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Abstract: Lidar remote sensing has proven to be a powerful tool for estimating ground elevation,
canopy height, and additional vegetation parameters, which in turn are valuable information for
the investigation of ecosystems. Spaceborne lidar systems, like the Global Ecosystem Dynamics
Investigation (GEDI), can deliver these height estimates on a near global scale. This paper analyzes the
accuracy of the first version of GEDI ground elevation and canopy height estimates in two study areas
with temperate forests in the Free State of Thuringia, central Germany. Digital terrain and canopy
height models derived from airborne laser scanning data are used as reference heights. The influence
of various environmental and acquisition parameters (e.g., canopy cover, terrain slope, beam type)
on GEDI height metrics is assessed. The results show a consistently high accuracy of GEDI ground
elevation estimates under most conditions, except for areas with steep slopes. GEDI canopy height
estimates are less accurate and show a bigger influence of some of the included parameters, specifically
slope, vegetation height, and beam sensitivity. A number of relatively high outliers (around 9-13% of
the measurements) is present in both ground elevation and canopy height estimates, reducing the
estimation precision. Still, it can be concluded that GEDI height metrics show promising results and
have potential to be used as a basis for further investigations.
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1. Introduction

Accurate information about ground elevation and canopy height are of great use in various
scientific fields. Light detection and ranging (lidar) is as a powerful tool for the acquisition of ground
elevation and canopy height information on large scales, both in the form of airborne laser scanning
(ALS) and spaceborne lidar. Airborne lidar systems, however, have some disadvantages, especially the
high costs and limited spatial coverage of the data. Spaceborne lidar systems on the other hand can
provide lidar-based ground and canopy metrics on a global scale. Studies carrying out investigations
on this topic have mostly been using data from the Geoscience Laser Altimeter System (GLAS), a full
waveform lidar on board of the Ice, Cloud and Land Elevation Satellite (ICESat) [1], which was active
from 2003 to 2009. Its measurements were used to derive parameters like ground elevation [2,3],
canopy height [4-7], aboveground biomass [8-10], and global canopy height maps [11,12]. The results
from these studies show a generally good accuracy of the derived metrics and present spaceborne
lidar as a powerful tool for estimating ground elevation and vegetation parameters on large scales.
However, GLAS was not originally build to derive vegetation structure, and therefore some of its
specifications (like the large footprint size of 70 m) are not ideal for these applications [13].
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The Global Ecosystem Dynamics Investigation (GEDI) can be seen as the next step in using
spaceborne lidar remote sensing for the investigation of ecosystems. The main instrument of this
mission is a full waveform lidar, which was installed on the International Space Station (ISS) in
December 2018, and is the first spaceborne lidar that is specifically designed to derive vegetation
structure. The lidar system operates three lasers, one of which is split up into two beams (coverage
beams) while the others stay at full power (power beams). Coverage beams and power beams are
able to detect the ground through 95% and 98% canopy cover, respectively [14]. Footprints of the lidar
have a diameter of 25 m and are separated by 60 m along-track and 600 m across-track. Every second
beam of every laser is dithered slightly across-track, creating eight parallel tracks of footprints on
the ground. GEDI started acquiring measurements in 2019, resulting datasets with derived elevation
and vegetation metrics (e.g., ground elevation, vegetation height, canopy cover) have been available
since early 2020. While simulated GEDI data has been incorporated in some studies, with promising
results [15,16], the accuracy of the recently available version 1 GEDI ground elevation and canopy
height data has not yet been analyzed.

This paper therefore presents an accuracy analysis of the first version of GEDI ground elevation
and canopy height estimates in two study areas in southern and eastern Thuringia, central Germany.
GEDI-derived heights are compared to heights from a digital terrain model (DTM) and a canopy height
model (CHM) derived from airborne laser scanning data. The performance of different algorithm
setting groups used to derive height metrics from GEDI waveforms is analyzed. In addition, the
influence of certain environmental factors (e.g., slope, land cover) and acquisition parameters (e.g.,
acquisition time, laser beam mode) on the accuracy of GEDI height estimates is assessed. The authors
are aware that the GEDI data used here are first releases and that geolocation accuracy is expected to
improve with further calibration [14]. Hence, next versions of GEDI data might improve on some of
the issues raised in this publication. Still, the results from this analysis may give first indications as
to whether GEDI height metrics show an improved accuracy compared to earlier spaceborne lidar
missions, and whether they may be used as a basis for further investigations.

2. Materials and Methods

2.1. Study Areas

Two study areas were considered, both located in the Free State of Thuringia, central Germany
(Figure 1). The first study area is the catchment area of the Roda river in eastern Thuringia, with a
size of about 260 km?. The valleys of the Roda and its tributaries create areas with steep slopes (up
to 63°) in the otherwise relatively flat study area (mean slope: 8.61°). The climate is temperate, with
relatively warm summers and mild winters. The annual mean temperature is around 8.5 °C, with a
mean annual precipitation of around 600 mm [17]. About 50% of the area is covered by mostly planted
and intensively managed forests (Figure 2), which are dominated by Norway spruce (Picea abies) and
Scots pine (Pinus sylvestris), sometimes mixed with European larch (Larix decidua), birch (Betula pendula),
and European beech (Fagus sylvatica). The rest of the study area is mainly comprised of agricultural
areas (fields and grassland) and urban areas. In parts of the forests, trees stressed by drought periods
in 2018/19 were logged off in June of 2019 [18].

The second study area, with an area of about 340 km?, is situated in the Thuringian forest, a low
mountain range in southern Thuringia, characterized by a hilly topography with steep slopes (mean
slope: 14.21°). The area is for the most part situated in the UNESCO biosphere reserve Thuringian
Forest. While mean temperature and precipitation in the area varies depending on elevation, the
climate is generally slightly cooler and wetter than in the Roda area, with an annual mean temperature
of 4-7 °C and a mean annual precipitation of 800-1200 mm [19]. About 87% of the area is covered by
forest, which is dominated by Norway spruce. In some areas, forests with European beech, sometimes
mixed with European silver fir (Abies alba), can be found, as well as various types of bogs. Areas that
are not covered by forests are predominantly grassland. Though forest types in the study area are for
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the most part results of forestry, efforts have been made in the last decades for a conversion to forests
that are closer to the potential natural vegetation of the area (mostly mixed and deciduous forest) [19].
The study areas were chosen for several reasons: The State of Thuringia is one of only a few states
in Germany that offers free high resolution digital elevation and land cover models that can be used as
reference data. The Roda study area offers the opportunity to analyze GEDI accuracy over various
land covers. However, since this area is relatively flat and therefore not optimal for analyzing the
influence of slope on GEDI accuracy, the Thuringian forest study area was used additionally, which
included both a more diverse topography and slightly different climatic conditions and forest types.
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Figure 1. Study areas. (A) location of the Thuringian forest study area (red) and Roda study area
(blue) in Germany; (B) DTM of the Thuringian forest study area; (C) land cover of the Roda study area;
(D) DTM of the Roda study area. Elevations are obtained from the ALS-DTM. Data sources: [20-23].

(b)

Figure 2. Forest areas in the Roda study area (a) and in the Thuringian forest region (b). Photo:
Department for Earth Observation, Friedrich-Schiller-University Jena.



Remote Sens. 2020, 12, 3948 4 of 28

2.2. Data

2.2.1. GEDI-Data

GEDI data used in this study consists of datasets of both the L2A and L2B processing level.
GEDI L2A data provides (among other information) six different ground elevation and canopy height
values for each footprint, derived with different algorithm setting groups [24] (see Table 1). L2B data
only includes the height metrics from algorithm setting group 1 for each footprint, it does however
include additional derived canopy metrics like canopy cover [25]. The datasets also include the beam
sensitivity for each footprint, which is defined as the maximum canopy cover through which the GEDI
lidar can detect the ground with 90% probability [26]. The minimal sensitivity of the beams used in this
study is 90%. The methods and algorithms used to derive these metrics from the recorded waveform
can be found in Hofton & Blair [27] and Tang & Armston [28]. Estimated accuracy of GEDI estimates,
as derived from early mission measurements, is about 10-20 m horizontally and about 50 cm vertically,
though accuracy improvement is expected with further calibration [14].

Table 1. GEDI L2A algorithm setting groups. o represents the standard deviation of the background
noise level (adapted from: Hofton & Blair [27]).

Algorithm Smoothing Smoothing Waveform Signal Waveform Signal
Setting Group  Width (Noise) = Width (Signal) Start Threshold End Threshold
1 650 650 30 60
2 650 350 30 30
3 650 350 30 60
4 6.50 650 60 60
5 650 350 30 20
6 650 350 30 40

The data used in this study was acquired between 19 April 2019 and 11 November 2019.
After downloading, the datasets were converted into the ESRI shapefile format. Each footprint is
represented by a point-shaped polygon, with the derived height metrics as well as acquisition and
quality parameters stored as attributes. A total of 22,989 and 22,822 footprints were available in the
Thuringian forest and in the Roda area, respectively (Figure 3).

0 3 6 km
Legend A [ —]

[J Study areas
* GEDI footprints

Figure 3. Distribution of GEDI footprints used in this study within the Thuringian forest study area (A)
and the Roda study area (B).

2.2.2. ALS-Data

To assess the accuracy of GEDI height estimates, a DTM and a digital surface model (DSM)
derived from discrete return airborne lidar data were used as reference data. They were provided
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by the Thuringian land surveying office [22]. The acquisition date of the data varies spatially, from
January/February 2014 in the Roda area to March 2015, April 2018, and April 2019 in the Thuringian
forest. The reported point density of the ALS data is 4 points per square meter, with a horizontal
accuracy of 30 cm and a vertical accuracy of 15 cm [29]. The height models are provided as raster
datasets with a spatial resolution of 1 m. A CHM was derived by subtracting the DTM-values from the
DSM-values. Cells with height values lower than 5 m were removed from the CHM, since they most
likely do not represent noteworthy forest canopy. Original ALS-data possess a horizontal coordinate
reference system ETRS89, UTM Zone 32N and GRS80-Ellipsoid, and a vertical reference system
DHHN2016 (Deutsches Haupthohennetz) with heights above a German Combined QuasiGeoid 2016
(GCG2016). The vertical datum was converted to the WGS84 ellipsoid, which is the same vertical
reference system as the one used for the GEDI data.

2.2.3. Additional Data

To assess the influence of land cover on GEDI accuracy, a digital land cover model (DLM), provided
by the Thuringian land surveying office, was used [23]. This dataset consists of several shapefiles,
representing landcover classes as polygons and other notable topographic objects as lines and points.
The shapefiles were created between 2017 and 2020, with a geolocation accuracy of around 3 m [29].

2.3. Methods

The methods applied in this study can be divided into two sections: the pre-processing of the
data and their statistical analysis. Pre-processing of the data and cartographic visualization were done
using QGIS 3.12.1. The statistical analysis was done using the statistical software R 3.5.2 [30] with the
tidyverse-package [31].

2.3.1. Pre-Processing

The shapefiles of the main landcover classes in the study area were extracted from the DLM-dataset,
merged, and converted into a raster data format (.tif), where land cover classes were represented
by integers. A slope raster was derived from the DTM-raster and resampled to a 5 m resolution.
This resampling was done to minimize the influence of raster cells with extreme slope values, a method
that can be found in other similar studies [32]. As a result, four raster datasets—representing terrain
elevation, slope, canopy height, and land cover—were available for further investigation.

For every footprint of the GEDI-datasets (polygon), statistics based on the values of the raster cells
within the polygons were extracted to the attribute table of the GEDI-dataset. For the DTM-raster, the
median of the cell values was extracted. The terrain height measured by the GEDI lidar represents the
mean terrain height within the footprint. Here, the median was used instead to reduce the influence of
potential outliers in the ALS-DTM. The same was done for the slope raster. Since canopy heights in the
GEDI-datasets are calculated by subtracting the ground elevation from the elevation of the waveform
start (assuming that the waveform starts at the highest point of vegetation within the footprint), the
maximum of the cell values of the ALS-CHM was extracted for each footprint. The use of these
parameters for the comparison of airborne and spaceborne lidar height estimates can be found in similar
studies [4]. Finally, the maximum and minimum values from the DLM-raster were extracted for each
footprint, and the attribute tables of the GEDI-datasets were extracted and merged. The solar elevation
angle information included in the GEDI datasets was used to add the acquisition time (day/night) of
each measurement, with elevation angles greater than zero being set as daytime acquisitions.

2.3.2. Statistical Analysis

For the statistical analysis, only footprints covering one land cover class (that is, where the
maximum and minimum DLM value were the same) were used. Since the Thuringian forest is for
the most part covered by forest, only footprints over forests were used in this area. Additionally,
footprints with ALS-CHM values over 70 m were excluded, since, considering the average height of
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the tree species in the study areas (around 25-30 m [33]), they most likely do not represent actual
vegetation heights. To better visualize the influence of continuous variables (e.g., slope, canopy
cover density) on GEDI measurement accuracy, variables with discrete categories for each continuous
variable (e.g., slope classes) were added to the datasets, so accuracy metrics could later be grouped
by these categories. In order to quantify the accuracy, the difference between GEDI-DTM and the
median of the ALS-DTM (henceforth called ‘DTM-differences’) as well as the difference between the
GEDI-CHM and the maximum of the ALS-CHM (henceforth called ‘CHM-differences’) was calculated
for each footprint. Since both DTM- and CHM-differences are not normally distributed (Figure 4),
robust parameters were used for their statistical evaluation. These are median and median absolute
deviation (MAD). They have also been used in similar studies [34]. Based on Hohle & Hohle [35]
(p- 400), the MAD is calculated as

MAD = 14826 x median;(|Ah; — may|), 1)
where Ah; are the individual differences between the analyzed (GEDI) heights and reference (ALS)
heights, and m,y, is the median of these differences. The MAD therefore is proportional to the median
of the absolute differences between GEDI- and ALS-heights and the median of these differences,
multiplied by 1.4826. This factor is used so that the MAD is equivalent to the standard deviation if the
distribution is gaussian [36].
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Figure 4. Quantile-quantile plots showing distributions of: (a) DTM-differences, Roda area;
(b) CHM-differences, Roda area; (¢) DTM-differences, Thuringian forest area; (d) CHM-differences,
Thuringian forest area.

In addition to the general analysis of GEDI height metrics, the dependency of their accuracy on
several environmental and acquisition parameters was assessed. They are listed in Table 2.
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Table 2. Overview showing which parameter was analyzed in which study area (marked with X) and
which GEDI product level was used for this analysis.

Parameter Roda Area Thuringian Forest Area GEDI Product Level
Algorithm setting group X X L2A
Land cover X L2B
Terrain slope X L2B
Canopy height X L2B
Canopy cover density X L2B
Acquisition time (day/night) X L2B
Beam type (power/coverage) X L2B
Beam sensitivity X L2B

Height metrics from both GEDI L2A and L2B datasets were used for the analysis. The GEDI-DTM
and -CHM values used from the L2B datasets are the “elev_lowestmode” and “rh100” values.
These metrics were used for the general accuracy analysis as well as for the analysis of the influence of
environmental and acquisition parameters. The ground elevation metric corresponds to the elevation
of the center of the lowest mode of the received waveform. The canopy height metric corresponds
to the height above ground of the received waveform signal start [27]. The height metrics used from
the L2A datasets (which are “elev_lowestmode_aN” and “rh_100_aN”, with N identifying the used
algorithm setting group (1-6)) were only used to assess the influence of the algorithm setting group
on measurement accuracy. This influence was only analyzed for footprints covering forested areas.
For the analysis of the influence of the other parameters listed in Table 2, stratified samples with
the same number of footprints for each parameter level were drawn. The size of each sample was
lower than 10% of all available footprints, while the minimal number of sampled footprints for each
parameter level was 140. The information about canopy cover density was taken from the estimated
canopy cover included in the GEDI L2B data for each footprint.

3. Results

In the following, we present the results of the analysis described in the previous section. It is
divided into subsections, considering both the study area and the analyzed height metrics.

3.1. Roda Study Area

3.1.1. GEDI-DTM Accuracy

The scatterplot of GEDI-DTM and ALS-DTM values shows a strong linear relationship (R? = 0.985),
with some outliers in the lower and medium elevation range (Figure 5). The median of the
DTM-differences is —0.259 m, with a MAD of 1.67 m. 13.1% of the measurements have a DTM-difference
whose distance to the median DTM-difference is more than 3 times the MAD.

The statistical indices of the DTM-differences based on GEDI height metrics derived with different
algorithm setting groups included in the L2A data can be found in Table 3. Median and MAD of the
DTM-differences vary relatively little in relation to the algorithm setting group, with the exception of
setting group 5, which in this case delivers height estimates with relatively low accuracy. Note that
this part of the analysis only includes height estimates over forested areas.
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Figure 5. Scatterplot of GEDI elevation height estimates and the median ALS-DTM of each footprint
(Roda study area).

Table 3. Accuracy metrics of GEDI elevation height estimates derived with different algorithm setting

groups (over forested areas in the Roda study area).

Algorithm Setting Group Median DTM-Difference (m) MAD DTM-Difference (m)

1 -0.173 1.93
2 -0.274 1.93
3 -0.221 1.93
4 -0.173 1.93
5 -2.93 5.20
6 -0.390 2.12

In the following, the relation between GEDI-DTM accuracy and various environmental and
acquisition parameters is explored, corresponding boxplots are depicted in Figure 6. In order to
improve visualization of the results, the value range of the boxplots was set to be between —15 m
and +15 m. Therefore, some outliers are not depicted. However, the boxplots always depict at least
90% of the data used. Tables containing the exact accuracy metrics are provided as Appendix A.1
(Tables A1-A7). The influence of the slope parameter is represented only for the test site “Thuringian
forest”, as more categories could be defined due to the rougher topography.
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Figure 6. Boxplots of the differences between GEDI and ALS ground elevation estimates depending on:

(a) land cover; (b) canopy cover; (c) vegetation height; (d) beam sensitivity; (e) acquisition time; (f) beam

type. Lower and upper hinge of the boxes indicate the 25th and 75th percentile of the data, respectively.

The DTM-differences vary little over the different land cover categories that can be found in the
Roda area. Only a slightly higher MAD for height estimates over grassland and mixed forests can

be observed. Similarly, DTM-differences are relatively constant over different levels of canopy cover,

with measurement accuracy decreasing only in areas with more than 75% canopy cover. Accuracy
of height estimates over forests also appears not to be affected by vegetation height, except for an
increase of the MAD in areas with a maximal vegetation height of over 30 m. Little variation is also

found when analyzing the accuracy with regard to acquisition time and beam type. Height estimates
acquired during daytime have a slightly higher median and MAD of DTM-differences, while height
estimates acquired with GEDI power beams have a minimally lower median DTM-difference than

height estimates from coverage beams. Similarly, DTM-accuracy remains relatively constant over the

range of beam sensitivity values of the footprints.
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It also needs to be noted that two of the 19 orbit-tracks whose footprints are included in the
Roda dataset show height estimates with significantly higher median and/or MAD of DTM-differences
(Table 4). Since footprints from these orbit-tracks span over a relatively large part of the study area
and none of the parameters included in this analysis show significantly deviating values for these
footprints, it seems unlikely that the low accuracy of height estimates from these orbit-tracks is caused
by one of the parameters whose influence is analyzed here.

Table 4. GEDI orbit-tracks with ground elevation estimates of low accuracy, compared to the accuracy

of other orbit-tracks (Roda area).

Median MAD

Orbit-Track DTM-Difference DTM-Difference Numbefr of Acquisition
Footprints Date
(m) (m)
002440_T00856 1.06 28.68 110 19 May 2019
002944_T00397 5.82 18.36 652 21 June 2019
Others -0.27 1.56 19,030 various

3.1.2. GEDI-CHM Accuracy

The scatterplot of GEDI-CHM and ALS-CHM values (Figure 7) shows a rather weak linear
relationship (R? = 0.27). Notable features of this distribution are the relatively high number of
footprints in where the GEDI-CHM significantly overestimates canopy height, but also a number of
negative outliers. The median of the CHM-differences is 2.11 m, with a MAD of 2.98 m. 8.2% of the
measurements have a CHM-difference whose distance to the median CHM-difference is more than
3 times the MAD.

R?=0.27
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Figure 7. Scatterplot of GEDI canopy height estimates and the maximum of the ALS-CHM of each
footprint (Roda study area).
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The statistical indices of the CHM-differences based on GEDI height metrics derived with different
algorithm setting groups included in the L2A data can be found in Table 5. It shows a relatively high
accuracy of algorithm 4 and a relatively low accuracy of algorithm 5, while the other algorithms are
similar in their accuracy.

Table 5. Accuracy of GEDI canopy height estimates derived with different algorithm setting groups
(Roda study area).

Algorithm Setting Group Median CHM-Difference (m) MAD CHM-Difference (m)

1 211 2.98
2 2.37 2.98
3 222 3.02
4 0.86 3.32
5 5.00 5.68
6 2.55 3.17

Boxplots visualizing the relations between GEDI canopy height measurement accuracy and
environmental and acquisition parameters can be found in Figure 8. Here, the value range of the
boxplots is set between —15m and 15 m (—35 to +35 for the canopy cover boxplot), therefore some outliers
are not depicted. However, the boxplots always depict at least 90% of the data used. Tables containing
the exact accuracy metrics are provided as Appendix A.2 (Tables A8-A14).

No clear differences in accuracy can be observed with regard to the forest type: The median of
the CHM-differences is lower over mixed forests, while their MAD is lower over coniferous forests.
A stronger trend can be found over different canopy cover classes. GEDI canopy height estimates
over areas with canopy cover lower than 25% have a significantly lower accuracy than estimates over
areas with higher canopy cover. Accuracy is more or less constant for canopy cover classes over 25%.
The results also show an increase of measurement accuracy with increasing canopy height. Similarly
to the results of the DTM-accuracy, CHM-accuracy shows little variation with regard to acquisition
time and beam type of the footprints, though height estimates from coverage beams have a slightly
lower median of CHM-differences than height estimates from power beams. However, unlike with the
GEDI-DTM, the accuracy of the GEDI-CHM decreases with increasing beam sensitivity: while the
MAD of the CHM-differences shows little variation, their median gradually increases.

The two orbit-tracks whose estimates showed a significantly lower DTM accuracy display a
similar pattern with regard to the CHM accuracy, with relatively high negative medians and high
MAD (Table 6).

Table 6. GEDI orbit-tracks with canopy height estimates of low accuracy compared to the accuracy of
other orbit-tracks (Roda area).

Median MAD Numb £ A isiti
Orbit-Track CHM-Difference CHM-Difference um e.r ° cquusttion
Footprints Date
(m) (m)
002440_T00856 -19.33 8.08 63 19 May 2019
002944_T00397 -3.44 11.20 264 21 June 2019

others 2.17 2.89 10,582 various
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Figure 8. Boxplots of the differences between GEDI and ALS canopy height estimates depending
on: (a) forest type; (b) canopy cover; (c) vegetation height; (d) beam sensitivity; (e) acquisition time;
(f) beamtype. Lower and upper hinge of the boxes indicate the 25th and 75th percentile of the data,
respectively. Note the increased y-axis value range of the canopy cover boxplots.

3.2. Thuringian Forest Study Area

3.2.1. GEDI-DTM Accuracy

The scatterplot of GEDI-DTM and ALS-DTM values shows a strong linear relationship (R? = 0.934),
despite a number of positive outliers, where elevation height is significantly overestimated by GEDI
(Figure 9). The median of the DTM-differences is 0.182 m, with a MAD of 342 m. 9.7% of the
measurements have a DTM-difference whose distance to the median DTM-difference is more than
3 times the MAD.
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Figure 9. Scatterplot of GEDI elevation height estimates and the median of the ALS-DTM of each
footprint (Thuringian forest study area).

The statistical indices of the DTM-differences based on GEDI height metrics derived with
different algorithm setting groups included in the L2A data can be found in Table 7. Medians of
the DTM-differences show more variation than the corresponding medians for the Roda study area,
with some algorithm setting groups overestimating elevation height, while others underestimate it.
Similar to the Roda test site, height metrics derived with setting group 5 again have a significantly
lower accuracy.

Table 7. Accuracy metrics of GEDI elevation height estimates derived with different algorithm setting
groups (Thuringian forest study area).

Algorithm Setting Group Median DTM-Difference (m) MAD DTM-Difference (m)

1 0.182 342
2 -0.141 3.48
3 -0.032 3.49
4 0.182 342
5 -3.75 6.50
6 -0.40 3.79

Figure 10 shows the relation between GEDI-DTM accuracy and the median slope within each
footprint in the Thuringian forest study area. Similar to the Roda area boxplots, some extreme outliers
are not depicted. While the median of the DTM-differences changes relatively little with increasing
slope, the MAD continuously increases with each slope class.
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Figure 10. Boxplots showing differences between GEDI and ALS ground elevation estimates depending
on the median slope within the footprint (Thuringian forest study area). Lower and upper hinge of the
boxes indicate the 25th and 75th percentile of the data, respectively. Some extreme outliers (1.91% of
the data) outside of the y-axis values range are not depicted.

Similar to the datasets used for the Roda study area, a number of orbit-tracks whose footprints are
included in the dataset used for the Thuringian forest area contain height estimates with significantly
lower accuracy than the rest (Table 8). These height estimates are responsible for most (though not
all) of the outliers visible in Figure 9. The means of the median slope values of footprints from these
orbit-tracks are slightly higher than the mean of the median slope values of the other footprints;
however, it seems unlikely that this difference alone explains the decreased accuracy, especially
considering the relative large number and spatial dispersion of the footprints.

Table 8. GEDI orbit-tracks with ground elevation estimates of low accuracy compared to other
orbit-tracks (Thuringian forest area).

Median MAD e
Orbit-Track DTM-Difference = DTM-Difference Numbe.r of Acquisition Mean 2 £ Sl(:pe
Footprints Date Medians (°)
(m) (m)
003280_T02172 6.50 9.86 27 13 July 2019 17.83
004608_T01713 5.46 11.67 115 6 October 2019 19.11
005020_T03595 13.93 32.96 474 2 N‘;‘(’ﬁgnber 18.35
others 0.14 3.32 19,384 various 14.73

3.2.2. GEDI-CHM Accuracy

The scatterplot of GEDI-CHM and ALS-CHM (Figure 11) shows a similar pattern as the
corresponding scatterplot from the Roda study area. The correlation (R? = 0.343) is relatively weak
compared to the DTM, caused by a dispersed group of negative outliers, where canopy heights
were significantly underestimated by GEDI. The median of the CHM-differences is —0.23 m, with a
MAD of 3.17 m. 9.9% of the measurements have a CHM-difference whose distance to the median
CHM-difference is more than 3 times the MAD.
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Figure 11. Scatterplot of GEDI canopy height estimates and the maximum of the ALS-CHM of each
footprint (Thuringian forest study area).

The statistical indices of the CHM-differences based on GEDI height metrics derived with different
algorithm setting groups included in the L2A data can be found in Table 9. Again, the variation of
the values is higher than that of the corresponding values from the Roda study area. Relatively high
accuracy is found for algorithm 3, low accuracy for algorithms 4 and 5.

Table 9. Accuracy metrics of GEDI canopy height estimates derived with different algorithm setting
groups (Thuringian forest study area).

Algorithm Setting Group Median CHM-Difference (m) MAD CHM-Difference (m)

1 -0.23 3.17
2 0.29 3.31
3 0.05 3.38
4 -2.10 3.74
5 3.71 6.67
6 0.50 3.62

Boxplots displaying the relation between GEDI-CHM accuracy and slope (Figure 12) show a pattern
similar to that of the DTM accuracy. The MAD of CHM-differences increases with increasing slope
(though less sharply than for the DTM), while the median stays slightly more constant, only changing
from negative to positive for slopes over 20°.

The orbit-tracks with lower DTM-accuracy in this area (see Table 8) also show a low CHM-accuracy
(Table 10).
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Figure 12. Boxplots showing the differences between GEDI and ALS canopy height estimates depending
on the median slope within the footprint (Thuringian forest study area). Lower and upper hinge of the
boxes indicate the 25th and 75th percentile of the data, respectively. Some extreme outliers (0.39% of
the data) outside of the y-axis value range are not depicted.

Table 10. GEDI orbit-tracks with canopy height estimates of low accuracy compared to the other
orbit-tracks (Thuringian forest area).

Median MAD

Orbit-Track CHM-Difference = CHM-Difference Numbe:r of Acquisition Mean .0 f Sl(?)pe
Footprints Date Medians (°)
(m) (m)
003280_T02172 -5.28 11.42 26 13 July 2019 17.62
004608_T01713 -3.49 6.85 115 6 October 2019 19.11
005020_T03595 -6.27 12.53 460 2 N%ig‘ber 1841
Others -0.19 3.10 19,045 various 14.75

4. Discussion

In the following, the results of the GEDI-DTM and -CHM accuracy analysis from the previous
section are discussed and put in the context of existing literature. However, a number of factors that
may limit this discussion needs to be addressed beforehand: at the moment of writing (October 2020),
no similar studies analyzing the accuracy of GEDI height metrics are available. Therefore, studies that
analyzed the accuracy of height metrics from similar spaceborne lidar missions (especially ICESat)
have to be used. In addition to using data from a different mission, these studies mostly use mean
and standard deviation to describe the height differences between the analyzed heights and reference
heights. These indices are susceptible to outliers and therefore deliver values that may differ from the
values of the parameters used here (median and MAD), if the analyzed distribution is not gaussian.
Unless the studies used for this discussion specifically mention the nature of the height differences
distribution (which is rarely the case), their error indices may not be fully comparable with those from
this study. It also has to be taken into account that the reference data in this study is itself based on
lidar height estimates. Their specified accuracy is much higher than that of the GEDI lidar, in addition
to a different acquisition method (discrete return vs. full waveform). Still, their height estimates might
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also contain certain errors (e.g., a general underestimation of forest heights) that are characteristic for
lidar height estimates.

Finally, two factors need to be recognized especially for this study: potential geolocation errors of
GEDI and the timespan between the acquisition of GEDI and reference data. While time difference of
course mainly influences CHM accuracy, geolocation errors can affect both DTM and CHM accuracy.
Since horizontal accuracy is between 10-20 m for the data used here [14], these errors can have a
significant influence, considering GEDI'’s footprint diameter of 25 m.

4.1. GEDI-DTM

The general statistical analysis of the DTM-differences reveals a relatively low median (and
therefore a relatively high accuracy of the GEDI terrain height estimates), but also a high MAD (and
therefore a relatively low precision of the GEDI terrain height estimates). The high accuracy is further
indicated by the high R?-values, while a number of high outliers, especially in the Thuringian forest
area, mirror the relatively low precision. These outliers are dispersed over the study areas and not
spatially clustered, though some of them are part of the same orbit-tracks and are therefore spread
over the study areas along these tracks.

The median DTM-differences from this study (Roda: —0.26 m, Thuringian forest: 0.18 m) are in the
same value range as corresponding mean values from similar studies. Chen [3] found a mean difference
of —0.97 m for a study area in North Carolina (using ICESat data), while Wang et al. [32] found a mean
difference of —0.61 m for Alaska (using ICESat-2 data). The standard deviation values in both studies
were similar to the MAD values found here, however the value range of the DTM-differences was
much smaller. In both studies, diverse study areas with various types of land cover and topographies
were used. Hilbert and Schmullius [4] analyzed ICESat height estimates in forested and rugged terrain.
Their results are especially relevant for this discussion, since their study area is also situated in the
Thuringian forest, partially overlapping with the Thuringian forest study area from this study. Using
height metrics derived from the ICESat-GLAS GLAO1 product, Hilbert and Schmullius calculated
a mean difference of 0.19 m compared to a reference ALS-DTM, which is remarkably close to the
median of 0.18 m found in this study. Standard deviation of the differences was 5.01 m. In all studies
mentioned, the R? for the correlation between analyzed and reference heights was between 0.98 and 1.

The analysis of the DTM accuracy based on height estimates derived with different algorithm
setting groups shows both similarities and differences between the two study areas. The variation of
median DTM-differences is higher in the Thuringian forest area. The height metrics from algorithm
setting group 1, which are included in the L2B-datasets of the data used here, indeed are the most
accurate for the Roda area, but not for the Thuringian forest area. Here, algorithm setting group
3 delivers the most accurate height estimates. In both areas, algorithm setting group 5 delivers a
significantly lower accuracy than all other groups. This is caused by its lower waveform signal end
threshold compared to the other five setting groups. A low threshold can lead to the detection of noise
below the actual ground return signal, resulting in an underestimation of the ground elevation [27].
Algorithms with higher signal end thresholds (e.g., algorithm 1 and 3) are more accurate in this study,
allowing the conclusion that these algorithms seem to be preferable for estimating ground elevation in
temperate forests. The identical accuracy of algorithm setting groups 1 and 4 is due to the fact that
these algorithms only differ in regard to the signal start threshold, which has no effect on ground
elevation estimations. It has to be noted that these accuracies are averages over all forest conditions
present in these study areas. For the acquisition over more homogenous forests (e.g., with consistently
high canopy cover), different algorithms might be preferable.

The analysis of the relation between GEDI-DTM accuracy and various environmental and
acquisition parameters yields somewhat surprising results. An example is the low influence of land
cover within the footprint. Several studies (e.g., Hodgson et al. [37]) observed a lower accuracy of
lidar-based DTM over areas with dense/high vegetation. In such areas, the assumption that the lowest
mode of a received lidar waveform represents the ground is problematic, since this signal can also stem
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from low vegetation [38]. However, the results from this study show a slightly higher accuracy of the
DTM in mixed forests than in agriculture or grassland areas. The high accuracy of the DTM in urban
areas is equally surprising, since those areas are usually challenging when generating lidar-based
DTM [39].

Other results of the analysis are more in accordance with literature. The increased scattering of
DTM-differences with increasing slope has been observed in numerous studies [2,32,40]. This effect can
occur due to different reasons: on sloped and forested terrain, lidar returns from both vegetation and
ground can occur at the same height and therefore might not be distinguishable in the return waveform,
especially since the ground returns are spread out over different heights [41]. Also, geolocation errors
of footprints can lead to height errors if the footprint area is sloped in the same direction that the
footprint is misplaced, since the elevation where the footprint was (falsely) located can be different
from the elevation at the actual position of the footprint [42]. This possibility needs to be considered
especially for this analysis, given the low current geolocation accuracy of GEDI data. For example, in
an area with a slope of 8.31° (which is the mean value of the median slopes within the footprints of the
Roda study area), two points along the slope gradient with a horizontal distance of 10 m (which is the
lower end of the specified geolocation accuracy of GEDI), have a ground elevation height difference
of 1.46 m, while a horizontal distance of 20 m (the upper end of the specified geolocation accuracy
of GEDI) results in a ground elevation height difference of 2.92 m. These numbers may give a rough
estimation on what scale geolocation errors can influence GEDI DTM accuracy in sloped terrain.

The slight decrease of accuracy with increasing canopy cover within the footprint has also been
observed in other studies [32]. This is due the fact that the number of laser impulses that can penetrate
the canopy and reach the ground decreases with increasing canopy cover. Sterericzak et al. [43] did not
observe an influence of canopy height when analyzing lidar DTM accuracy in a temperate coniferous
forest, which is in line with the results found here.

The higher accuracy of height estimates acquired during nighttime can be explained by the lower
background noise level (which is increased by sunlight during daytime). This improves the lidar’s
capability to detect the ground through dense vegetation [44]. The fact that the beam type of the
footprint has almost no influence on DTM accuracy is most likely a result of the overall relatively low
density of the forests in the study area. The ability of GEDI's power beam to penetrate a canopy cover
of up to 98% (in comparison to the 95% penetrable by the coverage beam) brings no advantage in
this case, since only 20 of the used footprints have a canopy cover of over 95%. The value range of
canopy cover values in the Roda area is most likely also the reason for the lack of influence of beam
sensitivity on DTM accuracy in this study. Only 16 of the footprints used in the Roda study area have a
canopy cover that is higher than their beam sensitivity, meaning that the probability of the laser beam
detecting the ground is below 90% for these footprints.

The significantly lower accuracy of height estimates from a number of orbit-tracks in both the
Thuringian forest and the Roda study area appears to be not completely explainable. As mentioned,
it can be assumed that this result is not caused by one of the parameters whose influence is analyzed
here (e.g., an increased slope). The only attribute that is consistent for all footprints of each orbit-track
is the acquisition date. Therefore, it could be suspected that certain atmospheric conditions on these
dates are the reason for the low accuracy. One parameter of this kind that can influence lidar height
estimates is rainfall [45]. While precipitation was indeed recorded in the Thuringian forest area on all
three acquisition dates of the orbit-tracks listed in Table 8, no precipitation was recorded in the Roda
area on the two acquisition dates of the respective orbit-tracks listed in Table 4 [46].

4.2. GEDI-CHM

The differences between the two study areas regarding the accuracy of the GEDI-CHM are much
larger than for the DTM. While the MAD of the CHM-differences is similar in both areas (with values
close to 3), there is a significant difference between the medians: 2.11 m in the Roda area versus —0.23
m in the Thuringian forest area. However, these results are still somewhat in accordance with literature,
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since the results from similar studies also show rather large differences: while Nie et al. [47] and
Popescu et al. [10] observed negative mean differences, Enflle et al. [3], and Hilbert and Schmullius [4]
observed positive mean differences. The absolute values of these differences range from 0.2 to 2.5 m,
about the same range as the median values observed in this study. It also has to be noted that Hilbert
and Schmullius also observed a significantly lower accuracy of the CHM than the DTM derived from
the same dataset. Two possible reasons for this generally lower accuracy of CHM compared to DTM
are the dependency of CHM accuracy on DTM accuracy and the much more heterogenous surface of
the canopy, which requires higher geolocation accuracy of the data.

The differences in the results from the two study areas are also present in the analysis of the
algorithm setting groups. While CHM accuracy is still generally higher in the Thuringian forest, this
is not the case for every single algorithm. Most notably, algorithm 4 is the second least accurate for
the Thuringian forest, but the most accurate for the Roda area. This may be due to its high waveform
signal start threshold: the mostly sloped ground of the Thuringian forest means that the return signals
from the canopy top are spread out over the return waveform and therefore might not be high enough
to surpass the high signal start threshold. This leads to an underestimation of canopy height. It seems
that this pattern of high canopy tops not being able to trigger the waveform start in this algorithm
is also present in the Roda area. However, in this case it leads to a relatively high accuracy of the
algorithm, because this ‘underestimation’ reduces the positive bias of GEDI canopy height estimates
that the other algorithms display. Still, the generally higher CHM accuracy in the Thuringian forest area
is somewhat surprising, since increased slopes are more known to lead to an overestimation of canopy
height (see below). Of course, the accuracy of canopy height estimates derived from waveforms also
depends on the accuracy of the ground estimation. For example, the low CHM accuracy of algorithm 5
in both study areas is most likely caused by its low DTM accuracy: here, the underestimation of ground
elevation results in a subsequent overestimation of canopy height. The accuracy metrics are also again
averages over all forests in the study areas and might be different for specific, more homogenous
forest areas.

Certain characteristics of the ALS reference data might have also influenced the results.
Small-footprint, discrete return lidar systems tend to underestimate tree heights, especially of coniferous
trees, because their laser impulses often miss the top of the tree crowns [38]. The time span between the
acquisition of the ALS height estimates and the GEDI height estimates also has to be taken into account
when analyzing the GEDI-CHM accuracy. This time difference is consistent for the Roda area (5 years)
but varies in the Thuringian forest area (between several months and 4 years). The mean annual height
growth rate of the main tree types in the Roda area (pine and spruce) varies between 20-60 cm [48,49].
A mean annual height growth of 40 cm would amount to 2 m in 5 years. Therefore, it seems at least
possible that the median CHM-difference of around 2 m can be explained to a certain degree by the
height increase of the canopy between the acquisition dates. Another result that might suggest this is
the apparent influence of vegetation height on CHM accuracy. In general, the annual height growth
of trees slows down after the trees reach a certain age (depending on tree type and environmental
factors) [50]. This might explain why the median CHM-difference in this study is much higher for
shorter (presumably younger) trees than for taller (presumably older) trees (Table 11), assuming they
experienced a larger height increase between the acquisition dates. However, this difference in accuracy
appears to be too large to be solely explainable by height growth differences, and therefore may not be
adequate to accurately quantify the influence of the acquisition time difference on GEDI-CHM accuracy.
Also, there is no significant influence of acquisition time differences in the Thuringian forest area. Here,
CHM accuracy does not significantly decrease with increasing time difference between the GEDI and
ALS acquisitions (Table 12). It also has to be noted that while the relation between CHM accuracy
and vegetation height can be used to at least roughly assess whether vegetation growth between the
acquisition dates had an effect on CHM accuracy, this does not give indications as to whether potential
changes in land cover between the acquisitions might have influenced the results. There is, however,
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the possibility that the logging of trees in the Roda study area in June 2019 is the reason for at least
some of the observed negative outliers.

Table 11. GEDI-CHM accuracy in relation to vegetation height (Roda study area).

Maximum ALS-CHM within the
Footprint (m)

5-15 591 2.24
35-45 —-0.58 442

Median CHM-Difference (m) MAD CHM-Difference (m)

Table 12. GEDI-CHM accuracy in relation to the time difference between ALS and GEDI acquisition
(Thuringian forest area).

Acquisition Time of ALS-CHM  Median CHM-Difference (m) MAD CHM-Difference (m)

03/2015 -0.30 3.90
04/2018 -0.16 2.99
04/2019 -0.39 291

The analysis of GEDI-CHM accuracy with regard to environmental and acquisition parameters
shows, in some cases, discrepancies with the results from other studies. As an example, many
studies [51,52] observe a higher accuracy of lidar CHM in coniferous forests than in deciduous or
mixed forests. This is because deciduous forests (during leaf-on conditions) tend to have a more closed
structure with less gaps for the laser impulse to detect the ground through [4]. This could at least
explain the higher MAD over mixed forests observed in this study.

The increased MAD of the CHM-differences in areas with steeper slopes in the Thuringian forest
study area is more in accordance with literature. Hilbert and Schmullius [4] observed a similar trend
in an adjacent study area, using ICESat-GLAS canopy height estimates. Aside from the reasons for
this effect that are stated in Section 4.1 (regarding the influence of slope on DTM accuracy), increasing
slopes also lead to an increased lidar waveform extent [53]. This can lead to an overestimation of
canopy height if the canopy height is derived from the height differences between the waveform signal
start and the ground elevation.

The significantly lower CHM accuracy in areas with a canopy cover lower than 25% may be due
to several reasons: in sloped areas with low canopy cover, the return signals from the canopy top might
not exceed the waveform recording start threshold, so the waveform recording is triggered by lower
canopy layers or ground return signals. In this case, the height difference between the waveform signal
start and the ground elevation is lower or (close to) zero. In addition, if the vegetation is concentrated
in the lower part of a sloped area, the waveform recording might also be triggered by ground surface
from the upper part of the area, which has a higher elevation than the canopy top [3]. The relatively
low horizontal geolocation accuracy of GEDI footprints can also reduce CHM accuracy in areas with
low and heterogenous canopy cover, if a footprint that covered vegetation is falsely located in an area
with bare land, or vice versa. As Table 13 shows, accuracy in areas with low canopy cover (<25%)
improves when only footprints in flat terrain (median slope <3°) are considered, suggesting that slope
is the dominant factor influencing CHM accuracy in areas with low canopy cover. The difference in
accuracy between areas with low and high canopy cover that is still present in flat terrain (Table 13) is
most likely caused by geolocation errors, therefore giving a rough estimation on the influence of these
errors on GEDI CHM accuracy.
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Table 13. GEDI-CHM accuracy in relation to canopy cover for footprints in flat terrain (median slope
<3°) and for all footprints.

Footprints in Flat Terrain All Footprints
Canopy Median MAD Median MAD
Cover (%) cHM-Difference CHM-Difference CHM-Difference CHM-Difference
(m) (m) (m) (m)
0-25 -0.54 3.63 -10.47 14.41
25-50 2.15 2.03 1.85 243
50-75 2.39 2.19 244 2.16
>75 2.24 2.33 2.73 3.05

The influence of acquisition time and beam type on CHM accuracy is generally similar to the
results from the DTM, with the exception of the lower median of CHM differences from coverage
beams compared to power beams. This may be connected to the increased median beam sensitivity

of power beams (Figure 13). For the dataset used here, the median CHM-difference increases with
increasing beam sensitivity.
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Figure 13. Boxplots showing the relation between beamtype and beam sensitivity of footprints from
the Roda study area. Lower and upper hinge of the boxplots indicate the 25th and 75th percentile of
the data, respectively.

The connection between beam sensitivity and beamtype does not explain the increase of median
CHM-differences with increasing beam sensitivity. As mentioned in Section 4.1, the number of
footprints where the beam sensitivity could have an influence on CHM accuracy is small, and,
if anything, a positive influence of increasing beam sensitivity on CHM accuracy was to be expected.
This may lead to the conclusion that beam sensitivity correlates with another parameter that has an
influence on the accuracy. However, no parameter included in this analysis shows a noteworthy
correlation with beam sensitivity (the highest being the correlation with slope, with a Pearsons’s r
of —0.11).

As with the DTM, the low accuracy of height estimates from certain footprints in both the Roda and
Thuringian forest area cannot be fully explained, with the influence of rainfall during the acquisition
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only being a possible explanation for the Thuringian forest footprints. In addition, values that form
clusters of outliers in the scatterplots (Figures 7 and 11) are dispersed over the study areas and not
spatially clustered.

5. Conclusions

The results of the analysis presented in this study show both similarities and differences to the
results of comparable studies. GEDI ground elevation metrics have a relatively high accuracy, with
median DTM-differences below 30 cm. These values suggest an increased accuracy compared to the
results from studies using other spaceborne lidar-based height metrics. However, the MAD of the
DTM-differences are relatively high, indicating a relatively low measurement precision. While the
analysis of the different algorithm setting groups for the calculation of ground elevation metrics did
not point to a single most accurate group, it can be concluded that algorithms with a high waveform
signal end threshold seem to be preferable for deriving ground elevation over temperate forests.

The analysis of the influence of various environmental and acquisition parameters shows that
GEDI-DTM accuracy stays more or less constant under most conditions. Certain characteristics of
lidar-based height metrics (e.g., a decrease in accuracy with increasing slope or a higher accuracy of
nighttime acquisitions) can be confirmed in GEDI elevation height metrics, while others (e.g., a lower
accuracy over forests and urban areas in comparison to open fields) cannot be corroborated with
the analyzed datasets. However, only steep slopes seem to lead to a significant decline in accuracy.
Also, for the ground elevation estimates over temperate forests analyzed in this study, differences in
beamtype and sensitivity of the GEDI beams do not affect the accuracy.

GEDI canopy height metrics are less accurate than elevation heights, with much higher medians
and MAD of the differences to reference heights and a much lower correlation. Apart from the more
complex surface of canopy, some of the results suggest that changes of the vegetation (growth and
logging) may have influenced these results, due to the time difference between the acquisition of
GEDI and reference data. The differences in accuracy between the two study areas as well as the
algorithm setting groups are larger than for the DTM, with a generally higher accuracy in the more
mountainous Thuringian forest area. Though comparability is somewhat limited, the results show a
similar accuracy compared to the results from other studies. Less similarities are found in the analysis
of CHM accuracy with regard to environmental and acquisition parameters. While the reduced
accuracy over areas with low canopy cover or in steep slopes follows expected and previously observed
patterns, other parameters show less expectable (and explainable) influences. Among those are a
higher accuracy over mixed than over coniferous forests and especially the decreasing accuracy with
increasing beam sensitivity.

In addition, the significantly lower accuracy of the footprints from certain orbit-tracks (both for
the DTM and the CHM) remains surprising, since none of the variables considered in this analysis
(including rainfall) hold a complete explanation for these results. Finally, the observed influence of
parameters like slope or canopy cover, whose values can vary spatially on the scale of GEDI geolocation
accuracy, suggest that the results for both DTM and CHM accuracy are to a certain degree influenced
by GEDI geolocation errors and will probably be improved in further versions.

It can be concluded that GEDI ground elevation estimates show a slightly increased accuracy
compared to the results from earlier studies, while no clear improvement could be observed for
the canopy height estimates. In general, GEDI height metrics have the potential to be used as a
solid basis for further investigations and applications that require large scale ground elevation or
canopy height information. At the same time, some of the observed characteristics of GEDI height
estimates remain unexplained. Whether these are isolated cases unique to the datasets analyzed here,
or general characteristics of GEDI data, can only be determined with further investigations of GEDI
lidar performance under different environmental and acquisition conditions. Further research might
also address or compensate for some of the factors that might have influenced the results from this
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study, like geolocation accuracy of GEDI data (which is expected to improve in the future), or potential
errors and acquisition time differences in the reference data.
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Appendix A

Appendix A.1. Tables Containing Accuracy Metrics of the GEDI DTM

Table Al. Accuracy metrics of GEDI DTM height estimates depending on land cover (Roda study area).

Land Cover Median DTM-Difference (m) MAD DTM-Difference (m)

Agriculture -0.32 1.02
Coniferous forest -0.19 1.77
Grassland —0.16 2.34
Mixed forest -0.005 4.34
Urban -0.059 1.24

Table A2. Accuracy metrics of GEDI DTM height estimates depending on canopy cover (Roda
study area).

Canopy Cover (%) Median DTM-Difference (m) MAD DTM-Difference (m)

0-25 -0.29 1.75
25-50 -0.15 1.22
50-75 -0.15 1.85
>75 -0.31 3.06

Table A3. Accuracy metrics of GEDI DTM height estimates depending on canopy height (Roda
study area).

Canopy Height (m) Median DTM-Difference (m) MAD DTM-Difference (m)

<20 -0.04 1.47
20-25 -0.37 1.29
25-30 -0.17 1.62

>30 0.01 4.44
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Table A4. Accuracy metrics of GEDI DTM height estimates depending on beam sensitivity (Roda
study area).

Beam Sensitivity (%) Median DTM-Difference (m) MAD DTM-Difference (m)

90-92 -0.09 3.06
92-94 -0.30 1.87
94-96 -0.05 2.03
96-97 -0.21 1.42

>97 -0.07 2.19

Table A5. Accuracy metrics of GEDI DTM height estimates depending on acquisition time (Roda
study area).

Acquisition Time Median DTM-Difference (m) MAD DTM-Difference (m)

Day -0.23 2.08
night -0.12 1.24

Table A6. Accuracy metrics of GEDI DTM height estimates depending on beam type (Roda study area).

Beam Type Median DTM-Difference (m) MAD DTM-Difference (m)

Coverage -0.35 1.78
power -0.28 1.65

Table A7. Accuracy metrics of GEDI DTM height estimates depending on slope (Thuringian forest
study area).

Slope (°) Median DTM-Difference (m) MAD DTM-Difference (m)

0-5 0.09 0.95
5-10 0.26 1.67
10-15 0.55 297
15-20 0.65 5.45
20-25 0.08 6.32
>25 -0.39 10.82

Appendix A.2. Tables Containing Accuracy Metrics of the GEDI CHM

Table A8. Accuracy metrics of GEDI canopy height estimates depending on forest type (Roda
study area).

Forest Type Median CHM-Difference (m) MAD CHM-Difference (m)

Coniferous 2.00 2.64
Mixed 1.33 4.39

Table A9. Accuracy metrics of GEDI canopy height estimates depending on canopy cover (Roda
study area).

Canopy Cover (%) Median CHM-Difference (m) MAD CHM-Difference (m)

0-25 -10.47 14.41
25-50 1.85 243
50-75 244 2.16

>75 2.73 3.05
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Table A10. Accuracy metrics of GEDI canopy height estimates depending on canopy height (Roda
study area).

Canopy Height (m) Median CHM-Difference (m) MAD CHM-Difference (m)

<20 5.15 2.51
20-25 2.75 2.61
25-30 1.69 2.31

>30 0.54 3.63

Table A11. Accuracy metrics of GEDI canopy height estimates depending on beam sensitivity (Roda
study area).

Beam Sensitivity (%) Median CHM-Difference (m) MAD CHM-Difference (m)

90-92 1.51 2.99
92-94 1.42 3.20
94-96 1.97 3.42
96-97 2.49 2.04

>97 2.88 3.03

Table A12. Accuracy metrics of GEDI canopy height estimates depending on acquisition time (Roda
study area).

Acquisition Time Median CHM-Difference (m) MAD CHM-Difference (m)

Day 1.90 3.13
Night 2.50 2.67

Table A13. Accuracy metrics of GEDI canopy height estimates depending on beam type (Roda
study area).

Beam Type Median CHM-Difference (m) MAD CHM-Difference (m)

Coverage 1.65 3.17
Power 2.60 3.06

Table A14. Accuracy metrics of GEDI canopy height estimates depending on slope (Thuringian forest
study area).

Slope (°) Median CHM-Difference (m) MAD CHM-Difference (m)

0-5 -0.40 2.06
5-10 -0.29 2.85
10-15 -0.22 3.22
15-20 -0.46 3.59
20-25 0.13 5.02
>25 1.40 6.03
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