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Abstract: The estimation of forestry parameters is essential to understanding the three-dimensional
structure of forests. In this respect, the potential of X-band synthetic aperture radar (SAR) has been
recognized for years. Many studies have been conducted on deriving tree heights with SAR data, but
few have paid attention to the effects of the canopy structure. Canopy density plays an important
role since it provides information about the vertical distribution of dominant scatterers in the forest.
In this study, the position of the scattering phase center (SPC) of interferometric X-band SAR data
is investigated with regard to the densest vegetation layer in a deciduous and coniferous forest in
Germany by applying a canopy density index from high-resolution airborne laser scanning data.
Two different methods defining the densest layer are introduced and compared with the position
of the TanDEM-X SPC. The results indicate that the position of the SPC often coincides with the
densest layer, with mean differences ranging from −1.6 m to +0.7 m in the deciduous forest and
+1.9 m in the coniferous forest. Regarding relative tree heights, the SAR signal on average penetrates
up to 15% (3.4 m) of the average tree height in the coniferous forest. In the deciduous forest, the
difference increases to 18% (6.2 m) during summer and 24% (8.2 m) during winter. These findings
highlight the importance of considering not only tree height but also canopy density when delineating
SAR-based forest heights. The vertical structure of the canopy influences the position of the SPC, and
incorporating canopy density can improve the accuracy of SAR-derived forest height estimations.

Keywords: canopy density; TanDEM-X; scattering phase center; ALS; canopy height model; forestry

1. Introduction

Forests play an important role as biotic habitats [1], areas of photosynthetic activity [2],
indicators of biodiversity [3–5], and carbon sinks due to their potential to store large
amounts of carbon over a long time [6]. Understanding the spatial variability in the three-
dimensional structure of forests provides information about their biomass and habitat
suitability [7]. Consequently, the estimation of forestry parameters is of great importance,
particularly in terms of climate change (e.g., global carbon cycle modeling) [8,9] and for the
retrieval of information regarding a forest’s biomass, its spatial distribution, and changes
over time [10]. However, knowledge about these parameters may be restricted in some
important ways (e.g., due to the structural and spatial complexity of the canopy), as most
data are collected through field surveys within a small set of sample plots that are often
selected subjectively [11–13]. Remote sensing with its high spatial coverage and high
temporal resolution can overcome these limitations, which makes it a valuable tool for the
analysis of forestry parameters [14]. In particular, data from airborne laser scanners (ALS)
have been used in recent years. The ability of the laser pulses to penetrate through the
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canopy to a certain amount makes it a valuable tool for analyzing parameters such as tree
height or stem volume [15–17].

Recently, ALS has demonstrated its potential for analyzing forestry parameters, offer-
ing high-resolution mapping of forests [15]. However, airborne data collection over large ar-
eas is often time-consuming and expensive compared to spaceborne techniques [8,18]. Con-
sequently, satellite-based remote sensing plays an important role in mapping large forested
areas. In recent years, many studies have been conducted using optical imagery [19–23]. How-
ever, since optical-based methods are often affected by cloud cover, the use of microwave
satellite remote sensing, particularly synthetic aperture radar (SAR), has shown its poten-
tial for forestry applications in the last two decades. SAR remote sensing, with its active
sensors, is independent of weather and light conditions [24,25] and can penetrate through
a vegetation layer to a depth that is dependent on the radar wavelength [26]. This makes it
a useful tool for analyzing the vertical structure of the canopy in boreal, temperate, tropical,
and subtropical forests [27]. However, the penetration of the SAR signal into the canopy
leads to an underestimation of tree heights. Using SAR, the tree height estimated from
digital elevation models (DEM) is associated with the position of the SAR scattering phase
center (SPC). Previous studies often assumed that the SPC location closely corresponds to the
top tree height in forests, particularly at shorter wavelengths [28,29]. However, due to forest
structure and dielectric properties, substantial penetration is frequently observed in the X-
and C-bands [30–32]. In this study, special focus is given to the densest layer within the
canopy, as it is assumed to have a substantial influence on the position of the SAR SPC.
Therefore, this study aims to achieve two objectives: firstly, to analyze whether the position
of the SAR SPC coincides with the densest layer of the canopy, and secondly, to investigate
the influence of the layers above the densest layer, as the attenuation of the SAR signal in
the upper layers may also play a significant role. By comparing the results of a deciduous
and coniferous forest and employing two different definitions of canopy layer density, this
study aims to provide insights into these two questions.

2. Background

In a forest, different parameters influence the properties of the backscattered SAR
signal. The radar detects objects whose sizes are equal to or greater than the SAR wave-
length [33]. Longer wavelengths, such as the L-band or P-band, are sensitive to the trunks
of the trees, while C- and X-band microwaves scatter off the leaves, needles, and small
branches within the canopy. As a result, the penetration of high-frequency systems, such
as X-band systems, is expected to be limited to the top of the trees, while lower-frequency
systems, such as those in the L-band, penetrate deeper into the canopy. This characteris-
tic makes them well-suited for estimating forest biomass and other biophysical parame-
ters [34–36]. However, since the SAR signal in X- and C-band data is scattered back near
the top of the canopy, they are widely used for the retrieval of forest heights [25,26,31,32].

Across-track SAR interferometry is used to derive tree heights from two SAR acquisi-
tions generated at the same time for the same area from slightly different sensor positions.
As a result, since it is proportional to the surface elevation, the phase difference between
the two acquisitions is used to derive the height of objects on the Earth’s surface. The phase
height (hpha) can be estimated using the following equation [25]:

hpha =
unw(γ)

κ
(1)

where unw(γ) denotes the unwrapping of the coherence coefficient γ, and κ represents the
vertical wave number [37], which is related to the height of ambiguity (HoA):

κ =
2π

HoA
(2)

In this context, the phase heights are referred to as the height of the scattering phase
center of an object. However, in forests, the SPC may be located inside the canopy rather
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than at the top, and therefore, it may not coincide with the forest top’s height [33]. The po-
sition of the SPC results from single or multiple backscattered signals within the same
volumetric resolution cell and is dependent on signal penetration [38,39]. In this work,
the position of the SAR SPC is referred to as the InSAR height.

Numerous studies have investigated signal penetration in forests at different wave-
lengths. Most of them define the difference between the true surface elevation (e.g., as
obtained by ALS data) and the location of the SPC as the penetration depth of the SAR
signal [31,40,41]. However, different terms such as height bias [32], elevation bias [42],
or penetration bias [39] are used synonymously. In this study, h100 corresponds to the
ALS-derived 100th percentile height (i.e., the tree top height) [43]. Consequently, the height
difference between the InSAR Height and h100 is referred to as ∆h100.

In this context, it is important to note that the position of the SPC may not be solely
influenced by tree height. Recent studies have not only concentrated on deriving tree
heights with ALS data but have also aimed at gaining a better understanding of the vertical
structure of forests. Various terms are used to describe their vertical structure, including
overall relative density, normalized relative density, leaf area density, vegetation density,
crown cover, canopy closure, tree cover density, and canopy density [44–48]. In this work,
the term canopy density is used and will be described in detail in Section 4.1.2.

In the recent literature, many studies used SAR and ALS data to estimate tree height
and other forestry parameters, such as aboveground biomass (AGB) and growing stock vol-
ume (GSV). Table 1 provides an overview of recent research in this field. Izzawati et al. [49]
assessed the accuracy of tree height retrieval in coniferous forests using X-band interfer-
ometry and analyzed variables including crown shape, tree density, tree height, incidence
angle, and slope. They found that crown shape, tree density, and tree height are the most
important factors. Kugler et al. [31] investigated the potential of TanDEM-X polarimetric
SAR interferometry (Pol-InSAR) for quantitative analyses of forestry parameters in two
European and one tropical test site and validated the results by comparing them with
ALS-derived tree heights. The authors found a strong correlation between the location of
the SPC and forest top height, with correlation coefficients reaching 0.9 or higher. Moreover,
seasonal differences were observed between summer and winter acquisitions in European
test sites. Both Kugler et al. and Schlund et al. [31,32] analyzed the penetration depth in
three test sites in Germany to apply a physical model to compensate for the penetration
depth (i.e., height bias) in canopy height estimations. Substantial differences in penetration
were found between leaf-on and leaf-off conditions due to the absence of leaves, leading to
higher signal penetration into the canopy [32]. However, at present, no studies have linked
the canopy density of different height layers to the position of the SPC. Hence, this study
aims to examine the canopy structure of the forest to better understand the relationship
between the SPC and canopy density and to provide answers to the aforementioned objec-
tives, determine whether the SPC lies within the densest layers of the canopy, and explore
the role of the layers above the densest layer in this context.

Table 1. Selection of recent studies for the retrieval of forest structural parameters.

Parameter Wavelength Studies Data

Tree height X-band Izzawati et al. [49] Star-3i
Tree height X-band Praks et al. [50] TanDEM-X, E-SAR

Tree height X-band Kugler et al. [31],
Schlund et al. [32] TanDEM-X, ALS

Tree height Ku-band Chen et al. [51] Tomoradar, ALS
AGB X-band Askne et al. [52] TanDEM-X, ALS
GSV L-band Chowdhury et al. [36] ALOS-PALSAR
GSV X-band Ackermann [33] TanDEM-X
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3. Study Sites and Data
3.1. Study Sites

The study sites are located in the Free State of Thuringia, central Germany. The Huss
site, as part of the Hainich National Park, is located in the west of Thuringia (Figure 1),
and the Roda site lies in the southeastern part of the Free State (Figure 2). The climate is
temperate, with warm summers, mild winters, and mean annual precipitation of 750 mm
in Hainich [53] and 600 mm in Roda [54]. Both sites have been the subject of many scientific
studies to investigate forest parameters, including soil moisture, aboveground biomass
(AGB), and carbon fluxes [54–59]. For this purpose, the sites were equipped with extensive
measurement technology, which makes them ideal subjects for research.

3.1.1. Huss Supersite within the Hainich National Park

The Huss supersite lies within the Hainich National Park and covers an area of
28.2 hectares [56] (Figure 1). The Huss supersite is completely covered by dense broadleaf
forest, which is primarily dominated by beech trees (Fagus sylvatica), along with other
species such as ash (Fraxinus excelsior), alder (Aldus glutinosa), sycamore maple (Acer pseu-
doplatanus), hornbeam (Carpinus betulus), wych elm (Ulmus glabra), common and sessile
oak (Quercus robur, Quercus petraea), and chequers (Sorbus torminalis) [56]. The tree heights
reach up to 43 m, with an average tree height (havg) of 34 m and a total number of more
than 3500 trees. Small canopy gaps occur due to wind throws or the natural death of old
trees [56]. However, the number of trees within the Huss site has not significantly changed
in recent years.

Figure 1. Overview of the Huss supersite: (a) normalized DSM of the Huss site (boundary in red;
EPSG: 32632; background: Google Satellite); (b) typical broadleaved forest in the Hainich region;
(c) distribution of normalized surface heights (in m) in the Huss site in 2018. Photo: Institute of Data
Science, DLR Jena.
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3.1.2. Roda Site

The Roda site is located in the southern part of the Roda river catchment and covers
an area of 23 hectares. It is predominantly populated by coniferous tree species, includ-
ing Scots pines (Pinus sylvestris), Norway spruces (Picea abies), and European larches
(Larix decidua) [55]. The Roda site has a havg of 23 m and is mainly characterized by planted
and intensively managed forests [54]. Within the study site, there is a variation in tree
heights from west to east (Figure 2). The western part exhibits tree heights of approximately
13 m, while the heights increase in an easterly direction, reaching their maximum at the
eastern end of the study area (28 m).

Figure 2. Overview of the Roda site: (a) normalized DSM of the Roda site (boundary in red; EPSG:
32632; background: Google Satellite); (b) typical coniferous forest in the study site; (c) distribution of
normalized surface heights (in m) in the Roda site in 2012. Photos: Department for Earth Observation,
Friedrich-Schiller-University Jena.

3.2. Data

Two data products were utilized for the analysis: InSAR data acquired by TanDEM-X
operated by the German Aerospace Center (DLR) and high-resolution ALS data provided
by the Thuringian land surveying office (TLBG) for comparison [60]. Figure 3 illustrates
the timeline of the data used for analysis. The data pairs were selected to have the shortest
possible timespan between TanDEM-X and ALS acquisitions. For the coniferous Roda
site, one pair was selected during the 2011/2012 season. In contrast, the Huss site had an
additional data pair available from the 2017/2018 season. Additionally, the influence of
leaf conditions at the Huss site was analyzed by considering two TanDEM-X acquisitions in
2013: one in March during leaf-off conditions and another in May during leaf-on conditions.
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Figure 3. Timeline of the data used in both sites, Huss and Roda (red: TanDEM-X; blue: ALS).

3.2.1. TanDEM-X InSAR Data

The TanDEM-X mission consists of two almost identical satellites, TerraSAR-X (launched
in 2007) and TanDEM-X (launched in 2010). The mission provides interferometric SAR data
(X-band: 9.65 GHz, 3 cm wavelength) in high spatial and temporal resolution. Its main
objective is to generate a global DEM in an unprecedented spatial resolution of 12 m [61]
with a relative height offset of two meters (slope < 20%) [62,63] and an absolute vertical
accuracy of 10 m. The elevation values in the generated DEM represent the ellipsoidal
heights relative to the WGS84 ellipsoid in the WGS84-G1150 datum [64]. One of the main
advantages of the mission is the synchronous acquisition time of both satellites, which
helps avoid errors caused by temporal decorrelation effects [39,65].

Four TanDEM-X InSAR scenes, all provided as analysis-ready data by DLR, were
utilized in this study. To this aim, the integrated TanDEM-X processor (ITP) and the experi-
mental TanDEM-X interferometric processor (TAXI) were used [66], where data analysis,
parameter calculation, synchronization, bistatic focusing, filtering, coregistration, phase
unwrapping, and geocoding is implemented in one sequence [39,67,68]. For a more detailed
description of the ITP steps, refer to Fritz et al. and Zink et al. [63,67]. In this work, the data
were preprocessed following the same methodology described in Martone et al. [69], with a
horizontal resolution of 12 m and referenced to WGS84. Consequently, the geocoded eleva-
tion information of the DEM scenes represents the location of the mean scattering phase
center, as described in Section 2 [39].

Table 2 shows the acquisition parameters of the data scenes for the two research areas.
For the Huss site, two dual-pol acquisitions (HH + VV) were available in March and May
2013. The other scenes were available as single-polarized data (HH). Among all products
generated through interferometric processing, only the InSAR Heights were utilized in this
study, which will be described in more detail in Section 4.2.

Table 2. TanDEM-X data takes and acquisition parameters used in this study.

Polarization Orbit Look
Direction

Incidence
Angle (°)

Perpendicular
Baseline (m)

Huss 03/13 HH+VV Ascending Right 35 116
Huss 05/13 HH+VV Ascending Right 35 141
Huss 07/18 HH Descending Right 37 119
Roda 07/12 HH Ascending Right 40 215

3.2.2. ALS Data

To analyze the position of the SPC, the InSAR Heights were compared with discrete
return airborne lidar data, which were provided by the TLBG [60]. The terrain and surface
heights were downloaded as point clouds, which were already pre-classified into ground
points and non-ground points. Since ALS data acquisition is expensive and time-consuming
for the whole of Thuringia, the surveys only take place in a five-year cycle. Thus, only
two ALS acquisitions per study area were available for the analysis, conducted in the
seasons 2011/2012 and 2017/2018 (Table 3). The data underwent quality control and were
horizontally referenced to ETRS89, UTM Zone 32N, and the GRS80 ellipsoid. The laser
point heights (DHHN16 system) were calculated by considering the undulation between
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the ellipsoid and the German combined quasigeoid 2016 (GCG16), provided by the TLBG.
The positional accuracy is reported to be 30 cm horizontal and 15 cm vertical [54].

Table 3. Acquisition parameters of the ALS campaigns in Thuringia [70].

Parameter 2011/2012 2017/2018

Flight altitude (m) 800–950 730–800
Flight speed (km/h) 230 230

Maximum scan angle (°) ±14 ±22.5
Width of the flight lines (m) 400–475 530–580

Overlap of the flight lines (m) 150–225 80–180
Number of points per m2 4.14–4.92 >4.5

Point spacing along track (m) 0.43–0.51 0.46
Point spacing cross track (m) 0.48 0.46

Beam divergence (cm) 20–24 17–20

4. Methods

The methods applied in this study can be divided into two sections: the processing of
ALS and TanDEM-X data and the statistical analysis to compare the InSAR Heights with
the ALS data. The general workflow is illustrated in Figure 4. First, the InSAR Heights
were processed using Python (version 3.8) within PyCharm Jetbrains (2021) and QGIS
(version 3.18). In the second step, the ALS data were processed using LAStools (version
2021). Finally, the generated products were used to analyze ∆h100 and the relationship
between InSAR Height and the densest layer of the canopy. The same methodology was
applied to both study sites. Results and statistical metrics (e.g., mean, median, standard
deviation, etc.) were analyzed using QGIS and R (version 3.6.2) within RStudio (2019).
Detailed descriptions of this procedure will be provided in the subsequent sections.

Figure 4. Workflow applied in this study, illustrating the products resulting from the processing of
TanDEM-X data (shown in red) and ALS data (shown in blue). The green rectangles show the final
layers of the analysis between TanDEM-X and ALS data.



Remote Sens. 2023, 15, 3589 8 of 24

4.1. Processing of Lidar-Derived Products
4.1.1. Delineation of the Forest Top Height (h100)

To obtain normalized lidar-based forest heights as reference data, a point cloud pro-
vided by the TLBG was utilized for both study sites. As the point cloud is already pre-
classified into ground points and non-ground points, a height-normalized point cloud was
derived by subtracting the elevation of all non-ground points from the interpolated surface
generated from the ground points. Subsequently, a CHM was created by gridding the point
cloud into a raster model. To match the spatial resolution of the TanDEM-X data, the ALS
data were processed at a resolution of 12 m. As a result, a raster layer representing the forest
height was generated using the maximum height values per grid cell. All output rasters
were geocoded and referenced to the WGS84/UTM zone 32 N ellipsoid (EPSG: 32632).
Several studies used a similar approach [31,32,71–73], but generating a CHM at coarse reso-
lutions may lead to the systematic overestimation of forest heights at some point. Therefore,
some studies prefer processing the CHM at a higher resolution initially (e.g., 1 m) and
then aggregating the data to a coarser resolution [26] using the average tree top height as a
reference. In our study, we explored both approaches but found that the second approach
resulted in lower ALS pixel heights compared to the InSAR Height. Consequently, we
decided to focus solely on the first approach in the subsequent analysis.

4.1.2. Delineation of Canopy Densities and the Densest Layer of the Canopy (hdensest)

In this study, the canopy density of a height layer is defined as the ratio of the number
of points in that layer to the total number of points in all layers within the same cell and is
expressed as a percentage (Figure 5). Since typically only a fraction of points falls within
a given height layer, the canopy density of a specific height (CDx) is calculated using the
following equation:

CDx =
Px

Pall
(3)

where Px is the number of ALS points above that height in the grid cell, and Pall represents
the total number of ALS points in the grid cell. Consequently, the densest layer (hdensest)
in our study refers to the layer with the highest percentage of points among all layers.
The reason for using relative point densities instead of absolute point densities is that the
flight lines of the ALS acquisitions are characterized by different point densities, which
makes comparability challenging within and between the study sites. To generate canopy
density slices (i.e., height layers), the ground points from the normalized point clouds were
masked out. Then, the canopy densities of the normalized vegetation point cloud were
processed using LAStools and converted into a raster data format (.tif). The processing
resolution was set to 12 m to ensure an adequate number of lidar points within each grid
cell and to match the resolution of the TanDEM-X data. Finally, the canopy densities were
divided into 5 m vertical intervals (Figure 5). This step was necessary because in LAStools,
the canopy density is computed as the number of all points above a height threshold
divided by the total number of points within a grid cell (as described in Equation (3)).
Therefore, the conversion to 5 m intervals was carried out by subtracting the canopy
density of a given height layer from the density of the layer below it, as follows:

CDx+2.5 = CDx − CDx+5 (4)

where CDx+2.5 represents the canopy density of a specific height layer as a percentage, CDx
is the proportion of points lying above height x, and CDx+5 represents the proportion of
points lying five meters above height x. This metric is also known as the overall relative
density (ORD) [45].
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Figure 5. Canopy density defined as (a) the number of points in a height layer x divided by the total
number of points in all height layers within this grid cell (ORD) and (b) as the number of points in a
height layer divided by the total number of points in all height layers below layer x (NRD). The sum
of canopy densities in each grid cell is 100% for ORD and >100% for NRD. The two lowest layers in
(b) were excluded from the analysis (marked in red). The resolution of the grid cell was set to 12 m,
and the vertical height intervals were defined as 5 m.

Finally, the processed density layers were stacked, and the height layer with the
maximum density per grid cell was extracted as hdensest. In cases where two or more layers
had the same density, the highest layer within a grid cell was chosen. Applying this method
(Figure 5a), Layer 3 exhibits the highest percentages for all pixels, and thus, it would be
designated as the densest layer for all six samples. Considering a 5 m vertical interval,
Layer 3 represents a height between 10 m and 15 m. Consequently, the middle of this
interval is defined as the center of hdensest (12.5 m), which is utilized for comparing height
differences with the InSAR Height. At this point, it can be argued that the ORD method
does not account for ALS-specific effects that occur when a proportion of laser beams
(i.e., all the first returns) are immediately reflected after encountering the tree tops. As a
result, the highest layer of the canopy receives more energy than the layers below, reducing
the total number of points reaching the lower layers. Consequently, the densest layer is
more likely to be found within one of the overstory layers.

To address this issue, we developed a second method, which takes into account the
reduced number of points reaching the lower layers (Figure 5b). This metric is also known
as normalized relative density (NRD) [45]. In this approach, the canopy density of a height
layer is calculated as the number of points in that layer divided by the total number of
points below that layer within this cell. Unlike the ORD method, the NRD approach
considers only the points below the layer being analyzed. As a result, higher canopy
densities are observed in the understory layers, and the density is always 100% in the
lowest canopy layer. The densest layer was calculated in the same way as in the ORD
method. Following the NRD method, the densest layer would always be detected in the
lowest layer since the canopy density is 100%. To avoid this, we excluded the two lowest
layers (0–10 m) from the analysis. This is because it is unlikely for the densest layer to be
found in these layers as both study sites are characterized by full-grown forest patches with
tree heights greater than 10 m. However, the results of the NRD method showed a notable
shift in the distribution of canopy densities, resulting in the densest layers being located
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5–10 m lower compared to the ORD method. Consequently, NRD leads to higher densities
in the understory and thus is likely to distort the actual point distribution between the
height layers (i.e., the position of hdensest). Due to these considerations, we decided to focus
solely on the results obtained using the ORD method in our study. The height distributions
of points within the point cloud are provided in Appendix A.1 for both methods and both
study sites.

4.2. TanDEM-X Data Processing

To obtain terrain-normalized surface heights from TanDEM-X, the TanDEM-X-DSM
was converted into a CHM by subtracting the terrain heights derived from the ALS-DTM.
For this conversion, non-vegetated areas within both study sites were used as a calibration
reference. Since these heights represent ellipsoidal heights relative to the WGS84 ellipsoid,
while the ALS heights are based on the GCG2016 geoid, a height offset had to be considered
between the two datasets. Given the fact that the height offset (i.e., geoid undulation) varies
spatially, separate offsets were calculated for each study site. This offset was found to be
46.1 m for Roda and 46.2 m for Hainich [74]. Due to the relatively small size of the study
areas, the offsets remained constant within each site. Consequently, the InSAR Height is
given by the following equation, where Ugeoid represents the individual height offset for
each site:

InSAR Height [m] = TanDEM-X-DSM − ALS-DTM − Ugeoid (5)

4.3. Data Analysis between InSAR Height and Lidar-Derived Products

The data analysis focused on two main aspects regarding the relationship between
TanDEM-X and ALS data, specifically the ∆h100, which was used to analyze the difference
between the InSAR Heights and h100, as well as the relationship between the canopy
density, (i.e., the densest layer of the canopy) and the position of the SPC (∆hdensest).

4.3.1. Relationship between InSAR Height and h100: Calculation of ∆h100

As mentioned above, the height difference between InSAR Heights and ALS-derived
tree top heights (h100) is referred to as ∆h100 and is calculated as follows:

∆h100 [m] = h100 − InSAR Height (6)

where h100 represents the forest top height and is calculated as mentioned in Section 4.1.1.
This is a frequently used parameter in forest applications, as well as a reference for interfer-
ometric heights [31,32,72].

For the analysis of ∆h100, a complete survey was conducted in both study sites,
resulting in 2045 pixels being analyzed in the Huss site and a total of 1634 pixels in Roda.
In contrast to other studies [32,39,42], ∆h100 was calculated by subtracting the InSAR
Height from h100 to avoid negative differences, as h100 is normally assumed to be higher
than the InSAR Height. The average difference, the median and the standard deviation
between ALS and TanDEM-X heights were then calculated for the whole area. Accordingly,
the mean ∆h100 is calculated as follows:

Mean ∆h100 [m] =
n

∑
i=1

(h100 − InSAR Height)
n

(7)

To avoid negative differences, only height differences greater than 0 m were kept in
the data. One can argue that analyzing only those pixels with positive differences could
bias the data because the ALS beams could penetrate through small gaps in the canopy.
As a result, the ALS heights may punctually be situated below the SPC. However, as both
study sites are characterized by a dense canopy, negative differences are only expected
due to SAR-specific geometric distortions (e.g., layover and foreshortening effects at the
periphery of forest patches or clear-cut areas). Finally, to compare the different positions of
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the SPC in different forest types, the height difference was calculated as a percentage [49]
using the ratio of the mean ∆h100 and havg of the study site:

Mean ∆h100 [%] =
n

∑
i=1

Mean ∆h100
havg

(8)

4.3.2. Relationship between InSAR Height and hdensest: Calculation of ∆hdensest

For this analysis, a complete survey was conducted at both sites (Huss: 2045 pixels;
Roda: 1634 pixels). In contrast to the analysis of the mean ∆h100, where pixels with negative
differences were eliminated, all pixels were kept in this case since the densest layer was used
as reference instead of h100. Two analyses were conducted. First, the difference between
InSAR Height and hdensest was calculated for every densest height layer and evaluated
using statistical parameters, including standard deviation, quartiles, minimum/maximum,
and the analysis of variance (ANOVA). This analysis gives a good overview of the layerwise
(5 m) relationship between the variables but does not allow for estimating the exact position
of the SAR SPC within the canopy. Thus, in a second step, we calculated the mean difference
between InSAR Height and hdensest for all pixels within the study sites, and finally, these
differences were compared for each SAR scene, polarization type, and study site according
to the following equation:

Mean ∆hdensest[m] =
n

∑
i=1

(InSAR Height − hdensest)
nps

(9)

where nps represents the number of pixels in both of the study sites. The results were
evaluated using the aforementioned statistical parameters.

5. Results

In this section, the results are presented in two subsections: the analysis of ∆h100 and
the relationship between InSAR Height and ∆hdensest.

5.1. Analysis of the Mean ∆h100

Table 4 presents the mean, median, and standard deviation of ∆h100 for all acquisitions
at both study sites. At the Huss site, during March 2013, mean differences of more than
8 m are observed in HH polarization, and more than 7 m are observed in VV polarization.
In contrast, the penetration depth remained relatively constant under leaf-on conditions,
ranging from 5.6 to 6.2 m, with a minimal variation of 60 cm over the investigated time
span for different polarizations. In comparison to the deciduous forest, the coniferous Roda
site exhibits lower ∆h100 in terms of both the mean and median (3.4 m and 3.1 m). Similar
results are observed for the standard deviation, which shows considerably larger values
during leaf-off conditions, particularly in HH polarization (4.3 m). The standard deviation
in the coniferous forest (2.2 m) is comparable to the values obtained in the deciduous forest
under leaf-on conditions (ranging from 2.3 to 2.5 m).

Table 4. Mean and median ∆h100 for all ALS/TanDEM-X data pairs in Roda and the Huss site with
the corresponding standard deviations (Stdev) in meters.

(m) Huss 03/13
HH

Huss 03/13
VV

Huss 05/13
HH

Huss 05/13
VV

Huss 07/18
HH

Roda 07/12
HH

Mean 8.2 7.0 5.7 5.6 6.2 3.4
Median 7.7 6.6 5.3 5.4 5.9 3.1
Stdev 4.3 3.5 2.5 2.3 2.0 2.2

To ensure comparability between the two study sites, the influence of absolute tree
height variations was eliminated by converting the mean ∆h100 into percentages, as de-
scribed in Equation (8) in Section 4.3.1. Figure 6 presents the results for both sites. In the



Remote Sens. 2023, 15, 3589 12 of 24

Huss site, with a havg of 34 m, the SAR signal is scattered back at approximately 24% of
the tree height in HH polarization during leaf-off conditions. However, in summer during
leaf-on conditions, the signal penetrates on average only through the upper 16–18% of
the canopy (Huss), indicating a clear difference compared to winter conditions. The Roda
site exhibits lower differences (15% of havg), meaning that the SAR signal in the conifer-
ous forest is scattered back in slightly higher layers in relation to the average tree height
in comparison to the broadleaf forest. These findings will be discussed in Section 6.

Figure 6. Mean ∆h100 (in %) relative to havg for all ALS/TanDEM-X data pairs at the Huss site and
in Roda.

5.2. Relationship between InSAR Height and hdensest

Figure 7 presents a boxplot comparing the InSAR Heights to hdensest. The plot shows
a significant linear relationship (p-value < 0.001) between the two variables starting from
17.5 m with small InSAR Height variances compared to the lower height layers at the Huss
site (Figure 7a). However, from 27.5 m and above, the SAR signal penetrates through the
center of each densest layer, resulting in height differences of +0.1 m at 27.5 m, +2.3 m
at 32.5 m, and +3.3 m at 37.5 m (Figure 7b). The height layer at 27.5 m exhibits the least
difference between the two variables, indicating good agreement between InSAR Height
and this layer (i.e., the SPC is situated within hdensest). Conversely, this does not apply
for hdensest lower than 27.5 m, as the SAR signal scatters back above the densest layers.
In general, the differences between InSAR Height and the center of hdensest exhibit greater
variations and lower p-values at lower heights (2.5, 7.5, and 12.5), with standard deviations
of up to 5 m compared to upper heights (1.7–2.4 m). The lowest densest layer shows height
differences of −22.6 m, suggesting a larger influence of the upper layers on these pixels.
All statistical metrics, including ANOVA, are provided in Appendix A.2 (Tables A1–A3).

The InSAR Heights in Roda exhibit a similar behavior to those observed at the Huss
site for the lower densest layer heights (Figure 7c). In the lowest densest layer, the mean
difference from the InSAR Height is −19.9 m. However, the distribution of hdensest pixels
is not evenly spread across all classes. Particularly at 7.5 m, only three pixels have their
densest layer at this height, which may introduce a biased statistic and high p-values (>0.1).
In contrast, starting from 12.5 m, the mean InSAR Height coincides significantly with
hdensest (Figure 7d), with mean differences ranging from −2.2 m (at 12.5 m) to −0.8 m (at
22.5 m). However, in contrast to the deciduous forest, the SAR signal does not penetrate
through the center of hdensest in any of the layers. All statistical metrics including ANOVA
are provided in Appendix A.3 (Tables A4–A6).
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Figure 7. InSAR Height vs. hdensest (m). Red figures: sample size per class; red dots: mean InSAR
Height; black lines: median InSAR Height; the boundaries of the whiskers were set to 1.5 times
the interquartile range (left) and the corresponding mean height differences per mean layer height
(ALS−TanDEM-X) (right) for the Huss site in 2018 (a,b) and for Roda in 2012 (c,d).

The results of the layerwise analysis can be confirmed by the statistical analysis in
Table 5 and Figure 8, which examines the difference between InSAR Height and hdensest for
all pixels in the study sites (as described in Equation (9)). At the Huss site, it can be seen
that the leaf-off conditions during March lead to average penetration below the center of
the densest layer for both polarization types (HH: −1.6 m; VV: −0.4 m) (Figure 8). For the
summer acquisitions, the mean InSAR Heights are approximately half a meter above the
center of the densest layer, with only minor variations between the polarizations (ranging
from 0.5 m to 0.7 m). Overall, the variability between the acquisitions (and polarizations)
under leaf-on conditions is smaller compared to leaf-off conditions, with standard devi-
ations being up to 1.7 m lower (Table 5). The same is observed in terms of interquartile
ranges and minimum/maximum values of the datasets.

Table 5. Mean and median differences between the position of the SPC and the center of hdensest.
Additionally, the standard deviation (Stdev), the lower and upper quartile (Q1, Q3), and the mini-
mum/maximum of the distribution are shown. All values are given in meters.

(m) Huss 03/13
HH

Huss 03/13
VV

Huss 05/13
HH

Huss 05/13
VV

Huss 07/18
HH

Roda 07/12
HH

Mean −1.6 −0.4 0.6 0.7 0.5 1.9
Median −1.6 −0.8 0.3 0.2 −0.1 1.5
Stdev 5.9 5.5 4.2 4.2 4.5 4.2

Q1 −4.9 −3.3 −1.6 −1.6 −1.7 −0.3
Q3 1.4 1.9 2.3 2.3 1.7 3.6

Minimum −23.4 −20.3 −13.3 −12.4 −14.2 −16.4
Maximum 38.5 42.9 33.9 34.6 34.1 33.6

In comparison to the deciduous forest, the mean InSAR Height at the coniferous site
is considerably higher, with a difference of +1.9 m (refer to Figure 8). From a structural
perspective, this observation suggests that the densest portion of coniferous tree species,
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such as spruces and pines, tends to be situated slightly higher in the canopy compared to
deciduous trees. This finding will be further discussed in Section 6.

Figure 8. Mean position of the SPC (red dots) in relation to the center of hdensest (green rectangle,
5 m layer, center marked as a white line) for the Huss site (left) and Roda (right). The green arrows
represent the stem and crown of the trees. The height variations of hdensest are influenced by the
different mean ∆h100 between InSAR Height and h100, as well as their difference from the center of
hdensest. Red figures indicate the mean ∆hdensest.

6. Discussion

The objective of this study was to examine the relationship between the position of
the TanDEM-X SPC and the density of the canopy for different forest types, specifically
deciduous and coniferous forests. In the following, the results obtained in Section 5 will be
discussed in more detail.

6.1. Site Characteristics and Differences

The results revealed considerable differences between coniferous and deciduous
forests, as well as variations within the individual sites. In the Huss site, the analysis
resulted in generally higher mean ∆h100 under leaf-off conditions (7–8 m) compared to
leaf-on conditions (5–6 m). Similar findings were observed for the standard deviation,
with higher values during winter (3.5–4.3 m) compared to summer (2.0–2.5 m). In decidu-
ous forests, these differences are surprisingly high but could potentially be attributed to
the coarse resolution processing of the data. However, similar results were reported by
Schlund et al. [32] in Hainich, which may be primarily influenced by the absence of leaves
in March [32]. Since the SAR signal in winter interacts solely with the canopy structure,
the leaves in summer hinder the SAR signal to some extent from penetrating deeper into the
canopy [75]. Additionally, frost potentially reduces the dielectric constant in the vegetation,
leading to higher mean ∆h100 [31,76] and consequently, lower positions of the SPC within
the canopy. The results indicate that the mean ∆h100 depends on various factors, including
environmental, topographical, and acquisition parameters, and are in line with the findings
of other studies [31,32,77].

The analysis comparing the two polarization types revealed generally lower mean
∆h100 and standard deviations for VV polarization compared to HH. This difference could
be attributed to a slightly higher ground contribution to HH polarization [31] since leaf-
off conditions in March allow the SAR signal to interact more with the ground surface
than under leaf-on conditions. This effect may be further increased by frozen vegetation
conditions (decreased vegetation dielectric constant) as frost can occur even in March in
Hainich. Consequently, both factors decrease volume attenuation, resulting in slightly
higher mean ∆h100 in HH polarization [31]. However, the penetration for both polarizations
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remained stable in summer (5–6 m), as the ground contribution in the HH polarization is
minimized due to the presence of leaves and the absence of frost.

The comparison between the two sites revealed a smaller mean ∆h100 in the coniferous
forest (3–4 m) compared to the deciduous forest, even under leaf-on conditions (5–6 m).
These results are in line with the findings of Praks et al. [50], who found a mean ∆h100 of
4 m. However, the mean ∆h100 in the deciduous forest was consistently lower than in the
coniferous forest [50], which is inconsistent with the findings in this study. Nevertheless,
when considering the mean ∆h100 as a percentage relative to the average tree height,
the coniferous forest exhibited a slightly smaller value (15%) compared to the deciduous
forest (16–18%) (see Figure 6). Izzawati et al. [49] found that the height underestimation
of TanDEM-X data is higher for cone-shaped than for ellipse-shaped crowns and strongly
depends on the tree density within a forest patch. Hence, it could be argued that the
higher mean ∆h100 in the Huss site may be attributed to the lower tree density, as the
estimated densities were approximately 350 trees/ha in Roda and 130 trees/ha in the Huss
site. Additionally, only averages were used within a 12 × 12 grid cell, which could be
influenced by clear-cut areas with high ∆h100. However, it has to be mentioned that the
number of trees per hectare was estimated only for trees taller than 5 m. Other studies
accounted for undergrowth and found a tree density of approximately 330 trees/ha (stem
diameter > 7 cm) in Hainich [78,79]. As the influence of undergrowth on the behavior of
the SAR signal at this spatial resolution is expected to be minimal, the undergrowth was
generally considered negligible in the analysis.

Another potential factor that could contribute to the observed differences is the tree
height itself. Soja et al. [25] found a general increase of ∆h100 with increasing tree height.
Considering that the average tree height at the Huss site (34 m) is considerably higher than
at the Roda site (23 m), this height difference may explain the higher penetration observed
in the deciduous forest compared to the coniferous forest. As a result, it can be concluded
that the InSAR Height varies across different forest types, specifically between coniferous
and deciduous forests.

The layerwise analysis conducted between InSAR Height and hdensest showed a sig-
nificant linear relationship (p-values < 0.001) starting from medium tree heights in both
sites. This finding supports the first objective of the study, indicating that the SPC coincides
with the center of hdensest in these layers. At the Huss site, the layer at 27.5 m showed the
strongest agreement with the InSAR Height, which was found to be the layer with the most
ALS points (Appendix A.1). In the lowest densest layer, considerable height differences of
20 m or more appeared in both study areas. Regarding the second objective of this study,
this may indicate that the canopy density of the overstory layers is sufficiently high to
hinder the SAR signal from reaching the densest layer. On the contrary, at the Huss site,
the majority of these pixels are located on the forest road at the southern limit or in small
clearings within the forest, and consequently, this could partly be the result of geometric
distortions caused by the SAR side-looking geometry. Additionally, the uneven distribution
of hdensest samples (as seen in Figure 7), with a concentration of densest layer pixels in the
upper parts of the canopy (i.e., the tree crown), could increase the influence of outliers in
layers with fewer samples. In contrast to the deciduous forest, the SAR signal does not
penetrate through the densest coniferous layers. This may be attributed to the different
shapes of the crowns, as cone-shaped crowns are generally expected to interact differently
with the SAR signal compared to ellipse-shaped crowns [49].

The analysis of mean InSAR Heights revealed that, on average, the SAR signal does
not fully penetrate through hdensest in any of the scenes (see Figure 8). However, there
are noticeable differences between the polarization types. The lower mean InSAR Height
in HH polarization suggests a slightly higher ground contribution, as mentioned ear-
lier. Additionally, in HH polarization, the mean InSAR Height is more than two meters
deeper in March compared to the summer acquisitions. Similar results are observed in
VV polarization, but with smaller differences between March (−0.4 m) and May (+0.7 m).
These findings could be attributed to the leaf-off conditions in the broadleaf forest during
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winter. When compared to the deciduous forest, the higher mean InSAR Height in the
coniferous patch (on average 1.9 m above the center of hdensest) suggests that the densest
part of coniferous trees is located slightly higher than that of deciduous trees. Consequently,
the SAR signal “gets stuck” at upper heights.

6.2. Data and Methodology

One of the challenges of comparing the InSAR Heights with h100 was the compara-
tively low spatial resolution of the ALS data (12 m). This approach is used by many other
studies [31,32,71–73], but one may argue that generating a CHM at this resolution could
systematically overestimate the forest heights. On the contrary, high-resolution process-
ing allows the laser beams to penetrate deeper into the forest, which may underestimate
the forest top height [30,31,80]. In our study, we tried both approaches and found that
the majority of ALS heights in the second approach were lower than the InSAR Height.
Thus, we decided to consider only the first approach, which allows compensating for the
underestimation of ALS-derived forest heights [31,81,82]. However, at a resolution of 12 m,
the CHM loses more information compared to ALS data processed at 1 m, as multiple
trees (i.e., crowns) could fall within a grid cell [83]. In terms of SAR, this mixed-pixel
problem results in a combination of scattering phase centers from individual trees. As a
consequence, the InSAR Height of a pixel can be influenced by different tree crowns. In this
context, another limitation to consider is the relatively small size of the study areas, which
may call into question the broad applicability of the results, especially in areas with het-
erogeneous forest stands. However, since both study sites are characterized by dense and
homogeneous forest stands, they are generally assumed to provide a good representation
of the characteristics of both forest types.

A further potential source of error lies in the definition and processing of canopy
densities. Due to the different point densities of the ALS campaigns (as shown in Table 3),
it was not possible to analyze and compare absolute canopy densities. Therefore, canopy
density was defined as the ratio of the number of ALS points per height layer and grid
cell to the total number of points in all layers within that grid cell (ORD). As described in
Section 4.1.2, this methodology does not fully account for the attenuation of the SAR signal
when penetrating through the canopy layers. Conversely, NRD ignores overstory returns to
a certain amount, which would result in much higher densities in the understory [45]. Ac-
cording to Campbell et al. [45], it is not yet clear which of the two methods performs better
or which should be preferred for estimating canopy density using discrete return lidar.

Further, it has to be mentioned that the densest layer processed according to the ORD
method may not necessarily represent the actual densest part of the canopy. The ALS
data were collected during winter, and consequently, the laser interacts primarily with
the branches and stems of the trees. In the deciduous forest, this could lead to different
densities compared to leaf-on conditions, as the presence of leaves is generally expected to
lead to more ALS points within the point cloud. Additionally, the side-looking geometry
of the laser beam can cause some pulses to penetrate through the canopy, hitting lower
branches or the ground before producing the first return [84]. These so-called “pits” result
in an underestimation of ALS points in the upper layers of the canopy. However, since
the ground points are masked out in this study, the influence of these pits is expected to
be minimal.

The vertical and horizontal rasterization of the forest patch allows for some potential
error. The number of lidar points per square meter is specified with >4 points, and thus,
the number of density values within a 1 m voxel would be quite small (e.g., 0%, 33%, 66%
or 100% for 3 points within a voxel). The horizontal resolution was resampled to 12 m to
match the resolution of the TanDEM-X pixels, while the vertical resolution was set to 5 m,
resulting in eight height layers in Hainich and five layers in the Roda site (see Figure 7).
One may argue that higher horizontal resolutions and smaller layer intervals would yield
more accurate results. However, increasing the spatial resolution leads to a substantial
decrease in the number of points within a voxel, leading to no-data voxels at some point.
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Several layer intervals between 1 m and 10 m were tested, and a 5 m layer interval was
found to be the most suitable in this study. Having more lidar points per voxel would allow
for smaller layer intervals, potentially improving the accuracy of the analysis. To overcome
this limitation, the use of full-waveform lidar data should be considered, which can provide
more detailed information about the canopy structure by utilizing statistical metrics such
as the height of median energy (HOME) [85]. However, this study is based on discrete
return lidar data, and therefore, the mentioned methodology using full-waveform lidar
data could not be employed.

The interpretation of InSAR Heights relative to hdensest was based on considering the
mean height (e.g., 12.5 m for the layer between 10 m and 15 m) as the center of this layer.
However, it should be noted that the densest part of the layer may not always be located
exactly at the center. This results in a maximum potential error of 2.4 m within each densest
layer. Smaller layer intervals could decrease this error but require higher point densities
than those used in this study.

Another important factor to consider is the relative height accuracy of the DEM,
which is specified as 2 m for flat terrain (slopes < 20°) and 4 m for mountainous regions
(slopes > 20°) [62,63,86,87]. Regarding the interpretation of the data, this allows for some
margin of error, as the accuracy of the InSAR Height measurements is strongly influenced
by the relative height accuracy of the TanDEM-X data. Abdullahi et al. [39] took into
consideration a height offset to mitigate systematic height errors by using time-staggered
TanDEM-X mosaics for all acquisitions. However, as the two sites are characterized by
predominantly flat terrain, it is expected that the relative height error is generally low.

In addition to tree height and canopy density, other topographic or radar-specific
variables may influence the penetration behavior of X-band SAR data into the canopy.
Izzawati et al. [49] investigated factors such as crown shape, incidence angle, and slope.
Results from model simulations indicated that variations in viewing angle and small
slopes (<30°) have minimal effects. Regarding tree density, dense canopy forests were
found to have the smallest errors and the least additional errors due to slope. Thus, these
effects were generally assumed as negligible in this study. Further, the incidence angle
could potentially affect ∆h100, but since it remained relatively constant for all acquisitions
in the study sites, its influence was not further investigated (see Table 2). Additionally,
longer perpendicular baselines between the acquisitions are generally expected to be more
sensitive to phase noise [32]. However, the Huss site showed almost similar effective
baselines, indicating comparable conditions for all acquisitions (see Table 2). In contrast,
the Roda 2012 acquisition had a considerably higher baseline, which could lead to slightly
more phase noise. Moreover, the oblique side-looking geometry of SAR data causes a
tree height-dependent ground range offset. In this regard, Soja et al. [25] found that the
difference between ascending and descending is greater for tall trees than for smaller trees.

Due to cost- and time-expensive campaigns in Thuringia, the acquisition of ALS data
is conducted in a five-year cycle. In this study, the InSAR Height could not be analyzed in
its phenological stages as it was carried out by Praks et al. [50]. Therefore, no conclusion
can be drawn regarding seasonal differences in the SAR signal, except for spring and
summer. Another factor to be considered is the time offset between the data, which ranges
from 12 to 17 months. Particularly in the Huss site, the summer acquisitions may not
accurately represent the true mean ∆h100 since they are compared with ALS campaigns
conducted in winter. These variances are generally expected to be lower in the coniferous
forest. However, the long time span between the acquisitions introduces a margin of
error, as small parts of the forest could have changed due to wind throws or selective
logging. Since all SAR scenes were acquired after the ALS campaign, this would result in
extremely high mean ∆h100 in those pixels. Given that only a few trees were affected per
year, the influence of this effect was generally considered low. The same applies to the Roda
site. Nevertheless, the comparison between different seasons could be important at some
point, as weather conditions (e.g., precipitation, soil moisture, and frost) may influence the
penetration behavior of the SAR signal [31,76,88]. Moreover, forest growth could decrease
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the height difference between TanDEM-X and ALS data or even lead to negative ∆h100,
but since most trees in the study sites are mature, their growth in height was considered
marginal [32].

7. Conclusions

This study focused on investigating the position of the scattering phase center of inter-
ferometric X-band SAR data in a deciduous and coniferous forest in Thuringia. The SPC
was compared to high-resolution ALS data. The results revealed an unexpectedly high
penetration in the X-band, with a mean ∆h100 of 3.4 m in the coniferous site and approx-
imately 6 m in the deciduous Huss site under leaf-on conditions. It was observed that
the mean ∆h100 was much higher under leaf-off conditions, ranging from 7.0 to 8.2 m.
This is because the absence of leaves allows the SAR signal to penetrate deeper through
a certain amount of the canopy. The higher difference in HH polarization may be caused
by a slightly higher ground contribution compared to VV. Consequently, the SPC showed
variation across different forest types. Considering relative tree heights, this corresponds
to a penetration of the signal of 17–24% for broadleaved canopies and 15% for coniferous
canopies. These findings suggest that the densest part of the coniferous forest is located
slightly higher than in the deciduous forest, and differences in penetration may be caused
by variations in crown structures.

In regard to the first hypothesis, whether the SPC is located within the densest layer
of the canopy, it can be concluded that the SPC often coincides with the densest layer.
The analysis of mean InSAR Heights revealed that, on average, the SAR signal does not
fully penetrate through hdensest in any of the scenes. In the deciduous site, the SPC is,
on average, located between −1.6 m (leaf-off) below and +0.7 m (leaf-on) above the center
of hdensest. In the coniferous Roda site, the SAR signal is scattered back +1.9 m above the
center of hdensest, and due to its evergreen phenology, the InSAR Height is expected to show
only minimal differences across all seasons. The second hypothesis, that the layers above
the densest layer also influence the position of the SAR SPC, could neither be confirmed nor
denied in this study. Although the SAR SPC is located considerably higher than the densest
layer in the lower heights, this could also be a result of the SAR side-looking geometry
and requires further investigation. However, the findings indicate that the position of the
SPC is not solely determined by tree height but is also influenced by the vertical structure
of the canopy. Consequently, it should also be considered an important parameter when
delineating forestry parameters using SAR data.

Future work could address the factors that might have influenced the results of
this analysis, including the definition of canopy density and the time difference between
TanDEM-X and ALS data acquisitions. As an alternative, structure-from-motion data
collected by drones could be used, as they are capable of collecting images with high spatial
resolution at low operational costs [13,89,90]. Different flight patterns (e.g., nadir, oblique,
and point of interest) could enhance the quality of the point cloud and facilitate the analysis
of the vertical forest structure. Additionally, the analysis of mean ∆h100 using drones
would be possible at high temporal resolution, as their preparation is less time-consuming
compared to ALS acquisitions. This would allow for the extraction of seasonal patterns
regarding the position of the SPC. In this context, future work could also address the
analysis of undergrowth vegetation in forested areas using different wavelengths, such as
the C-band. This is particularly relevant considering that SAR data from missions such as
Sentinel-1 are freely available in high temporal resolution, providing an opportunity to
investigate undergrowth dynamics and their interactions with the SPC position.

Author Contributions: Conceptualization, C.D. and C.T.; methodology, J.Z., C.D. and C.T.; validation,
J.Z.; formal analysis, J.Z.; investigation, J.Z.; resources, J.-L.B.-B. and P.R.; data curation, J.Z.; writing—
original draft preparation, J.Z.; writing—review and editing, C.D., C.T., J.-L.B.-B., P.R. and C.S.;
visualization, J.Z.; supervision, C.D. and C.T.; project administration, C.D., C.T. and C.S. All authors
have read and agreed to the published version of the manuscript.



Remote Sens. 2023, 15, 3589 19 of 24

Funding: We acknowledge support by the German Research Foundation Projekt-Nr. 512648189 and
the Open Access Publication Fund of the Thueringer Universitaets- und Landesbibliothek Jena.

Acknowledgments: The authors would like to thank the Thuringian land surveying office for
providing ALS data and reports of the flight campaigns.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Appendix A.1. Comparison of Lidar Point Distribution according to the ORD and NRD Methods

Figure A1. Distribution of points within the normalized point cloud at the Huss site in 2013 (a,b) and
at the Roda site in 2012 (c,d), processed as ORD (left) and NRD (right). For the ORD method, the sum
of percentages in all mean canopy layer heights (MCLH) is 100%. For NRD, the sum is higher than
100%, since the densities are calculated as proportions below the MCLH for every layer. Furthermore,
the two lowest layers were excluded.

Appendix A.2. Tables Containing Statistical Parameters for the Layerwise Analysis between InSAR
Height and hdensest at the Huss Site in 2018

Table A1. Statistical parameters of the InSAR Height compared to every height of hdensest (m) at the
Huss site in 2018 (HH polarization). The mean difference (Mean diff) shows the difference between
the mean InSAR Height and the center of hdensest in meters. Further, the mean and median heights,
the standard deviation (Stdev), the lower and upper quartile (Q1, Q3), and the minimum/maximum
of the distribution are shown. All values are given in meters.

(m) 2.5 m 7.5 m 12.5 m 17.5 m 22.5 m 27.5 m 32.5 m 37.5 m

Mean 25.1 28.2 25.9 23.9 25.1 27.4 30.2 34.2
Mean diff −22.6 −20.7 −13.4 −6.4 −2.6 0.1 2.3 3.3
Median 24.0 28.6 25.6 23.8 25.3 27.4 30.1 34.2
Stdev 5.1 4.0 3.8 2.9 2.0 2.0 2.4 1.7

Q1 22.1 26.0 23.1 22.0 24.0 26.2 28.9 33.4
Q3 28.5 30.7 29.0 25.9 26.3 28.6 31.7 35.4

Minimum 14.1 22.0 20.4 17.5 17.3 15.9 18.3 28.3
Maximum 36.6 34.3 31.3 30.3 31.5 39.7 36.0 37.0
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Table A2. ANOVA table for the analysis between InSAR Height and hdensest at the Huss site in 2018.
The listed parameters include the degrees of freedom (Df), the sum of squared differences (Sum Sq),
the sum of squares divided by the df (Mean Sq), the F-ratio, and the p-value of the F-ratio.

Df Sum Sq Mean Sq F Value Pr (>F)

hdensest 1 4745.2 4745.2 756.6 <0.001
Residuals 2043 12,812.4 6.3

Table A3. ANOVA table for multiple pairwise comparisons between the means of all hdensest layers at
the Huss site in 2018 using Tukey’s honest significant differences test. The “Difference” indicates the
disparity between the mean InSAR Heights of two hdensest layers, measured in meters. Additionally,
the lower and upper bounds of the 95% confidence interval are shown, along with the adjusted
p-value for the multiple comparisons within each group.

hdensest Difference Lower (95%) Upper (95%) p-Value (Adj)

7.5–2.5 3.09 0.57 5.62 0.01
12.5–2.5 0.77 −1.36 2.91 0.96
17.5–2.5 −1.19 −2.73 0.35 0.27
22.5–2.5 0.03 −1.17 1.23 1.00
27.5–2.5 2.25 1.09 3.41 0.00
32.5–2.5 5.09 3.91 6.28 0.00
37.5–2.5 9.10 7.49 10.72 0.00
12.5–7.5 −2.32 −5.21 0.56 0.22
17.5–7.5 −4.28 −6.76 −1.81 0.00
22.5–7.5 −3.06 −5.34 −0.78 0.00
27.5–7.5 −0.84 −3.10 1.42 0.95
32.5–7.5 1.99 −0.27 4.27 0.13
37.5–7.5 6.00 3.48 8.53 0.00

17.5–12.5 −1.96 −4.04 0.12 0.08
22.5–12.5 −0.74 −2.58 1.10 0.93
27.5–12.5 1.48 −0.34 3.30 0.21
32.5–12.5 4.32 2.48 6.15 0.00
37.5–12.5 8.33 6.19 10.46 0.00
22.5–17.5 1.22 0.12 2.31 0.02
27.5–17.5 3.44 2.39 4.49 0.00
32.5–17.5 6.28 5.20 7.36 0.00
37.5–17.5 10.29 8.75 11.83 0.00
27.5–22.5 2.22 1.79 2.64 0.00
32.5–22.5 5.06 4.57 5.55 0.00
37.5–22.5 9.07 7.86 10.27 0.00
32.5–27.5 2.84 2.47 3.21 0.00
37.5–27.5 6.85 5.69 8.01 0.00
37.5–32.5 4.01 2.82 5.19 0.00

Appendix A.3. Tables Containing Statistical Parameters for the Layerwise Analysis between InSAR
Height and hdensest at the Roda Site in 2012

Table A4. Statistical parameters of the InSAR Height compared to every height of hdensest (m) at
the Roda site in 2012 (HH polarization). The mean difference (Mean diff) shows the difference
between the mean InSAR Height and the center of hdensest in meters. Furthermore, the mean and
median heights, the standard deviation (Stdev), the lower and upper quartile (Q1, Q3), and the
minimum/maximum of the distribution are shown. All values are given in meters.

(m) 2.5 m 7.5 m 12.5 m 17.5 m 22.5 m

Mean 22.4 19.2 14.7 19.2 23.3
Mean diff −19.9 −11.7 −2.2 −1.7 −0.8
Median 22.9 19.2 15.0 19.4 23.2
Stdev 7.3 4.5 3.2 3.2 2.4

Q1 18.0 16.9 13.3 17.2 22.0
Q3 27.4 21.5 16.6 21.4 24.5

Minimum 8.5 14.6 1.4 1.1 12.9
Maximum 36.1 23.7 22.4 28.4 35.6
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Table A5. ANOVA table for the analysis between InSAR Height and hdensest at the Roda site in 2012.
The listed parameters include the degrees of freedom (Df), the sum of squared differences (Sum Sq),
the sum of squares divided by the df (Mean Sq), the F-ratio, and the p-value of the F-ratio.

Df Sum Sq Mean Sq F Value Pr(>F)

hdensest 1 6563.6 6563.6 482.9 <0.001
Residuals 1632 22,182.2 13.6

Table A6. ANOVA table for multiple pairwise comparisons between the means of all hdensest layers at
the Roda site in 2012 using Tukey’s honest significant differences test. The “Difference” indicates the
disparity between the mean InSAR Heights of two hdensest layers, measured in meters. Additionally,
the lower and upper bounds of the 95% confidence interval are shown, along with the adjusted
p-value for the multiple comparisons within each group.

hdensest Difference Lower (95%) Upper (95%) p-Value (Adj)

7.5–2.5 −3.25 −8.42 1.92 0.42
12.5–2.5 −7.75 −9.31 −6.19 0.00
17.5–2.5 −3.28 −4.76 −1.80 0.00
22.5–2.5 0.87 −0.64 2.37 0.51
12.5–7.5 −4.50 −9.50 0.50 0.10
17.5–7.5 −0.03 −5.00 4.95 1.00
22.5–7.5 4.12 −0.86 9.10 0.16

17.5–12.5 4.47 3.84 5.11 0.00
22.5–12.5 8.62 7.93 9.31 0.00
22.5–17.5 4.15 3.66 4.63 0.00
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