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Abstract: The Global Ecosystem Dynamics Investigation (GEDI), specifically designed to measure
vertical forest structures, has acquired, since April 2019, more than 35 billion waveforms of Earth’s
surface on a nearly global scale. GEDI is equipped with 3 identical 1064 nm lasers with a power
of 10 m] per shot, where 1 laser is split into 2 lasers, resulting in two 5 m] coverage lasers and two
10 m] full-power lasers. In this study, we evaluate the potential of GEDI's four lasers to penetrate
through canopies and detect the ground, and their capabilities to detect the top of the canopies over a
tropical forest (in French Guiana) characterized by a dense canopy cover and tall trees. The accurate
detection of both of these surfaces is the first step in characterizing vertical forest structures. The
SRTM Digital Elevation Model (DEM) is used as a reference point for elevations while a canopy
height model (CHM), derived from airborne and spaceborne LiDAR data, is used as a reference for
canopy heights. In addition, the ground and canopy-top elevations estimated from NASA’s Land,
Vegetation, and Ice Sensor (LVIS, 1064 nm full-waveform LiDAR, 5 m] per shot, ~8 km altitude)
are used as a benchmark for comparison with GEDI'’s lasers. Results indicate that GEDI’s coverage
and full-power lasers, even after the application of a preliminary filter that removes around 50% of
acquisitions, tend to underestimate tree heights in densely vegetated, tall forests. Moreover, GEDI’s
coverage lasers also exhibited a lower level of performance in comparison to both the full-power
lasers and LVIS. Overall, the average estimated maximum canopy heights (RH1qp) for a CHM greater
than 30 m was 24.4 m with the coverage lasers, 32.1 m with the full-power lasers, and 36.7 m with
LVIS. The analysis of shots with high-beam sensitivity (sensitivity > 98%) showed that they tend to
have a better probability of reaching the ground and have better detection of canopy tops for both
GEDI laser types. Nonetheless, GEDI’s coverage lasers still showed an underestimation of canopy
heights with an average RHygg of 29.8 m, while for GEDI’s full-power lasers and LVIS, the average
RHjpp was 35.2 m and 37.7 m, respectively. Finally, the assessment of the acquisition time on the
detection of the ground return and the top of the canopies showed that, for the coverage lasers, solar
noise could affect the detection of the ground return as acquisitions made during early mornings
or late afternoons have more penetration than shots acquired between 8 a.m. and 4 p.m. The effect
of acquisition time on the detection of the tops of canopies showed that solar noise slightly affected
the coverage lasers. Regarding the full-power lasers, the acquisition time of the shots seem to affect
neither the penetration of the lasers, nor the detection of the tops of canopies.

Keywords: full-waveform LiDAR; GEDI; LVIS; canopy height model; SRTM DEM

1. Introduction

Light detection and ranging (LiDAR) is the most favorable technology for the charac-
terization of vertical forest structures [1,2]. LIDAR measures the vertical structure of objects
by emitting laser pulses and measuring the difference in time between the transmitted
emission and its echoed return. Over vegetated areas, LIDAR systems, given their short
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wavelengths (i.e., between 532 and 1550 nm) can reflect off of individual elements (e.g., the
tops of canopies) or penetrate through the small gaps to reflect off of the ground. Therefore,
coupled with their very narrow beams, LIiDAR systems can directly measure surface and
vegetation heights with high resolution and precision [2]. In contrast, optical systems,
given their passive nature, only measure the reflectance from the tops of canopies; as such,
they cannot provide direct measurements of vertical forest structures. Radars, on the other
hand, are active systems that use electromagnetic waves that are longer (between 0.8 and
100 cm) than those used by LiDARs. As such, given the longer wavelengths used, radar
waves do not scatter from individual elements of canopies, and most of the operating radar
systems do not reach the ground as they are scattered due to interactions with leaves and
branches [2,3].

For the characterization of forest structures over large areas, two types of LiDAR
systems are used: airborne and spaceborne systems. Airborne systems have much higher
resolutions (i.e., a large number of returned points per m?); however, they are costly, and
due to these costs, their use is generally limited to small areas [4]. Spaceborne LiDARs are
freely accessible to the public and have global coverage, but they are generally scarcely
distributed over Earth’s surface (e.g., the latest spaceborne LiDAR system is expected to
only cover 4% of Earth’s surface [5]). Moreover, given the differences in the operational
altitudes of airborne and spaceborne LiDARs, spaceborne systems are more likely to be
affected by the presence of clouds, which either reflect the LiDAR signal entirely or cause
path delays, thus introducing uncertainties [6,7]. In addition, due to their higher altitudes,
spaceborne LiDARs require higher energy levels per shot for sufficient signal to be returned
from the ground [2], which is not currently feasible due to power constraints.

Currently, there are two operational spaceborne LiDARs. The Advanced Topographic
Laser Altimeter System (ATLAS) on board the Ice, Cloud and Land Elevation Satellite
(ICESat-2), and the Global Ecosystem Dynamics Investigation (GEDI) on board the Interna-
tional Space Station (ISS). ATLAS/ICESat-2 is equipped with a single 532 nm wavelength
laser that emits 6 beams (arranged into 3 pairs). Beam pairs are separated by ~3 km
across-track, with a pair-spacing of 90 m. The nominal footprint of ATLAS is 17 m, with an
along-track spacing interval of 0.7 m. Moreover, ATLAS uses a photon counting system and
can detect single echoed photons. GEDI, on the other hand, is a full-waveform LiDAR, and
it is the first system specifically optimized to estimate vegetation structures [5]. GEDI has
been acquiring waveforms of Earth’s surface since April 2019 and will continue operation
until January 2023. GEDI is comprised of 3 identical, 1064 nm lasers designed to sample the
earth’s surface at a ~60 m intervals along the track with a cross-track separation of ~600 m.
One laser’s power is split into two beams (called “coverage lasers”), while the remaining
two lasers operate at full power. These 4 beams (2 coverage beams and 2 full-power beams)
are slightly dithered by beam dithering units (BDU) that rapidly deflect light by 1.5 m
rads (~600 m) to produce 8 tracks of data. The GEDI lasers operate with a pulse repetition
frequency (PRF) of 242 Hz, and as such, given its 7.3 W output power [8], the coverage
lasers fire 5 m] pulses, while each of the 2 full-power lasers fires 10 m] pulses. On the
ground, GEDI measures 3D structures over a 25 m wide footprint in the form of waveforms
that consist of a series of multiple, connected, temporal modes, or peaks, representing the
different reflections from an object (e.g., the top of the canopy cover) or different objects
close together (e.g., the understory and the ground). The received waveforms are then digi-
tized to a maximum of 1246 bins, with a vertical resolution of 1 ns (15 cm), corresponding
to a maximum height range of 186.9 m, with a vertical accuracy of ~3 cm over relatively
flat, non-vegetated surfaces [5].

Given the mission objectives of GEDI, as well as the lasers’ configurations, the objective
of this paper is therefore to assess the capabilities of the two laser types (i.e., coverage and
full-power) in penetrating through the canopies and detecting the ground, as well as their
capabilities in accurately detecting the tops of canopies. The accuracy in the detection of
both surfaces (i.e., ground return and canopy tops) will indicate the accuracies that could
be obtained with GEDI data in deriving vertical forest structures, especially over very
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dense tropical forests. As such, the assessment of GEDI’s performance will be based on
the difference between the elevation of the estimated canopy top or ground return and
the elevations reported by the 30 m Shuttle Radar Topography Mission (SRTM) digital
elevation model (DEM). It should be noted, however, that SRTM DEM data corresponds to
the elevations of the scattering center within the canopy [9]. Nonetheless, for similar canopy
height ranges over similar tree structures, SRTM elevations should be within the same
magnitude. The performance analysis of GEDI will be based on the capabilities of each
type of laser (i.e., coverage lasers and full-power lasers) to penetrate the canopy and detect
the ground. Next, the effects of beam sensitivity on the ground and canopy-top detection
will be analyzed. Beam sensitivity represents the maximum canopy cover through which
the GEDI LiDAR can detect the ground with 90% probability [2]. Finally, the effects of
acquisition time on each type of laser will be assessed.

Our decision to choose a tropical forest is due to the generally dense canopy cover and
tall trees, which might be limiting factors for GEDI'’s lasers. In addition, the influences of
beam sensitivities (the probability of a given shot over a given canopy cover reaching the
ground [2]) and acquisition times on the penetration of the lasers through the canopies, or
their influence on accurately detecting the tops of the canopies, will also be assessed.

The paper is organized into four sections. A description of materials and methods
is given in Section 2. The results are given in Section 3, followed by the discussion and
conclusions in Sections 4 and 5.

2. Materials and Methods
2.1. Study Site

French Guiana is located on the northern coast of the South American continent and
borders the Atlantic Ocean, Brazil, and Suriname (Figure 1). The study site’s area is approx-
imately 83,500 km?, where forest covers more than 95% of the surface. The terrain is mostly
flat, with 70% of slopes being less than 5°, and rises to occasional small hills and mountains,
with altitudes that range from 0 to 851 m [10]. The climate, based on the Képpen—Geiger
classification [11], is mainly tropical and belongs to the Am (tropical monsoon) category,
with a small part in the northwest belonging to Af (tropical rainforest) category.

6.0§
{‘P&-m_
2
5.0 !"
4.0
o
S
3.0 =
(=]
=
3
2.0 Al
-56.0 -55.0 -54.0 -53.0 -52.0 -51.0 -50.0

Figure 1. Location of the study site.
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2.2. Datasets
2.2.1. GEDI

GEDI-collected waveforms (Level 1), as well as their processing (Level 2), are provided
by NASA’s Land Processes Distributed Active Archive Center (LP DAAC). The Level 1
data product, namely the L1B data product [12] includes the geolocated waveforms as
collected by the GEDI system. The Level 2 data product includes footprint-level elevation
and canopy height metrics (L2A, [13]) and footprint-level canopy cover and vertical profile
metrics (L2B, [14]). In this study, we extracted the geolocation (longitude, latitude, and
elevation) of the received waveforms, as well as their acquisition time, from Version 2 of
the L1B data product. The L2A data product processes the waveforms using six possible
configurations (henceforth referred to as algorithms) of differing thresholds to satisfy a
variety of acquisition scenarios [5]. Moreover, in the L2A data product, a variable named
‘selected_algorithm’ corresponds to the algorithm with the lowest (in terms of elevation)
non-noise ground return (henceforth referred to as the “lowest mode”). Therefore, from
L2A, we extracted the following variables derived from the processing algorithm identified
by the selected_algorithm variable:

The latitude, longitude, and elevation of the lowest mode.

The latitude, longitude, and elevation of the instrument.

The number of detected modes (num_detectedmodes).

The acquisition date and time of the shot.

The beam sensitivity, that is, the probability of detecting the ground below a given
canopy cover 90% of the time with a 5% chance of a false positive [2].

The viewing angle (VA) at acquisition time [15].

The signal-to-noise ratio (SNR) [15].

The relative height at 100% (RH1¢g) of returned energy, in essence, the distance between
the ground return and the canopy top.

e  The elevation of the lowest mode (ELM) and the elevation of the highest return (EHR),
which represents the canopy top.

Over French Guiana, 8,662,215 shots were acquired during the period between April
2019 and August 2021. However, not all of these shots were usable due to unfavorable
atmospheric conditions (e.g., clouds) that affected them. Therefore, a waveform was not
investigated further if it met any of the following criteria:

e  Shots without any detected modes (num_detectedmodes = 0). These shots were noisy
signals with a signal-to-noise ratio (SNR) of 0 on a linear scale.

e  Shots where the absolute difference between the elevation of the lowest mode (ELM)
and the corresponding SRTM DEM was higher than 75 m (|JELM — SRM| > 75).

e Incomplete waveforms, in essence, waveforms with an insufficient number of bins.
These waveforms are detected by their search_end variable (end location of the
usable part of the waveform) that is near the total number of bins in a waveform
“rx_sample_count” (rx_sample_count—search_end < 1 bin).

e  Shots where RHgg < 3 m. These shots most likely corresponded to bare soil or low
vegetation.

After the filtering scheme, ~55% of shots were retained for further analysis

2.2.2. The Land, Vegetation, and Ice Sensor Data

The Land, Vegetation, and Ice Sensor (LVIS), developed by the National Aeronautics
and Space Administration (NASA) [16] is an airborne, full-waveform LiDAR sensor con-
sisting of a 1064 nm wavelength laser, with a nominal footprint diameter of 25 m. The laser
fires 10 ns, 5 m] pulses at repetition rates of up to 500 Hz. The LVIS data used in this study
were acquired between 23 and 31 July 2021 over French Guiana from NASA’s Gulfstream
V at an altitude of ~8 km. During this mission, around 21 million LVIS footprints were
acquired over French Guiana. From the LVIS L2 elevation and height products, the fol-
lowing variables were extracted: The geolocation (latitude and longitude) of the detected
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lowest mode, as well as its elevation (ELM), the elevation of the highest return (EHR), the
sensitivity, and the RH1q.

Generally, LVIS data are available pre-filtered, such that data affected by questionable
observational conditions are already removed. Nonetheless, to stay consistent with the
filtering applied to the GEDI data, we removed all LVIS shots where the absolute difference
between the ELM and SRTM was higher than 75 m. Thus, 87.9% of the shots were retained
after the application of this filter.

2.2.3. Canopy Height Model

A canopy height model (CHM) over French Guiana produced by Fayad et al. [17]
was used in this study for the assessment of the different GEDI laser systems. The map
was created by a data fusion of spaceborne LiDAR data acquired by the geoscience laser
altimeter system (GLAS) on board the Ice, Cloud, and Land Elevation Satellite (ICESat),
airborne LiDAR data (covering 4/5 of French Guiana with a point density of 1.59 pts/km?),
environmental (a geological map, rainfall data, and a forest landscape-types map), and
optical data (MODIS). To create this map, the random forests (RF) algorithm was used to
find a relationship between the airborne LiDAR canopy heights and the auxiliary data,
which allowed the estimation of the canopy heights over all of French Guiana with a grid
size of 250 m. Next, model residuals (reference canopy heights—RF-estimated canopy
heights) were interpolated by kriging to increase the map’s precision to 3.3 m (RMSE).
“Kriged model residuals” refer to the ordinary kriging of regression (RF) residuals that are
assumed to present second-order stationary spatial covariance. Figure 2 shows that the
distribution of canopy heights using the Fayad CHM map for each footprint from GEDI's
coverage and full-power lasers, as well as LVIS, is very similar for the three LIDAR datasets.
It is worth noting that, while comparing GEDI acquisitions directly with a canopy height
model could provide a better performance assessment, the available canopy height model
does not have enough resolution (with a pixel size of 250 m) to be directly comparable
to GEDI’s 25 m footprints. In essence, each pixel from the Fayad CHM could contain a
large number of GEDI acquisitions, and given the heterogeneity of the study area, a direct
comparison might not prove to be accurate.

50
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Figure 2. Distribution of canopy heights from Fayad’s map over GEDI'’s coverage (“C”), and full-
power (“FP”) laser footprints, and LVIS footprints.
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2.3. Data Comparison

LVIS data are provided as orthometric elevations with respect to the World Geodetic
System WGS84, using the Earth Gravity Model EGM96, while GEDI elevations are provided
as ellipsoidal heights with respect to WGS84. Therefore, in order to make direct comparisons
between LVIS and GEDI elevations, we have converted LVIS orthometric elevations to
ellipsoidal elevations by removing the geoidal heights using the EGM96 geoid interpolated
at each LVIS footprint location.

In order to assess the capacities of the lasers of GEDI and LVIS in their penetration
within the canopies, as well as their detection of the tops of canopies, we will focus on
two variables derived from the processing of GEDI's waveforms. The variables of interest
are the elevation of the detected top of the canopy, named “the elevation of the highest
detected return” (EHR) and the elevation of the detected ground return, or “lowest mode”
(ELM). In addition to the GEDI-derived EHR and ELM, we will also use the LVIS-derived
EHR and ELM in order to assess how an instrument that is similar to GEDI performs at
lower acquisition altitudes.

The assessment of both EHR and ELM values provided by the different lasers will
be made against the elevations provided by the SRTM DEM, which correspond to the
elevations of the scattering center within the canopy [9]. Over French Guiana, this elevation
corresponds to a mean penetration distance that ranges between 2.3 and 8.5 m over densely
vegetated forests [3]. However, SRTM errors are assumed to be systematic for similar
canopy height ranges [3]. Next, EHR and ELM derived elevations from both LVIS and
GEDI will be assessed as a function of waveform sensitivity. Finally, the penetration of
GEDI shots will also be evaluated as a function of acquisition time.

3. Results
3.1. Assessment of the Lasers’” Penetration and Top-of-Canopy Detection

The results presented in Figure 3 of the elevation differences between ELM values
from the coverage (C) and full-power (FP) lasers of GEDI and those from LVIS with respect
to the SRTM DEM show that, for the three tested lasers, the difference increased with
increasing canopy heights (CHM). Nonetheless, the elevation difference, which is a proxy
of laser penetration in the canopy, was the lowest for the coverage lasers, and the highest
with LVIS. Indeed, for the coverage lasers, elevation differences between the ELM and
SRTM DEM decreased from a median of ~0.4 m for CHM between 5 and 7 m and reached a
minimum of —7.9 &+ 0.3 m for CHM > 25 m (Figure 3). For the case of the FP lasers, the
difference between GEDI and SRTM elevations decreased from 0.68 m for CHM between 5
and 7 m and reached a minimum of —15.4 &+ 0.1 m for CHM > 33 m (Figure 3). Finally, for
LVIS, the difference (ELM—SRTM) decreased from a median of —0.8 m for CHM between 5
and 7 m and reached a minimum of —26.8 &+ 0.1 m for CHM > 41 m (Figure 3). The results
of the mean and standard deviation of the difference between ELM and SRTM elevations
can be found in Table A1.

Regarding the difference between EHR and STRM, the results in Figure 4 show that
the elevation difference between the highest detected mode from the three lasers (GEDI's
coverage and full-power lasers and LVIS) and SRTM increased with increasing canopy
heights. Moreover, GEDI's coverage lasers showed the lowest median difference which
ranged from 6.1 m for CHM between 5 and 7 m to 16.9 m for CHM higher than 45 m
(Figure 4). For CHM between 5 and 35 m, LVIS showed higher differences between EHR
and SRTM than GEDI's full-power lasers. However, for canopy heights higher than 35 m,
the median difference between EHR and SRTM were similar for both LVIS and GEDI’s
full-power lasers and ranged from 18.1 to 19.9 m (Figure 4). The results of the mean and
standard deviation of the difference between EHR and SRTM elevations can be found in
Table A2.
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Figure 3. Boxplots of the difference between the elevation of each waveform’s lowest mode (ELM)
and SRTM from GEDI’s coverage (C) and full-power (FP) lasers, as well as those from LVIS.
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Figure 4. Boxplots of the difference between the elevation of each waveform’s highest return (EHR)
and SRTM from GEDI’s coverage (C) and full-power (FP) lasers, as well as those from LVIS.

3.2. RHygp Estimates from GEDI and LVIS Acquisitions as a Function of Fayad CHM

The results of Figure 5a show that RH1gg estimates from GEDI'’s coverage lasers are,
on average, lower than those obtained in the study of Fayad et al. [17], and this is true
for all ranges of canopy heights. The bias, which represents the mean difference between
the estimated RH1gg from the coverage laser acquisitions and Fayad CHM, was —8.3 m.
Moreover, the coverage laser was only able to estimate canopy heights, on average, of up
to ~24 £ 10 m for all ranges of canopy heights higher than 30 m. The full-power lasers
on the other hand showed RHjgy values that were higher than those estimated by the
coverage lasers (mean difference between RHgp and Fayad CHM of —1.2 m). In fact, the
RHjqp estimates from the full-power lasers were higher, on average, than those obtained by
Fayad’s map for canopy heights between 5 and 30 m, after which the RHj¢ estimates from
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the full-power lasers remained more or less the same (ranging between 31.6 4= 10.3 m and
33.8 + 11.5 m) for Fayad canopy height ranges between 30 and higher (Table 1). A similar
trend in the full-power lasers was observed with LVIS (Figure 5c, Table 1). Nonetheless,
LVIS showed higher values of RHygg in comparison to those obtained with GEDI'’s full-
power lasers (mean difference between LVIS-derived RHjpp and Fayad CHM of 2.19 m). In
fact, with LVIS, RH1g estimates ranged between 35.8 & 9.1 m and 38.3 £ 9.6 m for canopy
heights of 35 m and higher. For LVIS, the mean difference between the estimated RH1gg
values and Fayad CHM is 2.2 m.
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Figure 5. RHyg estimates from GEDI'’s coverage (C RH1qy, a) and full-power (FP RH1q, b) lasers, as
well as those from LVIS (LVIS RHyy, ¢) as a function of Fayad CHM.
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Table 1. Mean (M) and standard deviation (SD) in meters of the estimated RHqpy. (C) and (FP)

correspond to the RHygg values from GEDI'’s coverage and full-power lasers, respectively. (LVIS)
corresponds to the RHjgg values from LVIS.

Fayad CHM (m)
5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 >45
M SO M SD M SD M SD M SD M SD M SD M SD M SD
C RHigo 8.1 68 115 82 155 9.2 20.4 9.4 230 93 241 94 250 97 251 99 247 101
FP RHy9 9.1 82 135 95 183 107 261 107 299 103 316 103 328 106 333 108 337 109
LVIS RH1go 87 93 146 124 214 129 307 103 340 91 358 91 372 93 382 93 39.4 9.5

3.3. Beam Sensitivity Effect on Laser Penetration and Top-of-Canopy Detection

Figure 6 shows the distribution of the beam sensitivities of GEDI’s shots from the
coverage and full-power lasers, as well as the sensitivities of LVIS’s shots. For GEDI's
coverage laser, most of the shots have a sensitivity in the 96-98% range (51.7% of shots),
with 59.2% of the shots having a sensitivity > 96%. For GEDI's full-power lasers, Figure 6
shows that more than half (56.2%) of the shots have a sensitivity greater than 98%, and
9.1% have a sensitivity greater than 99%. For LVIS, the majority of the shots exhibited a
sensitivity greater than 99% (81.1% of the shots), with more than 91% of the shots having a
sensitivity greater than 98%.

100
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Figure 6. Distribution of GEDI'’s coverage (C) and full-power (FP) shots, as well as those of LVIS, by
footprint sensitivity.

In this section, to assess the effects of shot sensitivity on the detection of the ground
return and the canopy tops, we selected from GEDI's coverage laser and full-power lasers,
as well as from LVIS, all the shots with beam sensitivities greater than 98%. The results
presented in Figure 7, which represent the difference between the elevation of GEDI'’s or
LVIS’s lowest detected mode (ELM) and the SRTM, show that, by selecting the shots with
the highest beam sensitivities, an increase in this difference is observed, and this is true for
both GEDI's and LVIS’s shots. Indeed, for GEDI's coverage lasers, the median penetration of
the shots (estimated from the difference between ELM and SRTM) with sensitivities > 98%
increased in comparison to a collection of all the shots (Figure 3 vs. Figure 7) by 0.14 m
for canopy heights in the 5-7 m range and reached a maximum of 5.5 m for canopy
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heights in the 45-47 m range. For GEDI'’s full-power lasers, the median difference in
penetration for shots with sensitivities > 98% increased in comparison to a collection
of all the shots (Figure 3 vs. Figure 7) by an almost-constant factor of 2.3 &+ 0.8 m for all
canopy height ranges. Finally, with LVIS, the median increase in penetration for shots with
sensitivities > 98% and a collection of all the shots was the lowest (in comparison to GEDI's
coverage or full-power lasers) with a mean increase of 0.6 &+ 0.5 m (Figure 3 vs. Figure 7).
The results of the mean and standard deviation of the difference between ELM and SRTM
elevations for shots with sensitivities > 98% can be found in Table A3.

«\'@\ '\;“(’b\ S oa’}\ a;""(o\ «\“9\ '\?’%\ %’g\\ 0’9\ %5’0\
DR T A 4
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20 mmm pp
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Figure 7. Boxplots of the difference between the elevation of each waveform’s lowest mode (ELM)
and SRTM from GEDI’s coverage (C) and full-power (FP) lasers, as well as those from LVIS. Only
waveforms with sensitivity > 98% were selected.

The difference between the elevation of the highest return (EHR) and SRTM for EHR
of GEDI and LVIS shots with sensitivities > 98% is reported in Figure 8. Similar to the
difference between ELM—SRTM, the results also indicate an increase in the difference
between EHR and SRTM for the three laser types when selecting the shots with the highest
sensitivities. The median difference between EHR and SRTM increased for all canopy height
ranges (Fayad CHM) for the shots with sensitivity > 98% in comparison to a collection of
all the shots (Figure 8 vs. Figure 4). The mean increase of the median difference between
EHR and SRTM is 1.9 £ 1.1 m for GEDI's coverage laser, 2.0 £ 1.7 m for GEDI'’s full-power
lasers, and 0.5 &= 0.4 m for LVIS. The results of the mean and standard deviation of the
difference between EHR and SRTM elevations for shots with sensitivities > 98% can be
found in Table A4.
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Figure 8. Boxplots of the difference between the elevation of each waveform’s highest return (EHR)
and SRTM from GEDI’s coverage (C) and full-power (FP) lasers, as well as those from LVIS. Only
waveforms with sensitivity > 98% were selected.

3.4. GEDI- and LVIS-Derived RHjp as a Function of Fayad CHM and Sensitivity

In this section, we compared the estimated RHgg estimated from GEDI’s coverage
and full-power lasers and LVIS to Fayad CHM. The results indicate that the shots from
either GEDI or LVIS with sensitivity > 98% have, on average, a higher estimated RHjqp in
comparison to a collection of all the shots (Figure 9). For GEDI's coverage lasers, an average
increase of 5.1 + 0.9 m in the estimated RHgy was observed (Table 1 vs. Table 2). For
GEDI's full-power lasers, the increase in RH1gp was slightly lower than that of the coverage
lasers and averaged 4.4 &= 1.6 m (Table 1 vs. Table 2). LVIS reported the lowest increase
in the estimated RH1gg for shots with a sensitivity > 98% in comparison to a collection of
all the shots, with an average increase of 1.3 £ 0.5 m (Table 1 vs. Table 2). Moreover, for
shots with a sensitivity > 98%, the difference in estimated RH1¢g values between GEDI's
full-power laser and LVIS decreased from 4.6 £+ 0.5 m to 2.3 £ 0.4 m for canopy height
ranges > 20 m.
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Figure 9. Cont.
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Figure 9. RHjq estimates of waveforms with sensitivity > 98% from GEDI's coverage (C RH1qp, a)
and full-power lasers (FP RHjgo, b), as well as those from LVIS (LVIS RHjy, c) as a function of
Fayad CHM.

Table 2. Mean (M) and standard deviation (SD) in meters of the estimated RH1( for waveforms with
sensitivity > 98%. (C) and (FP) correspond to the RHjq values from GEDI'’s coverage and full-power
lasers, respectively. (LVIS) corresponds to the RHygg values from LVIS.

Fayad CHM (m)
5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 >45
M SD M SD M SD M SD M SD M SD M SD M SD M SD
C RHjgo 1.7 78 163 79 193 86 252 88 280 83 293 83 305 85 311 86 314 81
FP RHjgo 165 92 198 83 243 87 303 81 332 79 347 79 358 82 366 85 374 84
LVIS RHy9 9.8 99 168 126 237 122 320 93 352 80 369 79 382 82 392 84 403 86

3.5. Effect of Acquisition Time on Laser Penetration and Top-of-Canopy Detection

The effect of acquisition time on laser penetration (we used the elevation difference
of ELM and SRTM as proxy) and on detecting the canopy tops (we used the elevation
difference between EHR and SRTM as a proxy) was assessed for GEDI’s coverage lasers
and full-power lasers for five time ranges. We could not assess the effect of acquisition
time for the LVIS data as they were mostly acquired between 10 a.m. and 2 p.m., local
time. Moreover, to reduce the uncertainties caused by shots with insufficient penetration,
only acquisitions with beam sensitivity > 98% were analyzed. Finally, only shots corre-
sponding to Fayad CHM higher than 25 m were considered, given the low number of shots
corresponding to Fayad CHM lower than 25 m.

The results presented in Figure 10a show that, for the coverage lasers, the median pen-
etration (represented by the difference between ELM and SRTM) decreased to a minimum
for all canopy height (Fayad CHM) ranges (i.e., a lower difference between ELM and SRTM
in comparison to shots acquired at other times) for shots acquired between 8 a.m. and
12 p.m. The penetration of shots acquired after 12 p.m. then started increasing and reached
a maximum for shots acquired after 4 a.m., and this was true for all canopy height ranges.
For shots acquired between midnight and 8 a.m., the penetration was the highest. For the
full-power lasers (Figure 10b), the penetration of the lasers did not seem to be affected by
solar noise as the penetration of the lasers (i.e., the difference between ELM and SRTM)
was mostly similar for all acquisition times and all canopy height ranges. The results of
the mean and standard deviation of the difference between ELM and SRTM elevations for
different acquisition times can be found in Table A5.
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Figure 10. Boxplots of the difference between the elevation of each waveform’s lowest mode (ELM)
and SRTM from GEDI’s coverage (a) and full-power lasers (b) as a function of acquisition time. Only
acquisitions with beam sensitivity > 98% were used. The lack of boxplots in (a) corresponds to the
insufficiency of available data in the corresponding time ranges.

Regarding the effects of acquisition time on the detection of the tops of canopies
(assessed using the difference between EHR and SRTM), the results presented in Figure 11a
show that, for the coverage lasers, a small decrease in the difference between EHR and
SRTM was observed for acquisitions made between 8 a.m. and 12 p.m. in comparison to
acquisitions made during other times of the day. Nonetheless, for a given canopy height
range (from Fayad CHM), the difference between EHR and SRTM was similar for all
acquisition times. Regarding the acquisitions made by the full-power lasers, the results
presented in Figure 11b show that acquisition time had no effect on the estimation of
the canopy tops as the difference between EHR—SRTM was similar for all acquisition
times and all canopy height ranges. The results of the mean and standard deviation of the
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difference between EHR and SRTM elevations for different acquisition times can be found
in Table Aé6.
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Figure 11. Boxplots of the difference between the elevation of each waveform’s highest return (EHR)
and SRTM from GEDI’s coverage (a) and full-power lasers (b) as a function of acquisition time. Only
acquisitions with beam sensitivity > 98% were used. The lack of boxplots in (a) corresponds to the
insufficiency of available data in the corresponding time ranges.

4. Discussion

The analysis of the difference between the elevation of the lowest mode (ELM) and
SRTM elevations for GEDI's coverage and power lasers, as well as LVIS, show that both the
types of GEDI'’s lasers and LVIS are limited in their capability in reaching the ground in a
tropical context with high canopy-cover and tall trees. Moreover, with a 5 mJ energy output
per shot and ~400 km altitude, the coverage lasers are only able to reach approximately
one-third of the distance into the canopy in comparison to LVIS, which is closer to Earth’s
surface and using a laser with the same energy output, and this was true for all canopy
height ranges. Indeed, the median difference between ELM and SRTM for GEDI's coverage
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lasers was —7.9 m for trees taller than 25 m, while for LVIS, the median difference between
ELM and SRTM was —24.7 m on average. In the case of the full-power lasers, which have
an energy of 10 mJ per shot, the penetration into the canopy was higher than the coverage
lasers (median difference of —14.8 m for trees taller than 25 m); however, it was still lower
than the penetration of LVIS (—24.7 m on average). Moreover, for both GEDI's coverage
and full-power lasers, the penetration could only reach a certain depth into the canopy.
For the coverage lasers, the maximum depth was reached for canopy heights of 25 m and
higher, while in the case of the full-power lasers, the maximum depth was reached for
canopy heights of 35 m and higher. Indeed, in the case of the coverage lasers, the median
difference between ELM and SRTM for shots with Fayad CHM > 25 m is —7.9 £ 0.3 m and
85% of shots presented a difference between ELM and SRTM lower than —18.4 £ 0.3 m.
In the case of the full-power lasers, the median difference between ELM-SRTM for shots
with Fayad CHM > 35 m is —15.4 & 0.12 m, and 85% of shots showed a difference between
ELM and SRTM that was lower than —23.7 & 0.41 m. Moreover, while in this study we
could not directly compare GEDI footprints with corresponding airborne laser scanning
data (ALS), if we compare GEDI’s lasers performance with those from LVIS for similar
canopy height ranges, we can note that both GEDI’s lasers are underperforming over
highly, densely vegetated forests in comparison to LVIS. This finding is in contrast to
previous studies that assessed the penetrative capabilities of spaceborne full-waveform
LiDAR systems. For example, the study by Chen [18], conducted over a study area in
South Carolina using ICESat data, found a mean difference of —0.97 m. Next, the studies
by Hilbert and Schmullius [19] and the study by Adam et al. [4], using, respectively, ICESat
and GEDI data, over a study area in the Thuringian forest, found a difference between
LiDAR-waveform-derived ground return and ALS data of, respectively, a 0.19 m (mean
difference) and a 0.18 m (median difference). Finally, while not analyzed in this article,
acquisition dates could also effect the penetrative capabilities of GEDI. In this study, some
GEDI acquisitions had higher penetration than others. Some studies reported that rainfall
could have an effect on penetration [20]. However, this was not the case over our study
area, and since the effects of the acquisition dates were similar for both the coverage and
full-power lasers, the most probable explanation would be the loss of leaves during certain
seasons, allowing the lasers to better penetrate into canopies.

Regarding the detection of the tops of canopies, both of GEDI's lasers also show some
limitations in the detection of canopy tops in comparison to LVIS. However, given the
full-power lasers’ higher energy-per-shot in comparison to the coverage lasers, GEDI’s
full-power lasers were better able to detect canopy tops. Moreover, the median difference
between EHR-SRTM for GEDI'’s full-power lasers and LVIS are in accordance with the
literature. In fact, for Fayad CHM between 25 and 35 m, the median difference of EHR-
SRTM was around 1 m, after which the difference between EHR-SRTM from GEDI’s
full-power lasers and LVIS decreased to around 0.3 m. These findings were found to be
similar to those of comparable studies (e.g., [4,19,21,22]). Nonetheless, while some studies
reported negative differences between full-waveform-derived canopy tops and canopy tops
derived from ALS data (i.e., waveform-derived canopy tops are lower than ALS-based ones)
(e.g., [21,22]) while the others reported positive differences (e.g., [4,19]), the findings in this
study (EHR from GEDI is lower in general than EHR from LVIS) are logical, given the fact
that both GEDI and LVIS are full-waveform lasers with similar specifications. Moreover,
the detection of the canopy tops using either GEDI’s coverage lasers or the full-power lasers
is linked to the canopy cover. Indeed, while the difference between the elevation of the
highest return (EHR) and SRTM was lower for both GEDI's coverage and full-power lasers
than the differences reported using LVIS for all canopy height ranges from Fayad CHM,
this difference decreased with an increase in canopy heights. This is because, on average,
taller trees have higher canopy cover, therefore increasing the canopy surface over which
the lasers can reflect off.

The detection of both the canopy tops and ground return is affected by two variables,
the energy of the reflected pulse as well as the chosen thresholds used to detect the canopy-
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top and ground returns from each waveform. Therefore, by selecting the footprints with
sensitivities higher than 98%, which in essence means that ground return is detected for
canopy cover up to 98% [2], both the penetration and detection of canopy tops seem to
improve for these selected shots. Indeed, for shots with beam sensitivities > 98%, the
estimated RH1qp, which is the difference between the elevation of the ground return and
the elevation of the canopy top, is increased, on average, by 5 m for both the coverage lasers
and the full-power lasers. Nonetheless, in the case of the coverage laser, the average of
estimated RHqq values (RHygy = 28.8 m) was still lower than the RH1( estimates from both
the full-power lasers (RHjgg = 34.1 m) and LVIS (RHjgpp = 35.9 m). Moreover, by selecting
only the shots with the best probabilities of reaching the ground (i.e., shots with beam
sensitivities > 98%), more than 64% of coverage laser shots were removed, as were close to
41% of the full-power laser shots. Finally, even by selecting the GEDI and LVIS shots with
sensitivity > 98%, respectively, 62.7%, 38.8%, and 29.7% of shots from GEDI’s coverage
laser, GEDI'’s full-power lasers, and LVIS have RHjg estimates that are lower than the
values from the corresponding Fayad CHM estimates (by —8.63 £+ 6.2 m, —6.6 + 5.6, and
—6.8 £ 6.2 m, on average, for, respectively, the coverage, full-power, and LVIS). For these
shots (GEDI and LVIS shots with lower RH1gg estimates than Fayad CHM)), this is a clear
indicator of underestimation [23], given the fact that RHjqg is a measure of the maximum
canopy height, while Fayad CHM is the average of maximum canopy heights over a 250 m?
area. These findings are different from the literature that stipulates that a beam sensitivity
of 98% should be enough to detect the ground with a tree cover of 98% or less. However,
over our study area, the mean tree cover reported from the L2B dataset was around 85%.
Therefore, in a forest with very tall trees and dense vegetation, the detection of the ground
return could be problematic, even with acquired shots with very high sensitivities.

Regarding the effects of the selected algorithm (al to a6) on the detection of canopy
tops and ground return, in this study, the elevation of these two variables (ground and
tops of canopies) was estimated based on the suggested algorithm to use from the ‘se-
lected_algorithm’ variable in the L2A data product. The ‘selected_algorithm’ provides the
algorithm detected as producing the lowest non-noisy ground return. Nonetheless, over
our study area, the ‘selected_algorithm’ suggested only either al (back threshold of 6 ns) or
a2 (back threshold of 3 ns). Choosing the appropriate back threshold is primordial for the
detection of the ground return, especially over densely vegetated areas where the reflection
off of the ground is very weak. As such, by choosing a high back threshold value, the weak
ground return will not be detected, and canopy heights will thus be underestimated. Over
French Guiana, both al and a2 seem to be inadequate for the processing of the waveforms,
especially those acquired by the coverage lasers. Therefore, to potentially detect very weak
ground returns, a possible solution would be to choose a back threshold with a lower
value than those of algorithms al or a2. Nonetheless, the choice of a lower-valued back
threshold could have the adverse effect of incorrectly detecting high noise as the ground
return [4], which might lead to over-estimating canopy heights. Obtaining the correct
values of thresholds is still an issue with full-waveform-based LiDAR sensors as they could
be different from one area to another, and the reliance on the best settings group from the
‘selected_algorithm’ is not enough.

The effects of acquisition time on the detection of the ground return indicate that the
coverage lasers are affected by solar noise, given that acquisitions made between 8 a.m. and
4 p.m. have the lowest elevation differences between ELM and SRTM (i.e., less penetration)
than acquisitions made at other times of the day. This effect was not present for the full-
power lasers, which showed, on average, similar penetration values for all acquisitions.
The results concerning the effects of solar noise on the detection of the ground return are
consistent with the findings of Adam et al. [4]. However, in their study, they reported that
beam type has no influence on DTM accuracy for forests with low-density cover, which
is not the case for forests with high-density cover, such as the forest from this study area
where the full-power lasers perform better.
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The effects of solar noise on the detection of canopy tops seem to slightly affect the
coverage lasers as the coverage lasers reported slightly lower elevation differences between
EHR and SRTM for acquisitions made between 8 a.m. and 12 p.m. in comparison to
acquisitions made during other hours. These findings are different from what was obtained
in the study by Adam et al. [4], where they found that the effects of solar noise on the
accuracy of canopy tops and ground return detection were similar. The discrepancies
between their study and ours could be explained by the differences in tree densities
between the two study sites. Indeed, our study site is characterized by a high-density cover
throughout, indicating that both the coverage and full-power lasers have enough surface
area from canopy tops to reflect, thus minimizing the effects of solar noise.

5. Conclusions

The results presented in this study show that, even after the application of different
filters to remove unusable GEDI acquisitions, the remaining shots acquired by the coverage
and full-power lasers were limited in their capabilities to reach the ground over tropical
forests. This result is quite different from comparable studies that analyzed the accuracy
of GEDI over temperate forests, for example. Indeed, previous studies saw a sub-meter
DTM difference between GEDI and reference ALS data, while in this study, a difference of
several meters was observed between the difference of the ground elevation from GEDI’s
lasers and SRTM and the difference between the ground elevation from LVIS and SRTM.
Moreover, the analysis showed that the coverage lasers could potentially only be used to
estimate canopy heights in the 20-30 m range.

The analysis of beam sensitivity showed results that are similar to comparable studies.
In essence, GEDI-acquired shots with higher sensitivity have a higher probability of reach-
ing the ground than shots with lower sensitivity. Nonetheless, our findings indicate that,
in a tropical context, GEDI's lasers could still not reach the ground for certain shots, even
with beam sensitivities higher than 98% and a significantly lower canopy cover percentage.

Regarding the detection of canopy tops, both GEDI lasers showed a lower median
difference between detected top-of-canopy and SRTM DEM elevations in comparison to
LVIS, especially for trees with heights lower than 25 m. Moreover, similar to previous
findings, the coverage lasers showed fewer capabilities than the full-power lasers.

One possible improvement on the accuracy of the detected ground return and canopy
tops would be choosing lower forward and backward thresholds in the algorithm settings
groups than the ones suggested by the ‘selected_alrogithm” in the L2A dataset. How-
ever, selecting a very low threshold, especially for ground detection, could also introduce
uncertainties as the algorithm could incorrectly detect noise as the ground return.

Finally, acquisition time also showed some effects on the detection of ground return
and canopy tops for GEDI'’s coverage lasers. Indeed, shots acquired in the early morning or
the late afternoon showed slightly better capabilities at detecting both surfaces. This result
is similar to that of comparable studies.
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Appendix A

Table A1l. Mean (M) and standard deviation (SD) in meters of the elevation difference between ELM
and SRTM. (C) and (FP) correspond to the ELM values from GEDI's coverage and full-power lasers,
respectively. (LVIS) corresponds to the ELM values from LVIS.

Fayad CHM (m)
5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 >45
M SD M SD M SD M SD M SD M SD M SD M SD M SD
C -04 47 -21 6.0 -50 74 —-74 8.6 -81 95 -88 103 -89 110 -86 115 —-80 120
FP -04 54 —28 65 —-6.5 8.0 -112 85 —-129 93 —-14.0 100 —-146 106 —146 111 -—145 113
LVIS -28 6.6 -70 914 —-121 101 —-20.0 85 —227 79 —242 82 —-252 85 —-26.0 89 —-265 9.1
Table A2. Mean (M) and standard deviation (SD) of the elevation difference between EHR and SRTM.
(C) and (FP) correspond to the EHR values from GEDI's coverage and full-power lasers, respectively.
(LVIS) corresponds to the EHR values from LVIS.
Fayad CHM (m)
5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 >45
M SO M SD M SOD M SO M SD M SD M SD M SD M SD
C 77 58 94 64 105 69 130 75 149 75 154 78 160 82 165 86 166 89
FP 87 70 107 67 118 69 149 76 170 79 176 82 188 86 188 88 193 88
LVIS 129 45 146 66 163 67 179 62 183 63 186 67 190 70 193 73 196 76
Appendix B
Table A3. Mean (M) and standard deviation (SD) in meters of the elevation difference between ELM
and SRTM for shots with a sensitivity > 98%. (C) and (FP) correspond to the ELM values from GEDI’s
coverage and full-power lasers, respectively. (LVIS) corresponds to the ELM values from LVIS.
Fayad CHM (m)
5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 >45
M SD M SD M SD M SD M SD M SD M SD M SD M SD
C -13 53 -36 6.1 —-66 75 -10.0 82 —-115 838 —-126 94 —-134 98 -131 102 =129 111
FP -27 64 —57 6.6 -97 73 —136 7.2 —-150 79 —-16.1 8.6 —-16.6 9.1 —-16.8 9.6 —20.0 98
LVIS -32 71 -80 9.6 —134 99 -20.7 8.0 —-235 72 —-250 74 -259 79 —-265 82 —-26.8 8.6
Table A4. Mean (M) and standard deviation (SD) in meters of the elevation difference between EHR
and SRTM for shots with a sensitivity > 98%. (C) and (FP) correspond to the ELM values from GEDI's
coverage and full-power lasers, respectively. (LVIS) corresponds to the ELM values from LVIS.
Fayad CHM (m)
5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 >45
M SO M SOD M SOD M SOD M SD M SD M SD M SD M SD
Cc 103 56 127 53 127 59 152 69 165 73 167 74 172 76 180 81 182 88
FP 138 62 141 55 146 58 167 64 182 72 186 76 192 79 198 82 200 82
LVIS 136 50 158 62 173 63 183 58 187 6.0 189 64 193 68 196 711 199 74
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Appendix C

Table A5. Mean (M) and standard deviation (SD) in meters of the elevation difference between ELM
and SRTM, grouped by different acquisition times and Fayad CHM. (C) and (FP) correspond to the
ELM values from GEDI’s coverage and full-power lasers, respectively.

Fayad CHM (m)
25-30 30-35 35-40 >40
AT M SD M SD M SD M SD
[00-04] -129 8.2 -13.5 8.6 —14.2 9.0 n/a n/a
[04-08] —11.9 9.3 —13.0 9.2 —13.2 9.7 —134 10.9
C [08-12] —8.8 9.3 —9.9 9.5 —10.0 10.2 n/a n/a
[12-16] -10.9 9.1 -11.5 9.6 —12.0 9.9 n/a n/a
[16-20] —11.1 8.9 —-12.7 9.9 —13.8 10.0 —13.2 10.6
[00-04] —15.0 7.6 —15.8 8.1 —16.0 8.6 —16.5 9.0
[04-08] —14.8 8.3 —16.1 9.0 —-16.8 9.8 -17.0 10.6
FP [08-12] —14.8 8.1 —15.6 8.5 —15.9 9.2 -16.3 9.7
[12-16] —14.7 8.0 —15.9 8.7 —16.6 9.2 -17.0 9.5
[00-04] —-15.0 7.9 —16.2 9.0 -17.0 9.4 -17.1 9.6
Table A6. Mean (M) and standard deviation (SD) in meters of the elevation difference between EHR
and SRTM, grouped by different acquisition times and Fayad CHM. (C) and (FP) correspond to the
ELM values from GEDI’s coverage and full-power lasers, respectively.
Fayad CHM (m)
25-30 30-35 35-40 >40
AT M SD M SD M SD M SD
[00-04] 15.9 7.3 16.7 7.0 17.4 7.3 n/a n/a
[04-08] 15.6 8.0 16.1 6.9 16.9 74 17.6 8.6
C [08-12] 15.3 7.1 15.6 7.1 16.2 7.7 n/a n/a
[12-16] 15.8 7.2 16.2 7.5 16.4 7.6 n/a n/a
[16-20] 17.1 7.5 17.3 8.1 17.7 8.2 19.1 8.8
[00-04] 18.8 7.5 19.3 8.0 20.3 8.8 20.8 8.9
[04-08] 18.0 8.5 18.5 8.4 19.1 8.8 19.7 9.3
FP [08-12] 17.7 6.8 18.3 7.0 18.9 7.3 19.5 7.7
[12-16] 18.3 6.7 18.6 7.1 18.8 7.4 19.7 7.6
[00-04] 18.5 7.1 18.9 7.9 194 8.2 20.2 8.2
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