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Abstract: Similar to light detection and ranging (lidar), profile radar can detect forest vertical structure
directly. Recently, the first Ku-band profile radar system designed for forest applications, called
Tomoradar, has been developed and evaluated in boreal forest. However, the physical relationships
between the waveform and forest structure parameters such as height, leaf area index (LAI), and
aboveground biomass are still unclear, which limits later forestry applications. Therefore, it is
necessary to develop a theoretical model to simulate the relationship and interpret the mechanism
behind. In this study, we extend the Radiosity Applicable to Porous IndiviDual objects (RAPID2)
model to simulate the profile radar waveform of forest stands. The basic assumption is that the
scattering functions of major components within forest canopy are similar between profile radar and
the side-looking radar implemented in RAPID2, except several modifications. These modifications of
RAPID2 mainly include: (a) changing the observation angle from side-looking to nadir-looking; (b)
enhancing the ground specular scattering in normal direction using Fresnel coefficient; (c) increasing
the timing resolution and recording waveform. The simulated waveforms were evaluated using
two plots of Tomoradar waveforms at co- and cross- polarizations, which are collected in thin and
dense forest stands respectively. There is a good agreement (R2

≥ 0.80) between the model results and
experimental waveforms in HH and HV polarization modes and two forest scenes. After validation,
the extended RAPID2 model was used to explore the sensitivity of the stem density, single tree LAI,
crown shape, and twig density on the penetration depth in the Ku-band. Results indicate that the
backscattering of the profile radar penetrates deeper than previous studies of synthetic aperture
radar (SAR), and the penetration depth tends to be several meters in Ku-band. With the increasing of
the needle and twig density in the microwave propagation path, the penetration depth decreases
gradually. It is worth noting that variation of stem density seems to have the least effect on the
penetration depth, when there is no overlapping between the single tree crowns.

Keywords: forest structure; vertical energy distribution; short wavelength; radiosity model;
penetration depth
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1. Introduction

There are two major active remote sensing technologies, light detection and ranging (lidar) and
radio detection and ranging (radar). Lidar uses optical wavelengths, while radar transmits microwave
radiation and records echoes from the target objects. In forestry inventories and monitoring programs,
lidar (such as ICEsat or GEDI) can only collect sparse measurements for large areas, but radar has
the advantage of continuous measurements over large areas. Theoretically, given a radar sensor
with a fixed wavelength, an incident angle, and a polarization mode, the penetration depth and the
backscattering intensity or interference should be correlated to target properties (e.g., soil roughness,
moisture, or forest biomass). Thus, radar technology, primarily synthetic aperture radar (SAR), is
capable of mapping large-scale forest biomass over the past three decades [1–4].

1.1. Microwave Methods for Forest Vertical Structure Retrieval

The forest vertical structure is not easy to retrieve from SAR images. For this purpose, tomography
technique, an extension of multi-baseline interferometric, has been proposed to obtain the vertical
distribution of backscattering energy in forest. Several studies have achieved the acquisition of forest
height, aboveground biomass, and forest structure dynamic changes using SAR tomography at L-band
and P-band [5–8]. However, due to the difficulty in obtaining data with ideal baseline configurations,
and the large uncertainty of the reconstructed energy profiles with different inversion algorithms, SAR
tomography for forest structures has not yet entered operational stages. Thus, it will be interesting
to develop some waveform radar sensors using microwave wavelength, called profile radar, as a
complement to SAR and lidar. From 1988 to 1991, an air-borne profile radar system (HUTSCAT) was
constructed, operating in X band and C band. HUTSCAT did response from boreal forest, showing
clearly the contribution of forest structure and ground [9,10]. From 2012 to 2016, a lightweight Ku-band
profile radar (Tomoradar), viable for unmanned aerial vehicle, was designed by the Finnish Geospatial
Research Institute (FGI) [11]. Tomoradar is a Frequency Modulated Continuous Wave (FM-CW)
ranging radar system with a Global Navigation Satellite System (GNSS) and Inertial Measurement Unit
(IMU) system, which offer centimeter accuracy of fly trajectory information. Tomoradar on a helicopter
platform can collect, continuously, full polarization backscatter waveforms within a several-meters
footprint. Several works have been carried out to quantify the energy of backscatter signals from the
ground and canopy, and estimate the elevations at ground level and tree top level [11–14]. For instance,
Chen et al. have proven that the Tomoradar can collect the profile information clearly from tree canopy
top to ground level for both co- and cross-polarizations [11]. Feng et al. have used Tomoradar to
estimate ground elevation and canopy top elevation, and the root mean square errors (RMSEs) were
less than 1 m, compared with lidar measurements [13]. However, until now, there are still very few
radiative transfer (RT) models to explain and exploit the profile radar waveform, which limits its value.

1.2. Related Studies on Profile Radar

Hence, it is essential for a theoretical model to simulate the profile radar waveform of forests,
which would support researchers for comprehensively exploring the profile radar response from forests,
and probably come up with more accurate methods to forest resource mapping. The water cloud model
is one of the most classical microwave scattering models, in which the vegetation is represented by a
homogeneous droplet cloud [15]. By describing the vegetation as a single homogeneous layer, Karam
and Fung used finite-length cylinders to establish a scattering model for defoliated vegetation [16].
Thus, it is not applicable for canopies with vertical structures. In 1990, Ulaby et al. established the
Michigan Microwave Canopy Scattering model (MIMICS), which divided forest canopies into three
layers: crown, trunk, and understory [17]. Another multi-layer model, MIT/CESBIO backscatter model,
was proposed by Hsu et al. In 1994 to simulate the backscattering in P band, which was a first order
RT model [18]. With the coupling of the MIT/CESBIO backscatter model to the architectural tree
growth model (AMAP), respectively, Floury et al. simulated the Spaceborne Imaging Radar- C/X-band
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Synthetic Aperture Radar (SIR-C/X-SAR) data and Martinez et al. developed the HUTSCAT profile
waveforms [19,20]. In 2004, Picard et al. simulated the HUTSCAT waveforms by a three-dimension
(3D) RT model [21]. However, there is no study to simulate the Ku-band profile radar where the
multiple scattering may not be neglected.

Recently, a three-dimension RT model, named Radiosity Applicable to Porous IndiviDual objects
(RAPID version 2), was proposed, which invented a new approach to solve the radar scattering [22].
To the best of our knowledge, RAPID2 is the first shared unified model that can simulate the full
spectrum radiation from optical to microwave wavelength domains, contributing to theoretical study
of multi-sources data inversion. However, the initial simulation objective in the RAPID2 model is
the backscattering of SAR, a side-looking radar, which cannot obtain the microwave energy profile
in forests.

1.3. Aims and Objectives

The aim of this work is to simulate the profile radar waveform of forests by extending the RAPID2
model. The RAPID2 model exhibits great potential for improving the understanding of microwave
response from forests and contributing to the development of multi-sensor and data fusion. Through
the further extension of profile radar waveform simulation function, the advantages of profile radar,
which shows the contribution of forest structure and ground more clearly, can be used to better
understand the interaction. Moreover, by combining the extended RAPID2 model and forest growth
model, the application of profile radar can be more extensive in the forest parameters extraction as
well. For many applications using profile radar, the penetration depth tends to be a key information.
Therefore, we extended the RAPID2 model to simulate the profile radar waveform of forests and
analyzed the sensitivity of the signal penetration depth in various forest scenes in this research.

2. General Strategy and Framework

Focusing on the research objective, this paper is divided into three major parts (Figure 1): model
extension of RAPID2, validation, and sensitivity analysis on penetration depth.Remote Sens. 2020, 11, x FOR PEER REVIEW 4 of 21 
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First, we realized the RAPID2 model extension of the profile radar waveform simulation function.
The extensions of the RAPID2 model are mainly on incidence angle, ground scattering, and waveform
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recording. As for profile radar, the incident direction is nadir-looking, instead of side-looking; thus, the
transmitting and receiving directions of microwave were adjusted to be perpendicular in the extended
RAPID2 model. The specular scattering of ground surface was adopted to fit the nadir incidence.
Besides, the timing resolution was greatly increased to support waveform recording.

Second, to validate the simulation results of the extended model, two plots of waveform data
for different forest densities, acquired by Tomoradar HH and HV polarization in October 2016, were
adopted as references. The two plots are continuous, which have the similar parameters of branch/twig
and dielectric constant properties, making two plots comparable. To obtain the better consistency,
the 3D scenes of the two plots were built with parameters extracted from airborne lidar point cloud,
which collected simultaneously with Tomoradar. Moreover, the accuracies of profile radar waveform
simulations in both co- and cross- polarization for thin and dense forests were estimated.

Third, the Ku-band penetration depth at nadir incidence of various forest scenes was studied.
Accordingly, the rest of this paper is organized as follows. The RAPID model and extension are

introduced in Section 3. Then, the model validation is presented in Section 4. Moreover, Section 5
illustrates the sensitivity analysis of penetration depth. In addition, Section 6 expounds the discussion
of the results in detail. Finally, the conclusions are drawn in Section 7.

3. RAPID Model and Extension

RAPID model is a 3D RT model by inventing the concept of porous individual thin objects, which
was proposed in 2013 (v1) by Huang et al. [23] and developed to simulate microwave backscattering
in 2018 (v2) [22]. The RAPID2 model can simulate optical, lidar waveform and point cloud, thermal
radiation, as well as SAR backscattering signals with unified 3D scene and input parameters. However,
the vertical distribution of microwave energy in forests has not been implemented with the RAPID2
model. Thus, we extended the RAPID2 model to simulate profile radar waveform by combining the
features of lidar waveform and SAR imaging modules.

In this section, the 3D scene generation and the radiosity framework in RAPID2 model is
introduced in Section 3.1. Then, the extension of the RAPID2 model is described in Section 3.2.

3.1. RAPID2

RAPID2 model mainly consists of the built-in 3D scene graphical user interface (GUI) and the
radiosity framework. Users can generate forest scenes by setting forest and terrain parameters. Based
on the forest scene, remote sensing data of various wavelength ranges from visible/near infrared to
thermal infrared and microwave are simulated using a unified radiosity model. The RAPID2 model is
freely distributed online (http://www.3dforest.cn/en_rapid.html). Since the purpose of this paper is to
simulate profile radar waveform, the microwave backscattering simulation of the RAPID2 model is
described in the following sections.

3.1.1. Three-Dimension Scene Generation

The size and the digital elevation model (DEM) of 3D scenes could be set firstly, according to
plot conditions. After that, the 3D objects, such as trees, crops, water bodies, and buildings, could
be defined in the scene. In this study, trees and shrubs are the objects on ground, where the default
parameters (such as height, length, width, and LAI of crown) are modified according to lidar point
cloud (see details in Section 3.2).

For vegetation, the solid stem and porous crown layers generally contribute a single plant. Each
porous crown layer is composed of leaves (or needles) and branches, characterized by length, thickness,
orientation and density, length, and diameter, respectively. Thin discs represent broad leaves; cylinders
represent needles and branches. The branches are divided into large branches and small twigs. The leaf
angle distribution (LAD) and branch orientation distribution (BOD) are set from 0◦to 85◦with a step of
5◦, assumed to be independent of azimuth. In addition, the porous objects are projected dynamically
and drawn as numerous sub-leaves in the optical region or particles in the microwave region, based on

http://www.3dforest.cn/en_rapid.html
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the LAI, LAD, and leaf size of the crown, so as to only view factors between porous objects (not between
hundreds of small particles) need to be calculated and stored. Therefore, the RAPID2 significantly
reduces the huge memory requirements of large and realistic vegetation scenes and the long calculation
time of view factors. For ground surface, soil facets are characterized by roughness size and correlation
length. A sample forest scene in RAPID2 is illustrated in Figure 2.
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thin layers, which would be projected as particles dynamically in microwave domain at runtime.

In microwave domain, dielectric constants of objects are of great significance for their scattering
and extinction characteristics. The relative dielectric constants of stem (εt), branch (εb), leaf (εl), and
soil (εs) need to be pre-defined with environment temperature and moisture content [17].

3.1.2. Radiosity Framework

Comparing to classical radiosity transfer equation, the radiosity is replaced by the Stokes vector
and the reflectance is replaced by the scattering matrix in RAPID2. As a result, the extended radiosity
theory is able to simulate microwave scattering in RAPID2. For specular scattering, as an example, the
Stokes vector (I) at the direction (Ω) can be expressed as:

Ii(Ω) = Ii,0(Ω) +
∑

j
ρi

(
Ωj, Ω

)
Fij

(
Ωj

)
Ij

(
Ωj

)
+

∑
k
τi

(
Ωj, Ω

)
Fik(Ωk)Ik(Ωk) (1)

where Ii,0 is the single scattering Stokes vector of object i; Ωj or Ωk is the normal direction of object j or
k to object i; Fij or Fik is the directional view factor between j (or k) and i from Ωj or Ωk to Ω; ρ or τ is
directional scattering or transmittance matrices, and ρ can be expressed as Mueller matrix (M):

ρ = M
(
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(2)

where Spq is the complex scattering matrix.
The scattering of a porous object is composed of Lambertian and non-Lambertian parts.

The non-Lambertian part means its scattering is direction-dependent, which includes forward and
specular scattering. For solid objects, such as soil and trunk, the forward scattering is minor and ignored.

The total scattering process of a forest canopy is separated into single scattering, double bouncing
scattering, and multiple scattering, based on three pre-hypotheses:

(1) The specular scattering is independent from Lambertian scattering.

(2) The major double bouncing scatterings Ii,1

(
Ωspec

)
include the specular scattering between trunk

and soil, and the specular scattering between crown layers and soil.
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(3) Multiple scattering I+i,2 only occurs from the Lambertian scattering among the porous objects.

Finally, the radar backscattering of vegetation is as follows:

Ii(Ωback) = I+i,2 + Ii,1

(
Ωspec

)
(3)

The major output results of RAPID2 are the total backscattering coefficient of the scene, the
backscattering coefficients of each component (crown, trunk, soil) and the simulated radar images of
the scene in full polarization modes.

3.2. RAPID2 Model Extension

Table 1 presents the differences and requirements to extend RAPID2 from SAR mode to profile
radar mode. Firstly, there are significantly different observation modes between SAR and profile radar,
where the transmitting and receiving directions of microwave were adjusted to be perpendicular.
Secondly, compared with the mixture of ground surface scattering and vegetation scattering in SAR
data, the ground surface scattering is more independent and stronger in profile radar scattering.
The major scattering type contributing to the ground surface scattering changes from Lambertian
scattering to specular scattering in profile radar observation. Thirdly, the outputs of SAR and profile
radar are different. The output of SAR includes an image and total backscattering coefficients, while
that of profile radar is waveform. In consequence, the output function with high resolution of the
vertical backscattering intensity records should be added to the extend RAPID2 model.

Table 1. The difference between synthetic aperture radar (SAR) and profile radar and the
extension requirements

Items SAR Profile Radar Extension Requirements

Looking angles Off-nadir Nadir Vertical direction of microwave
transmitting and receiving

Scattering types

Trunk-soil and
crown-soil double

bouncing; Lambertian
crown scattering

Crown-soil double
bouncing; Lambertian

crown scattering

Special specular scattering of
soil at the normal direction

Outputs Images Waveforms High resolution of vertical
backscattering intensity records

Figure 3 further demonstrates the difference of the major ground surface scattering type between
SAR and profile radar.
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As specular scattering is identified as the main type of ground surface scattering, the intensity of
the specular scattering needs to be estimated. In this paper, we adopted Fresnel scattering coefficient
to acquire the co-polarization intensity of specular scattering. The co-polarization backscattering
coefficient can be defined as [24]:

σhh = Rhh =

∣∣∣∣∣∣∣ cos θ−
√
εr − sin2 θ

cos θ+
√
εr − sin2 θ

∣∣∣∣∣∣∣
2

(4)

σvv = Rvv =

∣∣∣∣∣∣∣ εr cos θ−
√
εr − sin2 θ

εr cos θ+
√
εr − sin2 θ

∣∣∣∣∣∣∣
2

(5)

where the Rhh and Rvv are the Fresnel scattering coefficient; θ is the incident angle; εr is the complex
dielectric constant.

Since the backscattering intensity of cross-polarization cannot be simulated by the Fresnel
scattering coefficient, an empirical coefficient was adopted to estimate the value, which is related to
that of co-polarization backscattering [25]. The cross-polarization backscattering coefficient can be
expressed as:

σhv = k ∗ σhh (6)

A series of k values from 0.1 to 1.0 with a step of 0.05 are set to optimize the backscattering
intensity during the simulation of the ground waveform at cross-polarization. Therefore, a total of 20
simulated waveforms could be obtained, of which the waveform that best matches the real waveform
is selected as the final simulated result. It is worth noting that the empirical coefficient is only for
cross-polarization, and for a stand with similar density, it only needs to be calibrated once.

By modifying the direction of microwave transmitting and receiving, the major type of ground
surface scattering, the output format for simulation results and calculating the intensity of specular
scattering with Fresnel scattering coefficient, the RAPID2 model has been extended to have the function
of profile radar waveform simulation.

4. Model Validation

The validation of the extended RAPID2 model is based on the Ku-band profile radar waveform
data obtained from the two plots with different forest density. The waveforms simulated by the
extended RAPID2 are compared with the mean Tomoradar waveforms of the selected plots in co- and
cross-polarization modes.

In this section, the flight experiment, profile radar data and lidar data are introduced in Section 4.1;
the generation of the 3D forest scene is described in Section 4.2; the comparison of simulation results is
illustrated in Section 4.3.

4.1. Flight Experiment and Data

4.1.1. Flight Experiment

The field test was at Evo, located in the boreal forest region in southern Finland (61◦19′N, 25◦11′E)
as shown in Figure 4a. There was a managed forest with about 2000 ha covered by Scots pine (Pinus
sylvestris), Norway spruce (Picea abies), and birch (Betula sp.). The flight experiment [11] by a Bell-206
helicopter was conducted along a north-south direction on the site on September 2016. Both Tomoradar
and lidar devices, collecting the backscattering information of the target forest simultaneously, were
installed on the helicopter operating at around 60 m altitude with 10 m/s flight speed leading to an
18-meter-width of lidar data acquisition. In order to make the experiment plots have similar parameters
of branch/twig and dielectric constant properties, two continuous plots with different density under
the flight line were selected for validation, which reduces the errors caused by the uncertainty of the
inputs and helps to compare the simulations for different density forest. The lengths of the plot are
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21 m (plot 1) and 37 m (plot 2) respectively. Correspondingly, the plot areas are 378 m2 and 666 m2.
The terrain of the plots is relatively flat and the location is presented in Figure 4b. It could be observed
from the airborne lidar data that plot 2 represents a denser forest relative to plot 1 (Figure 4c).
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Figure 4. (a) Location of the test site, Evo in southern Finland; (b) trajectory of data acquisition in the
test site (black line) and the selected plot 1 (red line), plot 2 (blue line), in addition, the image only
serves as a base map to illustrate the forest conditions and does not mean that it was collected at the
same time; (c) the lidar point cloud of the two plots.

4.1.2. Profile Radar Data

The Ku-band FM-CW profile radar system, Tomoradar, was used to collect data. The center
frequency of Tomoradar is 14 GHz with 163-Hz modulation frequency and the field of view (FOV) is
6◦, owing to the beam width of antenna is 3 dB. Tomoradar can receive waveform of four polarization
modes (HH, HV, VH, and VV) with 0.15-m range resolution. Since mechanical scanner was not
installed, the backscattering signals could be recorded only at normal direction alone the trajectory
by Tomoradar. In addition, the footprint of single waveform was determined by the FOV and flight
altitude of Tomoradar. The main parameters of Tomoradar are provided in Table 2.

Table 2. Main parameters of Tomoradar. FM-CW: Frequency Modulated Continuous Wave.

Parameters Specified Values

Center frequency (GHz) 14
Range resolution (m) 0.15

Field of view (◦) 6
Polarization modes HH, HV, VH, VV

Modulation type FM-CW
Modulation frequency (Hz) 163

Data rate (Mbits/s) 2.5

In the selected plots, due to the average flight height being 60 m and the FVO 6◦, the footprint-width
of Tomoradar was about 6 m. Tomoradar continuously collected waveforms with the spacing between
the center points of every two footprints alone track of 0.06 m, owing to the average flight speed
of helicopter being 10 m/s. The co- and cross- polarization (HH and HV) Tomoradar waveforms of
the selected plots were employed to compared, as reference, with the simulated waveforms of the
extended RAPID2 model in this paper. In addition, the vertical profiles of plot 1 and plot 2 consist of
556 waveforms and 797 waveforms, respectively. The vertical profiles of plots for both polarizations
are illustrated in Figure 5. Chen et al. provide a detailed description of the data processing [11].
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1; (d) cross-polarization vertical profile of plot 2.

4.1.3. Lidar Data

The lidar data were used to extract forest structure parameters, acquired in the same area during
Tomoradar waveform collection, and to reconstruct the 3D scene of the plots in the extended RAPID2
model. The lidar system is a Velodyne VLP-16 laser scanner working with 300,000 pts/s, installed on
the same airborne platform, and collecting data simultaneously with Tomoradar. It can generate 16
scan lines uniformly within the FOV of 30◦alone, the trajectory and the beam size of transmitted laser
pulse is 12.7 mm (horizontal) × 9.5 mm (vertical). The main parameters of the lidar are provided in
Table 3. For the selected plots, the lidar data were collected with the average point density of about 80
pts/m2. The lidar point cloud of the two plots are shown in Figure 3c.

Table 3. Main parameters of the lidar

Parameters Specified Values

Laser line number 16
Wavelength (nm) 905

Measuring range (m) 100
measurement accuracy (m) ±0.03

Measurement point output (pts/s) 300,000
Field of view (◦) 30

4.2. Generation of 3D Forest Scene

4.2.1. Forest Parameters Acquisition Method

In order to reconstruct the 3D scene of the selected plots in the extended RAPID2 model, the
parameters of single trees were extracted from the lidar point cloud. The raw data of lidar were
segmented into point cloud of each single tree (Figure 6), after a series of processing using LiDAR360
software (http://www.lidar360.com), such as ground points classification [26], normalization based
on ground points, and single tree segmentation based on seed points modified by human-computer
interaction, so as to extract the location, height, crown length, and crown width of each single tree in
the plots.

http://www.lidar360.com
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According to the single tree point clouds and Beer–Lambert law, the LAI of trees could be
calculated based on the light intensity at the top and bottom of the canopy and the corresponding
extinction coefficient [27]. When applied to point cloud data, the light intensity at the top of the canopy
can be regarded as the total number of point clouds reaching the forest, and the bottom light intensity
is regarded as the number of point clouds, which reach the ground through the forest canopy [28].
Therefore, the LAIs of each single tree in plots were obtained by the following formula.

LAI = −2 ln
Rg

Rt
(7)

where Rg is the number of point clouds reaching the ground and Rt is the total number of point clouds
reaching the top of forest canopy.

Lidar cannot produce the detailed parameters of needles and branches. Thus, these parameters
were obtained according to literatures [29] and iterative fitting of experiment data. The dielectric
constants of components in Ku-band were calculated according to Ulaby [30].

4.2.2. Acquired Forest Parameters and Generated Scenes

Based on point clouds of the segmented trees, there are 21 and 41 trees in plot 1 and plot 2,
respectively (Figure 7). Table 4 shows the major structure parameters of the two plots extracted
from lidar.
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Table 4. The major structure parameters of the two plots extracted from lidar.

Parameters Plot 1 Plot 2

Mean height (m) 20.6 20.3
Mean crown length (m) 7.7 6.9
Mean crown width (m) 4.0 3.4

Mean LAI per tree (m2/m2) 2.9 3.0
LAI of the plot (m2/m2) 1.0 2.1

Area of the plot (m2) 378 666

The main canopy parameters of the plots for simulation are presented in Table 5. The needle
length was 5 cm with a diameter of 0.2 cm and the needle zenith angle distribution was set to be
uniform. Soil correlation length was 18.75 cm while roughness height was 0.25 cm. Table 6 shows the
dielectric constants of components in Ku-band for this study.

Table 5. The main canopy parameters of the plots for simulation.

Parameters Specified Values

Branch length (m) 2.10
Branch diameter (cm) 2.60

Branch density (number/m3) 0.27
Twig length (m) 0.52

Twig diameter (cm) 1.28
Twig density (number/m3) 3.48

Table 6. The dielectric constants of components in Ku-band.

Components Dielectric Constants

Needles 21.75-j8.37
Twigs/branches 17.75-j4.37

Trunks 13.97-j4.31
Soil 6.65-j0.88

The 3D scenes of the plots were generated in the extended RAPID2 model utilizing the parameters
of single tree and dielectric constant of various components, as described above. The virtual 3D scenes
are illustrated in Figure 8.
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4.3. Comparison of Simulation Results

Based on the generated 3D forest scenes, the extended RAPID2 model simulated the profile
radar waveforms. To verify the simulation results of the extended RAPID2 model, the Tomoradar
waveforms were used as references. To ensure the effectiveness of the comparison, the range resolution
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of the simulated waveforms has been set to 0.15 m with a footprint-width of 6 m, matching with
measured data parametersTo ensure the effectiveness of the comparison, the range resolution of the
simulated waveforms has been set to 0.15 m with a footprint-width of 6 m, matching with measured
data parameters. In addition, the average waveforms of the two plots at co- and cross- polarization
modes were employed for simulated and Tomoradar data in the evaluation. The comparisons between
simulated data and Tomoradar data are shown in Figure 9.
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Figure 9. Comparison between the average waveforms of simulated data (red dashed line) and
Tomoradar data (blue solid line): (a) HH polarization of plot 1 (R2 = 0.86); (b) HV polarization of plot 1
(R2 = 0.83); (c) HH polarization of plot 2 (R2 = 0.83); (d) HV polarization of plot 2 (R2 = 0.80).

Figure 9 shows that the modeled average waveforms are in a good agreement with Tomoradar
waveforms for both two plots and two polarization modes. The determination coefficients are not less
than 0.8. When it comes to the same plot, better consistency was shown at co-polarization, whereas the
simulated backscattering was lightly underestimated at cross-polarization. Compared with the average
waveforms of Tomoradar, which contained detailed structure in canopy, the simulated waveforms
reflected the macro trend of backscattering energy distribution in forest canopies. In addition, the
Tomoradar data showed hairy and jagged due to background noise, which did not exist in the
simulated data. Therefore, the difference appeared between the simulated data and Tomoradar data,
especially at cross-polarization. Small sub-layers were not simulated in canopy (Figure 9d). For the
plot with different forest density, the extended RAPID2 model performed better in the thin forest,
and their determination coefficients was 0.03 higher than that of in the dense forest for both two
polarization modes.
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In addition, the extended RAPID2 model could describe the ground waveform accurately with the
empirical coefficients (k) of 0.25 and 0.50 in plot 1 and plot 2, respectively, at cross-polarization mode.

5. Sensitivity Analysis of Penetration Depth

The penetration depth of microwave signal generally determines its detection ability of forest
vertical structure. Different penetration depth means different contribution sources of scatters.
The penetration depth δp in the canopy could be defined as follows [20]:

I
(
δp

)
I(0)

=
1
e

(8)

where I(0) is the total energy reaching the top of the canopy and e is the Euler number. To avoid
confusion, it should be noted that the penetration depth does not mean the depth that profile radar can
finally reach. Instead, the penetration depth only reflects the position where approximately half of the
total energy is accumulated.

A few studies have focused on the influence of canopy structure on penetration depth in the X and
L band [20,31,32]. Nevertheless, a more thorough study on the effects of forest density, canopy LAI and
branch density on penetration depth would be desirable. It could help to improve the accuracy of forest
height estimation and aboveground biomass estimation with a better understanding of the relationship
between forest parameters and microwave penetration depth. In addition, sensitivity analysis would
interpret effectively the variation trends of the relationships under different forest conditions.

The extended RAPID2 model enables the sensitivity analysis by generating a series of forest scenes.
In this paper, the effects of stem density, single tree LAI, crown shape, and twig density on penetration
depth in the Ku-band were studied. The contribution of each specified factor was locally checked
when other forest parameters were fixed. Table 7 presents the variables and their values that we are
concerned about; and the others basic default forest parameters are shown in Table 8. It should be
noted that, in this section, the simulated scenes were evenly distributed coniferous forests with a size
of 50 m × 50 m, and without overlapping between crowns, which avoids the increasing of leaf density
within a crown due to overlapping. The crowns were composed of cone and cylinder, with a randomly
oriented leaf angle distribution. The crown shape was defined as the ratio of cylinder part to crown.

Table 7. Four key variables for sensitivity analysis and their discretized values.

Parameters Specified Values

Stem density (stems/ha) 200, 400, 600, 800, 1000
LAI per tree (m2/m2) 1.0, 2.0, 3.0, 5.0, 7.0

Crown ratio of cylinder part (%) 60, 70, 80, 90, 100
Twig density (number/m3) 2, 6, 10, 14, 18

Table 8. Basic default forest parameters for sensitivity analysis.

Parameters Specified Values

Height (m) 20
Crown width (m) 3
Crown length (m) 9

Diameter at breast height (cm) 20
Length of needle (m) 0.05

Diameter of needle (cm) 0.20
Length of twig (m) 0.52

Diameter of twig (cm) 1.28
Length of branch (m) 2.10

Diameter of branch (cm) 2.60
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Figure 10a–e depict variations in stem density from 200 to 1000 stems/ha with a step of 200 in
simulated scenes, where the leaf area index (LAI) of single trees was 3.0. Five groups of forests scenes
(500 stems/ha) were generated, which consisted of different LAI values per tree (Figure 10f–j). Next,
five kinds of crowns with single tree LAI of 7.0 are shown in Figure 10k–o, forming 500 stems/ha forests
scenes, respectively.
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Figure 10. Virtual scenes for sensitivity analysis on penetration depth: (a–e) with a stem density of 200,
400, 600, 800, 1000 stems/ha when single tree LAI was 3.0 and crown ratio of cylinder part was 70%;
(f–j) with a single tree LAI of 1.0, 2.0, 3.0, 5.0, 7.0 when stem density was 500 stems/ha and crown ratio
of cylinder part was 70%; (k–o) with a crown ratio of cylinder part of 60%, 70%, 80%, 90%, 100% when
stem density was 500 stems/ha and single tree LAI was 7.0.

In addition, five scenes of different twig densities in the crown were also set when stem density
was 500 stems/ha, single tree LAI was 3.0, and the crown ratio of cylinder part was 70%. Simultaneously,
the branch density was set to 0.2 to 1.8 with a step of 0.4, matching the twig density variation.

For the above-mentioned 20 virtual forest scenes, the profile radar waveforms in Ku-band were
simulated by the extended RAPID2 model, and the penetration depths were calculated. Since the
vertical resolution of the simulated waveforms was set to 0.15 m, which is consistent with Tomoradar
data, the error of penetration depth calculation was not less than 0.15 m. The penetration depth
variations of the 20 forest scenes are presented in Figure 11.

Figure 11a presents how penetration depth varies with the stem density when other forest
parameters are fixed. It can be observed that the penetration depth remained at about 5.46 m, which
hardly changed with the increasing of stem density. The penetration of microwave signal tends to
be almost not affected by stem density, which is different from previous studies. This may be due to
two reasons: firstly, the observation angle of profile radar is nadir-looking, differing to traditional
side-looking radar. When the electromagnetic wave is emitted vertically, the interaction occurs in
the vertical path, but the stem density mainly determines the number of trees in horizontal direction.
Secondly, there was no overlapping between the single tree crowns in these virtual forest scenes; thus,
the stem density cannot affect the vertical distribution of needles and twigs within a single tree.
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Figure 11. The penetration depth variations due to the forest scenes vary with (a) stem density when
single tree LAI was 3.0, crown ratio of cylinder part was 70%, and twig density was 3.48; (b) single tree
LAI when stem density was 500 stems/ha, crown ratio of cylinder part was 70%, and twig density was
3.48; (c) crown ratio of cylinder part when stem density was 500 stems/ha, single tree LAI was 7.0, and
twig density was 3.48; (d) twig density when stem density was 500 stems/ha, single tree LAI was 3.0,
and crown ratio of cylinder part was 70%.

Figure 11b shows the relationship between penetration depth and single tree LAI. The penetration
depth decreased with the increasing of single tree LAI. Especially when the LAI increases from 1.0 to
2.0, the value of penetration fell off from 6.86 to 5.74 m. In addition, with the further increasing of the
LAI, the penetration depth decreased to 4.76 m smoothly. This obvious variation in penetration reflects
the fact that needles contribute the microwave backscattering in Ku-band, and more needles weaken
the signal penetration.

The effect of crown shape on penetration depth is shown in Figure 11c. Crown shape was defined
as the ratio of the cylinder part to the whole crown. According to the figure, for the same single
tree LAI, the larger the proportion of the cylinder part in the crown, the lower the penetration depth.
It is understandable that the crown shape determined the spatial distribution of LAI in this study.
The increase of the cylinder part of the crown was essentially the increase of LAI at the top of the
crown in this experiment (Figure 10k–o). Therefore, we can conclude that the increase of LAI in the
microwave propagation path would decrease the penetration depth.
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Figure 11d demonstrates the influence of the twig density in the crown on the penetration depth.
It can be seen that a gradual decline of penetration from 5.60 to 4.48 m occurred, due to the increasing of
twig density in canopy, implying that the twig also contributed to backscattering energy and extensive
twigs reduced microwave penetration in the Ku-band.

6. Discussion

In this study, we achieved to simulate the backscattering waveform of profile radar by extending
RAPID2 model; thus, helping to understand the interaction between microwave and various forest
parameters. Compared with the waveforms of Tomoradar, the extended RAPID2 model worked well
in both co- and cross- polarization for dense and thin forests. Further, taking advantage of the extended
RAPID2 model, the effects of stem density, single tree LAI, crown shape, and twig density in forests on
penetration depth in Ku-band were analyzed. The following sections discuss the results in detail.

6.1. Comparisons of Accuracies in Waveform Simulation

The waveform simulated by the extended RAPID2 model shows different accuracy under different
polarization modes and different forest densities. To our knowledge, there were only two previous
similar studies on the profile radar simulation, the HUTSCAT waveforms [20,21]. The vertical resolution
of the HUTSCAT waveform is 0.68 m. In the simulations of HUTSCAT waveforms, a continuous
canopy model, a distributed 2D canopy model, and a 3D canopy model were used separately; and there
was gradually weakened underestimation of backscattering at the lower part in canopy [21]. For the
17-meter-high stand in their study, the simulated results agreed well with the HUTSCAT waveforms at
the upper part of the canopy (from 8 to 17 m), but between 2 and 8 m, there were still underestimations
of several to dozen dB. The specific values of determination coefficient or root mean square error
(RMSE) for the simulated waveforms was not given. Compared to HUTSCAT, the simulations of
the extended RAPID2 have a better matching to the Tomoradar waveforms, and the determination
coefficients were greater than or equal to 0.8 for the two polarization modes and two forest scenes.
The vertical resolution of waveform simulated in this paper is 0.15 m.

There are two reasons for the improvement. First, since the extended RAPID2 can generate the
scene closing real forest, and the forest parameters were obtained from lidar, the simulated waveforms
in this study were better in macro trend. Second, the quality of Tomoradar is higher, for example, the
vertical resolution is 0.15 m, which means the simulation in our study can more accurately characterize
the backscattering profiles of true forest, but it is possible to make more errors in details as well.

Specifically, for the same forest scene, there was a good agreement of simulated backscattering
waveform at co-polarization, while a light underestimation was found at cross-polarization, especially
in the denser forest. The similar phenomenon occurred in the previous study, where the profile radar
waveforms of Australian pine canopies, aged 30 and 40 years old in X band, were simulated [20].
For the 40-year-old canopy, the simulated waveform, a little more, underestimated the backscattering of
the lower part at cross-polarization mode than at co-polarization mode. One explanation for this result
is that the cross-polarization signals contain more multiple scattering contributions from the canopy
relative to that of co-polarization [33]. In addition, the multiple scattering depends on the density of
needles and twigs, which are difficult to determine accurately [22]. Another possible explanation is
that the cross-polarization signals suffer from a higher proportion contribution of background noise,
because the backscattering intensity of cross-polarization signals is significantly weaker than that of
co-polarization. Noise floor of the FM-CW radar is typically determined by the internal reflections.
In this study, we had to fix the density of twig, for a crown, without varying from top to bottom,
because we did not have the corresponding ground measurement, in addition, background noise
caused by internal reflections did not exist in simulations.

For the forest scenes with different densities, better matching of waveform simulation was found
in the thin forest plot. On the contrary, the more errors existed in waveform simulation of the dense
forest plot, especially in the interior of the multi-layered canopy, and in the lower part of the forest. This
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could be because the main forest parameters used to construct the virtual scene, such as the number of
single trees, the height, and the crown length, etc., were obtained by lidar point cloud data. For lidar, it
is hard to detect the detailed information in complex canopy and understory vegetation, due to the
mutual shielding of branches and leaves. Zhou et al. compared the canopy height profiles extracted
from the Tomoradar waveforms and lidar data; both data were used in this paper [14]. They found
that the locations of the canopy height profiles acquired from the lidar were obviously higher than
those from the Tomoradar. It also indicates that detection to the details in the lower part of canopy are
difficult for lidar, especially in dense forest. To the end, it results in the error of inputs of the extended
RAPID2 model and the error of simulation results.

6.2. Sensitive Factors on Penetration Depth

In this study, microwave penetration depth of various forests in Ku-band was concerned, which
appeared to be more prominent (3.50 m to 6.86 m) than previous qualitative results for short wavelength
SAR (only ‘a few’ meters) [31,34]. This discrepancy is mainly due to the fact that the penetration depth
in the previous study was for side-looking radar. For the radar system with the normal incidence, our
findings are consistent with the conclusion by Martinez et al. [20] that the penetration depth is several
meters in X band. It appeared to be influenced by the density of both needles and twigs in the Ku-band.

A seemingly uncommon finding is that forest stem density was less impacted on profile radar
penetration. This is due to the fact that there was no cross between tree crowns in the nadir direction.
Despite the increasing of stem density, the volume density of needles or twigs on the path of microwave
transmission (such as nadir incidence) did not change significantly. The slight change on penetration
is mainly because of the field of view (FOV = 6 degrees), where the off-nadir directions still exist for
the profile radar. When the stem density increases to a certain degree, there will be a slight change of
backscattering energy in off-nadir directions, leading to the change of penetration depth. Figure 11a
presents the phenomenon and provides specific values. Similarly, the sensitivity to stem density should
be higher for side-looking radar, since higher stem density means higher density of needles and twigs
on the path of off-nadir incidence. Several studies have proven this point: penetration depth decreased
significantly with the increasing of stem density for side-looking radar [31,32].

To further verify this view, we have realized the variation of needle density on the profile radar
observation path by changing the crown shape, namely the ratio of the cylinder part of the crown.
As shown in Figure 11c, the results indicated an obvious decreasing trend of penetration depth with
the increasing needle density on observation path. Thus, it can be seen that only the change of the
density of the components, such as needles, with scattering contribution in the observation path, can
cause the change of microwave penetration depth.

6.3. Advantages and Limitations of Our Approach

The current study has a number of strengths over previous research in terms of exploring the
interaction between microwave scattering and forests. Firstly, the scenes are generated with forest
parameters obtained from the lidar data, which were acquired simultaneously with Tomoradar
waveform, thus improving the consistency of the scenes. Secondly, the waveform simulations have
higher timing and ranging resolution, which shows the backscattering energy distribution in vertical
direction of forest plots clearly. Third, penetration depth of profile radar in Ku-band tends to be more
important (from 3.50 to 6.86 m); and sensitivity of a few forest parameters to penetration depth has
been analyzed quantitatively.

Despite the strengths of the study, there are also some limitations. These limitations are primarily
related to the parameters of canopy that were set according to previous studies. It is possible that
the inaccuracy of canopy parameters could produce the errors of canopy scattering. However, it is
difficult to measure the diameter and length of numerous branches and twigs accurately even if in-situ
measurement could be carried out. On the contrary, using the classical canopy parameters directly is
beneficial to a more consistent comparison with the previous study. In fact, in complex vegetation
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canopies, the best parameter setting might be the average value of the different parameters, as long
as the simulated waveform is fitted well. Hence, the uncertainty of canopy parameters is acceptable
during the simulation of profile radar waveform.

6.4. Inspirations from Profile Radar to Explore SAR Ranging

It is worth noting that before getting a desired simulation of the profile radar waveform, only
the observation direction, the ground surface backscattering, and the output format were modified
in the process of extending RAPID2 model, while the scattering process of each component within
the crown has not been changed. Similarly, Floury et al. and Martinez et al. utilized the same
MIT/CESBIO backscattering model [18] to realize the SAR data simulation [19] and profile radar
waveform simulation [20] of forest canopy. These findings support our basic hypothesis that there is no
difference in the scattering process of the components within the crown between the side-looking radar
and profile radar. Therefore, it tends to suggest that it is possible to obtain the backscattering energy
distribution of the forest in single track SAR image by making statistics of the range direction within a
certain window and integrating it to the direction perpendicular to the ground. Of course, it requires
that the data have a very high range resolution (e.g., less than 0.5 m) relative to the height of the forest
canopies. By properly setting dielectric constants of background, trunks, branches, and leaves for
different frequency radar signals, and calibrating their scattering and extinction functions, the extended
RAPID2 model can simulate the profiles for other frequencies (such as L and P band) as well, which
are widely used in SAR for forest studies. In the future, the vertical structure information of the forest
contained in profile radar waveform and single track SAR data could be compared. Further, the degree
to which the single track SAR data obtains the vertical structure of the forest and its corresponding
conditions could be studied, so that it can be better used to estimate forest parameters.

7. Conclusions

In this study, the RAPID2 model has been extended to simulate the profile radar waveform of
boreal forest, which offers a better understanding of the interaction between the microwave signals
and forest structures. A good agreement has been found at both co- and cross- polarization between
the simulated and Tomoradar profiles. The determination coefficients were greater than or equal to 0.8
for the two polarization modes and two forest scenes.

To our knowledge, the extended RAPID2 is the first shared 3D radiative transfer model realizing
the backscattering simulation of optical, thermal infrared, lidar, side-looking radar, and profile radar
based on the unified scene and input parameters. Thus, it will be a wonderful tool for multi-source
data fusion research. In addition, our study presents a quantitative assessment on Ku-band penetration
in forests, which may widen the use of profile radar data.

Moreover, it is a remarkable fact that there is no fundamental modification between the profile
radar and side-looking radar for the backscattering calculation of canopy components, which means
that it has potential to obtain the backscattering energy distribution of forest to a certain extent by
using single track SAR data. In our next study, we will gain insight into how best to reflect forest
vertical structure information with single track SAR data. Some forest growth models, such as the
Formind model and Zelig model, will be combined with the extended RAPID2, to make the setting of
the forest scene in the model more biologically significant.
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