) of 6.84 m (+3.91
m), 820 m (+6.48 m), and 8.98 m (+7.66 m),
respectively for Lodgepole Pine forest with an average
tree height of 28.7 m. A new method to correct for the
underestimation of canopy height given by InSAR /gy
is presented. To improve the results of the L-PolInSAR
DEM difference method, an optimization RVoG 2-D
Search phase difference method is presented. These
methods obtained an RMSE of 2.15 m (+2.16 m) and
2.12 m (+1.93 m) for the X-Band and the L-PolInSAR
canopy height models, respectively.

2. INTRODUCTION

One of the most vital environmental issues of our time
is the sustainable management of the world's forest
resources. Furthermore, the demand for forest products
is increasing while forested area continues to diminish
[1]. Forest canopy height is a key parameter in forest
inventory and ecological process modeling. It is
strongly correlated to timber volume and biomass, and
is critical in modeling of the terrestrial carbon cycle, fire
prediction, and species habitat. However, manual field
measurement of tree height wusing conventional

techniques is time-consuming, costly, and restricted to
selected sample locations. The ability to derive forest
canopy height over spatially extensive areas would
therefore be of great benefit. Considerable advances in
remote sensing technologies have led to a new era of
global topographic observations, where reliable forest
measurements are becoming a possibility [2] [3]. Two
of the most promising technologies are interferometric
synthetic aperture radar (SAR) known as InSAR [4] [5]
[8] and polarmetric InSAR (PolInSAR) [6] [7] [9] [10].
Phased-based InSAR techniques exploit the interference
patterns of two electromagnetic waves to remove the
random component of phase of the single complex radar
signal in order to estimate the first surface feature height
given by the scattering phase center height (/). The
hge of a forested canopy may include elevations of the
tree top, tree leaves, twigs and branches, tree trunks,
undergrowth, the edge of a tree canopy, and/or a ground
contribution [10 [11] [12] [13 [14] [8]. Where the Agy
generally lies within a forest canopy and the
subsequently derived digital surface model (DSM) is
dependent on the system parameters (wavelength, SAR
polarization, and incidence angle), terrain characteristics
(vegetation type, structure and density, slope, soil and
vegetation moisture) and DSM processing techniques
(e.g., elevation posting, fusion of multiple data takes)
[14] [15] [16] [17] [18]. X- and C-Band InSAR, for
example, typically measure elevations from the upper
part of the canopy with little signal penetration to the
ground. At longer wavelengths (L-/P-Band), attenuation
is lower but can still be significant [19]. Success in the
estimation of canopy height has been reported using
several InNSAR methods such as A, (the subtraction of
an InSAR derived DSM from a reliable DTM) [8] [12]
[13] [22] [24], height discontinuity (relies on the
boundary between a tree canopy and an adjacent cleared
area to derive the hg,) [20] [21], and dual frequency
method (e.g. the subtraction of the ground surface given
by low frequency L- or P-band InSAR from high
frequency X- or C-band data to yield Ag,) [13] [25]. A
recent technique to derive bare ground and canopy
height measurements combines polarimetry and
interferometry, referred to as PolInSAR, first introduced
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by Cloude and Papathanassiou [26] [27]. PollnSAR
techniques are based on the coherent combination of the
prevalent scattering mechanisms (SAR polarimetry) and
the vertical location of scatterers (SAR interferometry)
which are substantially more sensitive to forest
structural parameters than conventional interferometry
or polarimetry alone [28] [29] [30]. Combining
polarimetric and interferometric data therefore results in
information about the penetration depth into the canopy
at different polarizations [30]. One parameter that limits
the performance of PolInSAR inversion is repeat-pass
data collection where temporal decorrelation (affects
derived tree height accuracy). This paper utilizes data
from the world’s first single-pass L-PolInSAR system,
resulting in higher coherence, less volume decorrelation
and no temporal decorrelation over vegetated areas in
comparison to repeat-pass PolInSAR. Data from single-
pass X- and C-Band InSAR data are compared to the L-
Band PolInSAR data and to LiDAR canopy height data
to investigate the use of InSAR/PolInSAR data for
operational forestry applications.

2.1 Research objectives

A significant amount of research has been published on
InSAR and PolInSAR for forest parameters; however,
research is still needed to gain further understanding of
how SAR signals interact with forests and how this
interaction can be exploited for operational use in
forestry  applications.  This  study  compares
InSAR/PolInSAR derived canopy height over dense
homogenous Lodgepole pine (Pinus contorta) to
LiDAR derived canopy height. The objectives were to
first, compare canopy height retrieval based on X- and
C-HH-polarized InSAR Ay and L-band PollnSAR
RVoG inversion phase difference with a LIDAR derived
canopy height model (CHM). Second, to test a new
method that corrects for the underestimation of the
canopy height given by InSAR #g,. Third, to test an
optimized L-Band PolInSAR tree height retrieval
algorithm, based on the RVoG inversion 2-D Search
technique put forth by [39].

3.STUDY SITE AND DATA
3.1 Study Site

The study area is located near Edson, Alberta, Canada,
approximately 200 km west of Edmonton. It was chosen
to represent dense homogenous coniferous forests with
little understory in a temperate continental environment.
Geographically the site covers an 849 m” and is located
approximately  between  53°11'16.90" N  and
53°11'58.06" N latitude and 116°43°38.30”W and
116°44°15.58”W longitude (Figure 1, red dot). The site
consists of three dense forested patches surrounded by
grass or barren fields. The forested areas are comprised

of Lodgepole pine trees with an average tree height of
28.7 m. The terrain is flat (elevation range of 1,090 to
1,121 m (A31 m)).

image); six transect lines superimposed on fused aerial
imagery and LiDAR elevation data (right image).

3.2 INSAR DATA

Single-pass airborne X-HH and spaceborne C-HH
InSAR data and single-pass airborne L-Band PolInSAR
data are utilized herein. Each dataset is described in
detail in the following sections (Table 1, Figure 2).

Table 1. InSAR datasets available for the study site.
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Figure 2. Surface elevation model (DSM) data, from left to
right: X-HH InSAR, C-HH InSAR, and. L-Band PolInSAR

3.2.1  Single Pass Airborne X-HH InSAR Data

Intermap  Technologies Inc. (Intermap, 2008)
commercially operates several airborne single-pass X-
Band InSAR sensors. These sensors, called STAR
technologies, are high-resolution across-track InSAR
mounted in airborne platforms (e.g. King Air, Lear Jet
36) [34]. STAR3 was used to collect the X-HH data.



Details of this sensor are provided in Table 2 [7]. The
X-HH InSAR data were single pass (no fusion from
other passes) and interferometrically processed by
Intermap using a proprictary IFPROC processor,
previously described in [32] [33]. The X-HH data
represent a first surface model called a digital surface
model (DSM) with a 2 m ground sampling distance
(GSD) processed to a 32 bit floating grid.
Corresponding orthorectified radar imagery (ORI) has a
2 m pixel was processed to an 8§ bit geotiff.

Table 2. Intermap STAR3 Platform Specifications.

3.2.2  Single Pass Spaceborne C-HH InSAR Data

The Shuttle Radar Topography Mission (SRTM) was
flown on board the Space Shuttle Endeavour during
mission STS-99 February 11-22, 2000 (Table 3).
Additional details of the SRTM data are found in [6]
[12] [17] [35]- 99.97% of the targeted land mass was
mapped with at least one data pass (i.e., one Shuttle
overpass), 94.59% with at least two data passes, 49.25%
with at least three data passes, and 24.10% with at least
four data takes. The quality of the SRTM data may
suffer from mast motion and phase noise errors [7].
SRTM data were obtained for the study site at an
Interferometric Terrain Height Data 1 (ITHD-1)
specifications which include 90 m spatial sampling, 30
m absolute vertical height accuracy, and 20 m absolute
horizontal accuracy and at the same mapping projection
(WGS84) as the X-/L-band data sets. All accuracies are
quoted at the 90% confidence level [34].

Table 3. SRTM Platform Specifications.

3.2.3  Single Pass Airborne L-PolInSAR Data

In 2007, Intermap Technologies developed the world’s
first airborne single-pass, cross-track, fully polarimetric,

interferometric radar sensor operating in L-Band (22
cm, 1.325 GHz) to create bare-earth digital elevation
models (DEMs or DTMs) and to determine forest
canopy height [31]. This system, called TopoSAR-L, is
an adaptation of the TopoSAR System [4]. Table 4
provides a list of the specifications of the TopoSAR-L
system. Additional details are given in [31]. TopoSAR-
L’s geometric baseline, in combination with the
operating flight altitude of 1000m, allows for the
derivation of ORI, DSM and DTM products with a 2 m
GSD. The TopoSAR-L DSM and DTM were processed
as 32-bit floating grids and the ORI was processed as an
8-bit image.

Table 4. Intermap TopoSAR-L Platform Specifications.

3.3 ANCILLARY DATA

High resolution (0.4m pixels) color aerial photography
(September 2007) was acquired from Valtus Aerial
Photography. The Lodgepole pine vegetation
boundaries were digitized from the air photo (Figure 1).
LiDAR derived bare ground data (used as the reference
DTM) and full featured point cloud (used to extract the
reference DSM) was available for validation of the
canopy height models. The LiDAR data were collected
by Terrapoint’s Mid-Range LiDAR system. It is a 2D
laser scanner that produces 8-20 points per square meter
coverage even in densely vegetated areas. The LiDAR
data have a stated vertical accuracy (95% confidence
level) of 0.10-0.30m on vegetated surfaces over flat to
rolling terrain (which is the case for this study site). The
horizontal accuracy (95% confidence level) is 0.15-
0.75m in all but extreme hilly areas. The bare ground
data (referred to as a DTM) were provided as a 2 m
GSD 32-bit floating grid. A DSM was derived from the
LiDAR point cloud by taking the highest point within a
5.6 m search radius based on the provided 1 m GSD
point cloud. The resultant LiDAR DSM grid was
resampled to a 2 m GSD 32-bit floating grid to
correspond with the other elevation data sets.

4. METHODS
4.1 Transect Lines

Six transect lines (Figure 1) were established running
north-south through the study area. Transects were



spaced 100 m apart with sample points spaced 10 m
apart along each transect line. The height at each sample
point was extracted from the LiDAR canopy height
model (CHM; section 4.2) and the LIDAR DSM and
used as the reference data. The height at each sample
point was also derived for the Ay X- and C-Band
surfaces (section 4.3), the L-Band phased difference
height surface (4.3), the PolInSAR (4.4 - 4.5) and the X-
band derived (CHMs) (4.5) for comparison with the
LiDAR reference data.

4.2 LiDAR Canopy Height Model — Reference Data
The LiDAR bare ground data were subtracted from the

LiDAR derived DSM data to generate a canopy height
model (CHM) of the study site (Figure 3). The LiDAR

CHM was used as the reference CHM.
LIDAR
CHM

LiDAR
i
Figure 3. Methodology to derive LiDAR canopy height model.
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4.3 Scattering Phase Center Estimation

The Ay, was directly estimated from X- and C-Band
phased InSAR by subtracting the LIDAR DTM from an
InSAR DSM data (Figure 4) [12] [24]. This approach
was applicable because the as the X- and C-Band
InSAR sensors operate at a short wavelength so that the
majority of the scattering comes from the upper portion
of the vegetation canopy. The LiDAR provided a
reliable bare ground elevation model in support of this
approach.
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Figure 4. Methodology to calculate scattering phase center
height for InSAR data.

4.4 PolInSAR Canopy Height and Bare Ground
Estimation

The application of PolInSAR is for estimating canopy
height is not straightforward because of the complex
structure of forests; it requires the consideration of a
scattering model. The Random Volume over Ground
(RVoG) model has been frequently utilized [6] [10] [29]
[39]. RVoG assumes vegetation to be a conglomerate of
randomly oriented scatterers situated above a surface
layer (bare ground) [10] [40]. The interferometric phase
related to ground topography and canopy height can be
extracted according to the RVoG model by a simple
mathematical extrapolation process [6] [10] [29] [39].

The complex interferometric coherence 7 can be
written equation (1) [10].

y +m(w)
1+ m(i)

Where ¢, is the ground topography phase, m is the

7 (W) = exp(id,) (1)

effective ground-to-volume amplitude ratio (which
accounts for attenuation though volume) and W
represents the polarization state. }7V Is the complex
coherence for the volume (excludes ground component),

and o is a function of the extinction coefficient for the
random volume thickness is given by h, in equation (3).

h
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Where k, is the vertical number calculated from the
incidence angle (6), the difference in the two incidence
angles (A#), and the wavelength (1) of the radar system
as in Equation (4).
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Here we make the assumption that J, is not

polarization dependent while m is. A coherence
optimization process is then used to identify optimum
coherence values that will lie upon a straight line (red
crosses, Figure 5) as a function of m within the unit
circle (yellow ellipsoid, Figure 5) on the complex plane
by manipulating Equation (1) [40]. The intersection of
this line with the unit circle provides the topographic
phase (navy circle, Figure 5) for large m and the
associated phase at this point relates directly to the
ground elevation.

Imaginary

<= Coherence region
+  Low phase center
+  High phase center
+  Optimum coherences
@ Ground phase intersection point

Figure 5. PolInSAR ground topography and canopy height
extraction in the complex plane, for one image pixel. The
ellipse-shaped region (yellow) denotes the area in which all
possible coherences lie.



A limit of no ground component (m=0), the observed
coherence is given by the volume coherence 7, rotated

through@,. To obtain canopy height, much of the

effort in PolInSAR has been to develop robust methods
to estimate hy through an inversion process [6] [9] [39]
[40]. Two methods are presented here, the DEM
difference and the 2-D Search were applied to L-Band
10m baseline dataset.

4.4.1 PolInSAR DEM Difference Method

In the DEM differencing method, the forest height hv is
estimated directly from the phase difference between
ground phase and the volume-dominated polarization
phase [27]. While this method is a simple
implementation of RVoG and computationally light, it
tends to underestimate canopy height because the
interferometric phase centre is seldom near the top of
the canopy.

4.4.2 PolInSAR 2-D Search Method

In the 2-D Search method, a look-up table (LUT)
containing values of random volume interferomteric
coherences as calculated in Equation (1) is established,
using a set of extinction coefficient values and forest
height values and displayed in the complex plane [40].
Estimated complex interferometric coherence according
to Equation (1) assuming no ground return (m=0) with
6=0, 0.1,...,1.0db/m from centre to outer and hv=0-40m
with 0.5m as step. A search to find closest element in
the LUT to the observed complex coherence, we can
estimate extinction coefficient and forest height at the
same time [9]. The high phase end is used in the height
inversion. While the 2-D search with a fine LUT (small
step size for hv and o) achieved increased canopy height
accuracy, it does so at the cost of increased computation
time. Knowledge of the forest height and mean
extinction coefficient can guide the search and reduce
computation time.

4.5 Phase Difference Height Estimation

The L-Band PolInSAR DSM represents a combination
of scatters at HH, VV, HV, and VH polarizations and
thus do not reflect a scattering phase center height in the
same manner as with the single polarized X- and C-
Band InSAR data. The subtraction of an accurate DTM
from the L-PolInSAR derived DSM is instead, referred
to as phase difference height. Three phase difference
height calculations were performed using the L-
PolInSAR data (Figure 6). First, the L-PolInSAR (L-
PolInSAR1) DTM created from the DEM difference
method was subtracted from the L-PollInSAR DSM to
derive the first phase difference, namely L1-PolInSAR.
Second, the LiDAR DTM was subtracted from the L-

PolInSAR1 DSM to derive L2-PolInSAR phase
difference. Third, the LIDAR DTM was subtracted from
the 2-D search derived L-PolInSAR (PolInSAR2) DSM
to obtain the L3-PolInSAR phase difference. Figure 6
provides an illustration of the process flow utilized to
create all three L-PolInSAR phase differences.

L-PolinSAR1
DM L1-PolinSAR
Phase Difference|
L-PolinSAR1 [
Dsm
LiDAR
r—
Phase Difference|
L-PolinSAR e
Dsm
LiDAR
e
Phase Difference)
L-PollnSAR2 L
DsM

Figure 6. Three L-Band phase height difference calculations.
4.6 InSAR Canopy Height Model (CHM)

A new method to account for the attenuation of the
microwave radiation into the canopy at short
wavelengths (e.g. X- and C-band) is proposed for
InSAR data (Figure 7). This method utilizes the
percentage of tree height underestimation caused by
penetration of microwave radiation into the canopy
(equation (4)), the type of vegetation canopy (e.g. given
by land cover derived from the aerial photography) and
the scattering phase center height (/) derived from the
InSAR DSM and an accurate DTM. This method was
applied to the X-HH InSAR data to derive a refined
CHM from X-Band InSAR data (Figure 7). It was not
applied to the C-Band InSAR data as it was through to
be suspect.

% Tree Height
/ hspc //Landc“e'//Underestirnatiur/
I I LiDAR
Measurement

b

Canopy Validate
Height Meadel CHM with
(CHM) LIiDAR

Figure 7. Flowchart that illustrates the components of the
proposed Canopy Height Model (CHM,).

5. RESULTS AND DISCUSSION
5.1 PolInSAR Bare Ground Analysis

The DEM difference RVoG method was used to derive
a DTM from the L-Band PolInSAR data for the study
site. The DTM performed well over barren land cover;
however, improvements beneath the vegetation are
required. Figure 8 demonstrates both over and
underestimation of the terrain height by the PolInSAR
RVoG DEM difference derived DTM relative to the



LiDAR DTM. The L-Band DTM achieved an accuracy
of 5.31 m RMSE (5.49m, CE95) through dense forest
canopy when compared to the LiDAR DTM. Similar
results were found in [31].
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Figure 8: LiDAR DTM (navy) and L1a-PolInSAR DTM (pink)
for the transect lines 1-3.

5.2 Scattering Phase Center and Phase Difference
Height Analysis

Retrieved heights from sample points along the six
transect lines (Figure 1) were extracted from the X- and
C-Band h,. and L-PolInSAR phase differenced height
surfaces and compared with the LiDAR CHM by
calculating the Root Mean Square Error (RMSE),
standard deviation (SD), 95% circular error confidence
level (CE95) and the percentage of canopy height
underestimation caused by penetration of microwave
radiation into the canopy given by equation (4). Results
are tabulated in Table 5.

E(hcanopy ) = (1 - (hspc - hLiDAR ))* 100 (4)

Where A, is the InSAR scattering phase center height
or PolInSAR phased difference height and /pipar is the
reference CHM. Table 5 indicates noticeable
discrepancies/limitations between the X-HH/C-HH
InSAR hg, and L-PollnSAR phase difference results
compared to the LIDAR CHM. As expected, the Agy
models underestimate canopy height at X-Band
wavelength [13] [14] [15] [24] because it does not
account for the downward penetration of the SAR signal
(attenuation) into the canopy, which, at shorter
wavelengths underestimates the forest canopy by
29.09% (X-HH) for Lodgepole pine trees with an
average tree height of 28.7 m for this study site.

Table 5. Scattering phase center height and phase difference
height error assessment (average tree height 28.7 m).

.-\T'cnu'.c Tree Height is 28.7 m* RMSE )| SD | CE9s | Tree I_Ieighl
Wavelength Under i
N-Band h,, 8.35 #1853 | 1ol 19.09%
C-Band hyy, 444 +442 | 778 15.47%
L2 PollnSAR DSM - LiDAR DTM 829 +2.06 | 10,92 28.89%
L1 PollnSAR DSM - PollnSAR DTM 13.81 +2.98 | 17.76 48.12%

The C-Band g, model which over- and under-estimates
the canopy height by -15.47%. Others have found
similar results [8] [17] [18]. The LiDAR CHM, X-
HH/C-HH Band A, and the two L-PolInSAR phase

difference models for transect lines 1 and 2 are depicted
in Figures 9 and 10, respectively. The X-Band /g, and
L-PolinSAR (L2) phase difference canopy height are
similar and slightly lower than the LiDAR canopy
height model. The C-band overestimates the canopy
height by 15.47%.

CAMOPY HERGHT - TRAMSECT LMNE 1
= wout = —
i N il
R b~ S, VT e (it
3 o0 A
3 W
g .
£
o
..... " n 4
B POINT
——LIDARCHM  —— Xhape Chape U —Lz

Figure 9: LiDAR CHM (navy), X-hy, (pink), C-hg, (vellow),

and PolInSAR phase difference models L1 (turquoise) and L2

(red) phase difference models for transect line 1 (average tree
height = 28.7 m).
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Figure 9: LiDAR CHM (navy), X-hy, (pink), C-hg, (vellow),
and PolInSAR phase difference models L1 (turquoise) and L2
(red) phase difference models for transect line 2 (average tree
height = 28.7 m).

5.3 Canopy Height Model Optimization

The C-Band data were thought to be suspect. Reference
[7] indicates that error mitigation strategies to
compensate for phase noise and motion mast errors are
recommended when using SRTM data to retrieve
canopy height. Due to time constraints, such mitigation
strategies were not performed in this study, thus the
CHM was not applied to the C-Band data.

Retrieved heights from sample points from the
Lodgepole pine forests along transect lines (Figure 1)
for the X-Band CHM (described in 4.6) and the L3 (L-
PolInSAR 2-D Search phase difference DSM — LiDAR
DTM, section 4.5) CHM were compared with the
LiDAR CHM by calculating the RMSE, SD, CE95, and
the percentage of canopy height underestimation given
by equation (1). To reduce forest edge effects, samples
located up to 6 m (3 pixels) from the forest cover
boundaries were excluded. The results are presented in
Table 6 and Figure 11. An RMSE of 2.15 m (+2.16 m)
and 2.12 m (+1.93 m) were obtained for the X-Band and
the L-PolInSAR optimized CHMs, respectively.

Table 6. Canopy height model comparison.
Canopy Height Model (CHM) Error Assessment Against LIDAR CHM

Wavelength | RMSE lrrl}r SD | CE95 | Tree Height Underestimation®
X-Band CHM 215 *216| 414 7.49%
L-PolinSARZ Phase Diff. 212 +183| 368 7.39%

(Average Tree Height is 28.7 m*




Figure 11: Canopy height over forest stands (average height = 28.7 m) for LIDAR-CHM (navy), X-CHM (pink), and L3-PolInSAR
phase difference (turquoise).

6. CONCLUSIONS

In this study we have shown that the X-HH hgy
compared to the LiDAR canopy height indicated that
the scattering phase center of X-Band InSAR is located
clearly below the forest canopy. Results indicate that the
SRTM C-Band InSAR A, overall overestimated the
canopy height, which was unexpected. The C-Band data
is considered to be suspect and thus warrants further
investigation. The L-Band PolInSAR RVoG techniques
were used to extract the bare ground and canopy
elevations. Additional testing of the L-Band PolInSAR
DEM difference method is required to better separate
the volume and ground scattering to achieve better
DTM results beneath forest canopy. We have
demonstrated that canopy height estimation by means of
a new canopy height model for X-band InSAR and by
means of L-PolInSAR inversion of the RVoG 2-D
Search model works well for homogeneous Lodgepole
Pine forests with an average height of 28.7 m for this
region. Both models agree well with the LiDAR derived
CHM; however, they rely on an accurate DTM model.
Field measurements of tree height and bare ground
elevations would provide validation of the LIDAR data
and the CHM. X-band InSAR and PolInSAR canopy
height methods need to be tested on other terrain and
vegetation types to determine their applicability.
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