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Abstract: Spaceborne LiDAR altimetry has been demonstrated to be an essential source of data for the
estimation and monitoring of inland water level variations. In this study, water level estimates from
the Global Ecosystem Dynamics Investigation (GEDI) were validated against in situ gauge station
records over Lake Geneva for the period between April 2019 and September 2020. The performances
of the first and second releases (V1 and V2, respectively) of the GEDI data products were compared,
and the effects on the accuracy of the instrumental and environmental factors were analyzed in order
to discern the most accurate GEDI acquisitions. The respective influences of five parameters were
analyzed in this study: (1) the signal-over-noise ratio (SNR); (2) the width of the water surface peak
within the waveform (gwidth); (3) the amplitude of the water surface peak within the waveform (A);
(4) the viewing angle of GEDI (VA); and (5) the acquiring beam. Results indicated that all these factors,
except the acquiring beam, had an effect on the accuracy of GEDI elevations. Nonetheless, using
VA as a filtering criterion was demonstrated to be the best compromise between retained shot count
and water level estimation accuracy. Indeed, by choosing the shots with a VA ≤ 3.5◦, 74.6% of the
shots (after an initial filter) were retained with accuracies similar to choosing A > 400 (46.2% retained
shots), SNR > 15 dB (63.3% retained shots), or gwidth < 10 bins (46.5% of retained shots). Finally,
the comparison between V1 and V2 elevations showed that V2, overall, provided elevations with a
more constant, but higher, bias and fewer deviations to the in situ data than V1. Indeed, by choosing
GEDI shots with VA ≤ 3.5◦, the unbiased RMSE (ubRMSE) of GEDI elevations was 27.1 cm with V2
(r = 0.66) and 42.8 cm with V1 (r = 0.34). Results also show that the accuracy of GEDI (ubRMSE) does
not seem to depend on the beam number and GEDI acquisition dates for the most accurate GEDI
acquisitions (VA ≤ 3.5◦). Regarding the bias, a higher value was observed with V2, but with lower
variability (54 cm) in comparison to V1 (35 cm). Finally, the bias showed a slight dependence on
beam GEDI number and strong dependence on GEDI dates.

Keywords: LiDAR; GEDI; altimetry; lakes; Product V001; Product V002

1. Introduction

In the last couple of decades, active remote sensing technologies such as radar or
LiDAR based sensors have become an essential source of information for the monitoring of
inland water body levels due to their validated high accuracies [1–6] and as a way to fill-in
for the ever-decreasing water-level gauge stations that has been reported worldwide [7,8].

In this study, we are interested in evaluating the accuracy of the recently launched
spaceborne-based full-waveform LiDAR sensor, the Global Ecosystem Dynamics Investiga-
tion (GEDI) on board the International Space Station (ISS). GEDI, which became operational
in 2019, is equipped with three 1064 nm lasers with a pulse repetition frequency (PRF) of
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242 Hz. One of the lasers’ power is split in two, and are hereafter referred to as coverage
lasers, while the remaining two operate at full power, hereafter referred to as power lasers.
These four lasers are equipped with beam dithering units (BDUs) that rapidly deflect the
light by 1.5 mrads in order to produce eight tracks of data. The acquired footprints along
the eight tracks are separated by 600 m across the track, and 60 m along the track, with a
footprint diameter of 25 m. As the ISS is not maintained in a repeating orbit [9], the repeat
cycle of GEDI acquisitions is not guaranteed. However, GEDI has the ability to be rotated
up to six degrees, allowing the lasers to be pointed as much as 40 km on either side of the
ISS’s ground track [9]. The echoed waveforms are digitized to a maximum of 1246 bins
with a vertical resolution of 1 ns (15 cm), corresponding to a maximum of 186.9 m of height
ranges, with a vertical accuracy over relatively flat, non-vegetated surfaces of ~3 cm [9].

The Advanced Topographic Laser Altimeter System (ATLAS) on board the Ice, Cloud
and land Elevation Satellite (ICESat-2) is another spaceborne LiDAR system. ATLAS’s
mission goals is to measure ice-sheet topography, cloud and atmospheric properties, and
global vegetation. In contrast to GEDI, ATLAS is equipped with a single 532 nm wavelength
laser (and one backup laser) that emits six beams (arranged into three 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 a spacing interval of 0.7m along-track. Moreover, unlike GEDI, ATLAS
uses a photon counting system rather than a full waveform system, and has the ability to
detect single echoed photons. There have been many studies that assessed the accuracy of
ICESat-2’s ATLAS water level estimation capabilities over different lakes around the world.
In the study of Ryan et al. [10], ICESat-2 and for the first 12 months of data acquisition,
provided good accuracy overall (±14.1 cm) over the 3712 global reservoirs that were studied
with surface areas ranging from <1 to >10,000 km2. In the study of Madson and Sheng [11]
over lakes and reservoirs in the continental United States found that ICESat-2 derived
water levels were within ±25 cm of in situ gauge station measurements, and within ±5 cm
for ~52% of ICESat-2 acquisitions. Finally, in the study of Frappart et al. [12], the accuracy
of ICESat-2 to retrieve water levels was better than 6 cm (root mean squared error, RMSE)
with a constant bias (0.42± 0.03) across ten of the largest lakes in Switzerland for the period
between December 2018 and October 2019 based on data availability.

While ICESat-2 provides good accuracies for the estimation of water levels, GEDI
could provide additional sources of information given the sporadic acquisitions made by
ICESat-2 [13]. Nonetheless, since the launch of GEDI, there have been few studies that
assessed its accuracy for the estimation of in-land water levels [4,12,14]. The first study
conducted by Fayad et al. [4] used the first two months of GEDI acquisitions (mid-April to
mid-June 2019) to assess the accuracy of GEDI altimetry over eight lakes in Switzerland. For
these two months, they reported a mean difference between GEDI and in situ gauge water
elevations (bias) ranging from −13.8 cm (under estimation) to +9.8 cm (over estimation)
with a standard deviation (SD) of the bias ranging from 14.5 to 31.6 cm. The study conducted
by Xiang et al. [14] over the five great lakes of North America (Superior, Michigan, Huron,
Erie and Ontario) using five months of GEDI acquisitions (April to August 2019) found
a bias ranging from −32 cm (under estimation) to 11 cm (over estimation) with a SD that
ranged from 15 to 34 cm. Finally in the study of Frappart et al. [12], which assessed the
accuracy of GEDI data over ten Swiss lakes using acquisitions spread over seven months
(April to October 2019), they found a bias that ranged from −15 cm (under estimation) to
+21 cm (over estimation) with a SD ranging from 10 cm to 30 cm.

There are several factors affecting the physical shape of the waveform and therefore the
accuracy of LiDAR’s altimetric capabilities, however, these influences have been undetected
with traditional filtering techniques used on GEDI acquisitions thus far. For example,
the viewing angle at acquisition time was demonstrated to increase elevation errors for
ICESat-1 GLAS when the viewing angle deviates from nadir due to precision attitude
determination [15]. Water specular reflection is also another potential source of errors due
to the saturation of the detector [16]. Finally, clouds and their composition are major factors
that affect the quality of LiDAR acquisitions [17,18]. Indeed, and while opaque clouds
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attenuate the LiDAR signal, thus the receiver only captures noise, less opaque clouds allow
the LiDAR to make a full round trip, but could potentially increase the photon path length
due to forward scattering (atmospheric path delay), thus resulting in biases in elevation
measurements [19]. Moreover, GEDI’s return signal strength will greatly vary between
cloud-free shots and clouded acquisitions [17].

These potential sources of uncertainty in GEDI acquisitions have not been studied
in depth in previous studies mostly due to the quantity of available GEDI acquisitions,
which at most, have only covered acquired shots spread over seven months of acquisitions.
Moreover, the Land Processes Distributed Active Archive Center (LP DAAC) recently
released version two (hereafter referred to as V2) of the preprocessed GEDI data. Going
forward, V2 will be the only data available from GEDI acquisitions (V1 is only available
until September 2020). V2 should provide better geolocation (latitude, longitude, elevation)
accuracy in comparison to the first release (hereafter referred to as V1) (mean horizontal
geolocation error of 11.9 and 25.3 m for 95% of the data for V2 and V1 respectively).
Nonetheless, improved elevation accuracies remain unknown up until now.

The objectives of this study are two-faceted. First, after a preliminary filtering scheme
that removes the least viable GEDI shots over Lake Geneva (Switzerland), an in-depth
analysis on the accuracy of the remaining GEDI acquisitions across several parameters
affecting GEDI’s elevation estimation accuracy was conducted. The aim of this first objective
is to provide a filtering scheme that allows for the detection of viable GEDI shots but do
not provide enough vertical accuracy for hydrological studies without eliminating much
of the available shots. The second objective was the assessment of the vertical accuracy of
GEDI shots from the second release of GEDI data in comparison to the first release.

The rest of this paper is organized as follows. A description of the study site and
datasets is given in Section 2, followed by the methodologies in Section 3. The results of the
evaluation of GEDI elevations are given in Section 4, followed by a discussion in Section 5.
Finally, the main conclusions are presented.

2. Study Area and Datasets
2.1. Study Area

This study was conducted over Lake Geneva (Figure 1), the largest lake by surface
area and volume in Central Europe. Lake Geneva is located on the northern side of the
Alps and is shared between Switzerland (60% of its surface) and France (40%). Overall, the
lake has a surface are of 580 km2, with a maximum length of 72 km, and 15 km in width.
The lake’s mean depth is 80 m, and reaches a maximum depth of 310 m in the broad portion
between Évian-les-Bains and Lausanne in France.
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2.2. In Situ Water Levels

Water level records from in situ gauge stations over Lake Geneva were obtained
from the Hydrology Department of the Federal Office for the Environment (FOEN) (www.
hydrodaten.admin.ch, accessed on 10 January 2022). FOEN currently monitors the quantity
and quality of surface water and groundwater through a network of 260 gauging stations
across Switzerland. In this study, water level readings were obtained from three stations
that monitor Lake Geneva. These stations are Chillon (ID 2026, S1 Figure 1), St-Prex (ID
2027, S2 Figure 1), and Sécheron (ID 2028, S3 Figure 1). Correspondence between gauge
station measurements and GEDI footprints was based on the distance between the GEDI
shot and its nearest station. This simple correspondence was used as the difference between
two station measurements at any given time did not exceed 5 cm. Finally, time difference
between gauge station measurements and GEDI acquisitions was at most 10 min.

2.3. GEDI Data

Two GEDI data products were used in this study, the level 1B (L1B), and level 2A (L2A).
The L1B data product contains detailed information about the transmitted and received
waveforms, the location and elevation of each waveform footprint, and other ancillary
information such as mean and standard deviation of the noise, and acquisition time. The
L2A data product contains the elevation data and height metrics of the vertical structures
within the waveform. For both the L1A and L2B, we downloaded both release versions
V1 (L1B: [20], L2A: [21]) and V2 (L1B: [22], L2A: [23]) from the LC DAAC. The dataset
comprises 44 acquisition dates over Lake Geneva, spanning from April 2019 until September
2020 (available GEDI datasets in both V1 and V2). For each acquisition date, GEDI acquires
data over eight parallel tracks, where the first four tracks (henceforth referred to as beams
and numbered 0 through 3) correspond to the data acquired by the coverage lasers, and the
remaining four track acquisitions (beams 4 through 7) correspond to acquisitions by the
two full power lasers.

www.hydrodaten.admin.ch
www.hydrodaten.admin.ch
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3. Methodology
3.1. GEDI Data Preprocessing

In order to extract the relevant parameters for water level retrieval from the acquired
GEDI waveforms, a series of processing steps were conducted by the LC DAAC. First,
in order to reduce the noise in the signal, the received waveforms were smoothed using
a Gaussian filter with a width of 6.5 ns (97.5 cm) [9]. Next, to determine the position of
the relevant reflecting objects (e.g., the open water surface) within the footprint, a second
Gaussian filter was applied to the waveforms, and the first derivative of the waveform
was calculated. Finally, the position of the objects, which is represented by distinct peaks
or modes within the waveform [18], was determined by finding each zero crossing of the
calculated first derivative [9].

Currently, the extracted GEDI waveform-derived parameters (hereafter referred to as
metrics) are issued using six different settings groups or algorithms (a1 to a6), representing
different threshold and smoothing settings applied to the waveforms. The values of the
thresholds for each algorithm are presented in Appendix A. In this study, we extracted the
metric values from the L2A dataset calculated from each of the six algorithms.

For both versions (V1 [20] and V2 [22]) of the L1B dataset, we first extracted the
geolocation of the ground peak from the waveforms (latitude, longitude, and elevation).
The latitude, longitude, and elevation correspond to the latitude, longitude, and elevation
of the lowest detected mode in the L2A dataset (i.e., surface return). Over water surfaces, in
general, the waveforms are unimodal in shape (Figure 2a), and as such, the lowest detected
return corresponds to the only detected peak in the waveform. We also extracted from
the l2A dataset and from both versions of the product releases V1 [21], and V2 [23], the
width and amplitude of the water surface mode using respectively the variables rx_gwidth
(hereafter referred to as gwidth) and zcross_amp (hereafter referred to as A). A corresponds
to the amplitude of the smoothed waveform’s lowest detected mode while gwidth is the
width of the Gaussian fit of the received waveform. Six possible values of A are present
in the L2A dataset due to the different algorithms used, therefore, all possible values of
A were extracted. Next, the viewing angle (VA) and the signal-to-noise ratio (SNR) were
calculated for each waveform. The viewing angle was calculated for each shot (s) using the
following formula:

VAs = tan−1 dsi
ai

(1)

where dsi is the haversine distance between the location of an acquired GEDI shot (s) and the
location of the GEDI instrument (i) projected at nadir onto the WGS84 reference ellipsoid
and ai is the altitude of GEDI instrument over the referenced ellipsoid at acquisition time
of shot s. The location of the GEDI instrument for each acquired waveform was extracted
from the latitude_instrument and longitude_instrument variables in the L1B dataset, while its
altitude was extracted from the altitude_instrument variable. VA is expressed in degrees (◦).

The SNR was calculated based on the formulation of Nie et al. [24], and is defined as:

SNR = 10 log10

(
Amax − µn

σn

)
(2)

where Amax is the maximum amplitude within an acquired waveform; µn is the mean
background noise; and σn is the standard deviation of the background noise. Amax is
defined as the maximum of up to 19 possible values of rx_modeamps available in the L2A
dataset. rx_modeamps correspond to the amplitude of each detected mode within the
waveform. µn and σn are defined in the L1B data product by the variables mean and stddev,
respectively. SNR is expressed in dB.

Finally, the number of detected modes was also extracted from the num_detectedmodes
variable in the L2A data product.
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3.2. GEDI Data Filtering

Within the period between April 2019 and September 2020, GEDI acquired 92,414 shots
spread over 44 dates over Lake Geneva. Nonetheless, not all shots were usable since LiDAR
signals can be affected by atmospheric conditions (e.g., the presence of opaque and thick
clouds [17]) that attenuate the LiDAR signal. Therefore, to remove non-viable shots, several
filters were applied:

• First, since a footprint acquired over a water surface should only have a single return or
mode, as such, all acquired GEDI shots with a number of detected modes different from
one (num_detectedmodes 6= 1) were removed. Waveforms with zero detected modes
(Figure 2b, ~42% of acquired waveforms) correspond mostly to noisy acquisitions
due to cloud presence. In fact, all these acquisitions had a SNR of zero (in linear
mode), indicating waveforms consisting of only noise. Conversely, waveforms with
num_detectedmodes >1 (Figure 2c) are mainly shots acquired near the lake’s shore (land–
water limit) or ports (e.g., presence of boats). Therefore, only 980 shots with more than
one detected modes were removed.

• After the application of the first filter, a second filter was applied that removed the
shots having an elevation difference to the SRTM DEM of more than 100 m. This filter
removed an additional 870 shots.

For this study, after the application of the previously mentioned filters, 51,807 shots
were retained and used, or around 56% of all the acquired shots.

Finally, given that gauge station levels are provided with respect to the Swiss height
measurement system (LN02), and the water levels derived from GEDI are geolocated with
respect to the WGS84 ellipsoid, conversion of the GEDI reported elevations with respect to
the Swiss height measurement system (LN02) was necessary. This conversion was made
using the REFRAME geodesic web service provided by the Swiss federal office of topog-
raphy (swisstopo, https://www.swisstopo.admin.ch/en/maps-data-online/calculation-
services/reframe.html accessed on 10 January 2022).

https://www.swisstopo.admin.ch/en/maps-data-online/calculation-services/reframe.html
https://www.swisstopo.admin.ch/en/maps-data-online/calculation-services/reframe.html
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3.3. GEDI Elevation Evaluation Strategy

The accuracy of GEDI elevations over water surfaces were evaluated for both data
product releases V1 and V2 using four metrics: (1) the mean elevation difference (bias)
between GEDI and in situ elevations; (2) the unbiased root mean squared error (ubRMSE);
(3) the root mean squared error (RMSE); and (4) the Pearson correlation coefficient (r).
ubRMSE, RMSE, and r are defined as follows:

ubRMSE =

√√√√ 1
N

N

∑
i=1

(Oi − Pi)
2 − 1

N

N

∑
i=1

(Oi − Pi) (3)

where Oi is the in situ elevation and Pi is the GEDI elevation.

RMSE =

√
∑N

i=1(Oi − Pi)
2

N
(4)

where Oi is the in situ elevation and Pi is the GEDI elevation.

r =
∑n

i=1
[
(Oi −O

)(
Pi − P

)
]√

∑n
i=1 (Oi −O)

2
√

∑n
i=1 (Pi − P)2

(5)

where Oi and O represent respectively in situ and the mean of in situ elevations, and Pi and
P represent the GEDI and the mean of GEDI elevations, respectively.

The analysis of GEDI’s elevation accuracy was conducted as a function of the acqui-
sition beam, viewing angle (VA), width (gwidth), and amplitude (A) of the water surface
return, and finally the SNR, as defined earlier. The distribution (in percentage) of the GEDI
shots as a function of SNR, VA, and, A, and gwidth are shown respectively in Figure 3a–d.
The GEDI database resulting from the filtering mostly had a SNR between 10 and 25 dB,
a VA between 0 and 3◦, amplitude (A) between 300 and 700, and a gwidth between 5 and
15 bins (Figure 3).

The values of the previously mentioned metrics (SNR, VA, A, and gwidth) were ex-
tracted using algorithm a1 as it showed the highest accuracy among the six possible
algorithms in the study conducted by Fayad et al. [4] over several lakes in Switzerland
including Lake Geneva. Next, an analysis of GEDI elevations using metric values extracted
from the remaining algorithms (a2 to a6) was made more succinctly in comparison to a1.
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where 𝑂௜ and 𝑂ത represent respectively in situ and the mean of in situ elevations, and 𝑃௜ 
and 𝑃ത represent the GEDI and the mean of GEDI elevations, respectively. 

The analysis of GEDI’s elevation accuracy was conducted as a function of the acqui-
sition beam, viewing angle (VA), width (gwidth), and amplitude (A) of the water surface 
return, and finally the SNR, as defined earlier. The distribution (in percentage) of the GEDI 
shots as a function of SNR, VA, and, A, and gwidth are shown respectively in Figure 3a–d. 
The GEDI database resulting from the filtering mostly had a SNR between 10 and 25 dB, 
a VA between 0 and 3°, amplitude (A) between 300 and 700, and a gwidth between 5 and 
15 bins (Figure 3). 

The values of the previously mentioned metrics (SNR, VA, A, and gwidth) were ex-
tracted using algorithm a1 as it showed the highest accuracy among the six possible algo-
rithms in the study conducted by Fayad et al. [4] over several lakes in Switzerland includ-
ing Lake Geneva. Next, an analysis of GEDI elevations using metric values extracted from 
the remaining algorithms (a2 to a6) was made more succinctly in comparison to a1. 

  
(a) (b) 

Figure 3. Cont.
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4. Results
4.1. V1 and V2 Elevation Differences

Using the 51,807 selected shots following the approach presented in Section 3.2, we
observed that elevations acquired from algorithm a1 in the first released version (V1) had
a bias (resp. ubRMSE) to in situ elevations of 32.9 cm (resp. 66.2 cm). In contrast, for the
second release (V2), the bias increased to 71.1 cm (resp. 68.9 cm). While the ubRMSE was
relatively similar (66.2 cm vs. 68.9 cm) for both releases (V1 and V2), the ubRMSE from
V1 was higher than what was previously obtained in Fayad et al. [4] (ubRMSE between
~14 and ~31 cm) and Frappart et al. [12] (ubRMSE between ~10 and ~30 cm) using smaller
subsets of V1 over Lake Geneva. Therefore, an in-depth analysis of these differences as
a function of different acquisitions parameters (amplitude (A) and width (gwidth) of the
surface return mode, SNR, and VA) is required.

In addition, Figure 4 shows that the difference between GEDI V1 and in situ elevations
was not well correlated to the difference between GEDI V2 and in situ elevations (r = 0.33).
It can be seen that some of GEDI’s elevations were quite close when comparing the V1
and V2 versions while others were generally higher with V2 than with V1 (the dots on
the upper part of Figure 4). Indeed, within a 0.5 standard deviation (±0.5 σ) of the mean
difference between V2 and V1 elevations (Figure 4, Table 1), the correlation between V2 and
V1 elevations (64.8% of the data) was 0.92, with V2 presenting higher bias to in situ data in
comparison to V1 (bias = 53.1 cm for V2 and 27.5 cm for V1). For ±1σ (86.6% of the data,
Figure 4, Table 1), the correlation between V2 and V1 elevations decreased to 0.85 with
similar bias as the data within ±0.5σ. Finally, for ±4σ (99.8% of the data, Figure 4, Table 1),
the correlation between V1 and V2 elevations was 0.34, with V2 presenting a significantly
higher bias than V1 (70.5 cm vs. 33.0 cm).

The analysis of the precision of GEDI acquisitions by date showed that for three acqui-
sition dates (20 February, 07 July, and 17 July 2020), a higher bias (mean elevation difference
between GEDI and in situ elevations) was observed in comparison to the remaining ac-
quisitions. For the remaining dates, the bias varied between -1 and +1 m (Figure 5a). The
analysis of ubRMSE showed values lower than 0.5 m except for seven dates in 2020 where
high ubRMSE values were observed (20 February, 07 July, 19 July, 22 July, 25 July, and 18
August 2020). Moreover, for most of these dates, the ubRMSE from V1 was higher than
that of V2 (Figure 5b).
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Figure 4. Difference between GEDI V2 and in situ elevations as a function of the difference between
GEDI V1 and in situ elevations. Each dot in the figure corresponds to a GEDI shot that was retained
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Table 1. Summary statistics of the difference between V2 GEDI-in situ elevations and V1 GEDI-in
situ elevations. σ is the standard deviation of the mean difference between the V2 and V1 elevations.

V1 GEDI–In Situ
Elevations

(cm)

V2 GEDI–In Situ
Elevations

(cm)

Shots
within
±n σ

Bias ubRMSE Bias ubRMSE
Correlation

between
V1 and V2

GEDI
Shots
Count

±0.5 σ 27.5 42.8 53.1 41.7 0.92 33,576
(64.8%)

±1 σ 35.3 48.9 54.6 40.3 0.85 44,944
(86.6%)

±2 σ 36.2 57.6 56.6 44.2 0.79 47,299
(91.2%)

±3 σ 35.5 63.8 63.5 54.5 0.51 49,875
(96.3%)

±4 σ 33.0 66.1 70.5 67.3 0.34 51,684
(99.8%)
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4.2. Accuracy Analysis According to GEDI’s Water-Surface Return Amplitude (A)

In this section, the accuracy of GEDI elevations is analyzed according to the amplitude
of the water-surface mode within the waveform for five amplitude (A) ranges: A < 300; 300
≤ A < 400; 400 ≤ A < 700; 700 ≤ A < 1000; and A ≥ 1000. The results presented in Figure 6
show that the ubRMSE of GEDI to in situ elevations decreased with increased A for both
product releases V1 and V2. For V2, the ubRMSE decreased from 117.3 cm for A < 300 to
24.5 cm for A > 1000. For the V1 release, the ubRMSE decreased from 94.0 cm for A < 300
to 36.6 cm for A > 1000 (Table 2). The most accurate results for A > 400 corresponded to
46.2% of the shots and this for both V1 and V2. For A > 400, the ubRMSE for V1 was 40.4
cm and 25.7 cm for V2. This result shows an improvement in the vertical precision of GEDI
in the second release of the data products by 14.7 cm in comparison to V1. Moreover, for A
< 300, the second release of GEDI data did not show any improvements in the elevation
accuracy of the acquisitions. Indeed, for low A values (A ≤ 300), the difference between
GEDI V2 and in situ elevations varied between −1.2 and 5.0 m (resp. −2.0 and 4.4 m for
V1). This difference decreased with the amplitude. These results show low performances
for hydrological applications in the case of low amplitudes (ubRMSE close to 1 m for both
V1 and V2).

Regarding the bias (mean difference between GEDI and in situ elevations), the results
showed an increased bias with V2 for A < 300 (116.7 cm). Nonetheless, it decreased for
A > 300, and ranged between 56.0 and 64.1 cm, with an average of 58.4 cm. For V1, the bias
varied greatly based on A, and ranged between 18.5 cm and 52.7 cm, with an average of
32.9 cm. Nonetheless, for all A values, V2 showed on general higher bias than V1.
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Figure 6. Difference between GEDI and in situ elevations as a function of the amplitude of the
water-surface mode. V1 and V2 refer respectively to GEDI elevations from the first and second
data releases.

Table 2. Summary statistics of the difference between GEDI and in situ elevations according to the
five classes of the GEDI water-surface mode amplitude (A).

V1 GEDI–In Situ Elevations
(cm)

V2 GEDI–In Situ Elevations
(cm)

A Bias ubRMSE Bias ubRMSE GEDI Shots
Count

A < 300 31.7 94.0 116.7 117.3 11,388
(22.0%)

300 ≤ A <
400 18.5 70.2 59.0 51.4 16,489

(31.8%)

400 ≤ A <
700 41.6 42.7 56.0 26.5 15,040

(29.0%)

700 ≤ A <
1000 52.7 34.4 64.1 22.6 4140 (8.0%)

A ≥ 1000 40.6 36.6 59.0 24.5 4750 (9.2%)

4.3. GEDI Elevation Accuracy Analysis According to SNR

In this section, the accuracy of GEDI elevations were analyzed according to waveform
SNR for four SNR ranges: SNR < 10 dB; 10 dB ≤ SNR < 15 dB; 15 ≤ SNR < 20; and
SNR ≥ 20. According to Equation (2), SNR is highly correlated with the waveform’s
amplitude. Nonetheless, given that a signal’s SNR is also affected by the noise levels (e.g.,
atmospheric perturbations in the case of LiDAR waveforms), it is necessary to study the
effects of SNR on the acquired waveforms.

Figure 7 shows that the deviation of the reported elevations by GEDI decreased with
increased SNR. Indeed, lower differences were obtained in general with waveforms with a
SNR higher than 15 dB (63.4% of shots that remained after the filter detailed in Section 3.2)
in comparison to waveforms with lower SNR. These results were observed for both the first
(V1) and second release (V2) of the GEDI data products. Moreover, the results reported
in Table 3 show that the ubRMSE for SNR > 15 dB was 28.4 cm for V2 in comparison to
43.2 cm for V1.
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Table 3. Summary statistics of the difference between GEDI and in situ elevations according to the
four classes of the waveform’s signal-to-noise ratio (SNR).

V1 GEDI-In Situ Elevations
(cm)

V2 GEDI-In Situ Elevations
(cm)

SNR (dB) Bias ubRMSE Bias ubRMSE GEDI Shots
Count

SNR ≤ 10 26.2 94.2 133.8 132.8 3944 (7.6%)

10 < SNR ≤
15 19.8 91.7 86.3 90.9 15,047

(29.0%)

15 < SNR ≤
20 34.7 47.3 54.0 31.1 18,774

(36.2%)

SNR > 20 46.3 36.1 60.5 24.0 14,041
(27.2%)

Therefore, by comparison to the results obtained as a function of the amplitude (A),
we can observe that choosing a SNR threshold of 15 dB as a selection criteria for waveforms
with the most accurate elevations would yield an increase of 17% of the total number of
retained shots (63.4% of shots kept with SNR > 15 dB vs. 46.2% of shots kept for A > 400).
Moreover, these additional 17% more shots would only increase the ubRMSE by 3 cm (e.g.,
ubRMSE increased from 25.7 to 28.4 cm). For the shots with a SNR less than 15 dB, V2 did
not show increased precision in comparison to V1, and both releases showed imprecise
elevations with an ubRMSE close to 100 cm.

Finally, in terms of bias, the V2 release showed a bias that decreased from 133.8 cm for
SNR < 10 dB to 86.3 cm for SNR between 10 and 15 dB, and reached a minimum of 56.8 cm
for SNR higher than 15 dB. In contrast with the first release (V1), the correlation between
the bias and SNR was less evident, and varied between 19.8 and 46.3 cm depending on the
range of the analyzed SNR (Table 3).

4.4. Elevation Accuracy Analysis According to gwidth

The analysis of the accuracy of GEDI elevations with respect to gwidth showed that the
smallest deviations to the in situ measurements were obtained when gwidth values were
the lowest (gwidth < 10 bins, Figure 8). For gwidth < 10 bins, the ubRMSE was 33.6 cm with
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V2 and 44.1 cm with V1, and increased with increasing gwidth (Table 4). Moreover, the
percentage of GEDI acquisitions with gwidth < 10 bins was 46.5%. Therefore, gwidth is not
a good filtering criterion in comparison to SNR or A, as it removed an additional 20% of
GEDI shots without significantly increasing the accuracy.
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Figure 8. Difference between GEDI and in situ elevations as a function of gwidth. V1 and V2 refer to
GEDI elevations from the first and second data releases, respectively.

Table 4. Summary statistics of the difference between GEDI and in situ elevations according to the
three classes of gwidth.

V1 GEDI–In Situ Elevations
(cm)

V2 GEDI–In Situ Elevations
(cm)

gwidth
(bins) Bias ubRMSE bias ubRMSE GEDI Shots

Count

gwidth < 10 43.1 44.1 59.6 33.6 24,076
(46.5%)

10 ≤ gwidth <
15 22.3 71.9 68.6 76.7 16,244

(31.4%)

gwidth ≥ 15 26.3 89.2 99.3 98.3 11,486
(22.1%)

Concerning the bias, the analysis showed that it increased with increasing gwidth for
V2, and decreased with increasing gwidth for V1 (Table 4)

4.5. Analysis According to the Viewing Angle (VA)

In this section, we analyzed the effects of the VA on the accuracy of the elevations of
the acquired GEDI elevations. The analysis was conducted over four VA ranges: VA < 1.5◦;
1.5◦ ≤ VA < 3.5◦; 3.5◦ ≤ VA 4.5◦; and VA ≥ 4.5◦ (between 4.5◦ and 6.5◦).

The results presented in Figure 9 show that the ubRMSE of GEDI elevations increased
with increasing VA, and this was observed for both GEDI data product releases V1 and
V2. For VA less than 1.5◦, the ubRMSE was similar for both V1 and V2 (26.6 cm for V1
and 23.4 cm for V2, Table 5). For the shots acquired with a VA between 1.5◦ and 3.5◦, the
ubRMSE with V2 was smaller than V1 with an ubRMSE of 23.9 cm for V2 and 44.8 cm for
V1. Finally, for both V1 and V2, the ubRMSE increased to around 1 m with viewing angles
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greater than 3.5◦. In fact, the points that are in the upper left part of Figure 4 (shots with
higher bias with V2) correspond to acquisitions with a viewing angle (VA) larger than 3.5◦.
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Table 5. Summary statistics of the difference between GEDI and in situ elevations according to the
four classes of the GEDI’s viewing angle (VA).

V1 GEDI–In Situ Elevations
(cm)

V2 GEDI–In Situ Elevations
(cm)

VA (◦) Bias ubRMSE Bias ubRMSE GEDI Shots
Count

VA < 1.5◦ 12.7 26.6 33.9 23.4 11,097
(21.4%)

1.5◦ ≤ VA <
3.5◦ 43.5 44.8 62.7 23.9 27,534

(53.1%)

3.5◦ ≤ VA <
4.5◦ 39.4 113.1 64.4 96.5 5626 (10.9%)

VA ≥ 4.5◦ 19.1 104.5 162.4 110.0 7550 (14.6%)

A total of 74.6% of filtered GEDI data were acquired with a VA less than 3.5◦ and had
an ubRMSE of 42.8 cm for V1 and 27.1 cm for V2. As such, the VA seems to be the criterion
with the best compromise between the number of retained GEDI shots and accuracy in
comparison to A (46.2% retained shots and ubRMSE of 25.7 cm), SNR (63.3% retained shots
and ubRMSE of 28.4 cm), and gwidth (46.5% of retained shots and ubRMSE of 33.6 cm).

Using the following filtering criteria: VA < 3.5◦, A > 400, SNR > 15 dB, and gwidth < 10 bins,
the calculated ubRMSE over the 42.1% of the GEDI shots that satisfy this filtering criteria was
39.3 cm with V1 and 25.3 cm with V2. This figure is only marginally better than the ubRMSE
of 27.1 cm obtained by filtering V2 GEDI data according to VA < 3.5◦ only (ubRMSE of 42.8 cm
with V1). However, using the four previously mentioned criteria, an additional 32.5% of shots
were eliminated in comparison to only filtering using VA < 3.5◦. In conclusion, it is sufficient to
apply only the filter on the viewing angle (VA < 3.5◦) because the accuracy does not improve
by adding other criteria while the number of shots maintained in the database is reduced by
half (from 74.6% to 42.1% of GEDI shots). Figure 9 shows that the ubRMSE increased with
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GEDI VA for both V1 and V2 products. The results also showed that the correlation between
ubRMSE and VA were significantly lower for V2 in comparison to V1.

Concerning the mean elevation difference (bias) between GEDI and in situ elevations,
we observed an increase in the bias for V2 when VA increased. It increased from 33.9 cm
for VA < 1.5◦ to 162.4 cm for VA between 4.5◦ and 6.5◦ (Table 5). For the V1 product, the bias
seemed to depend less than V2 on the viewing angle (fluctuates between 12.7 cm and 43.5 cm).

4.6. Analysis According to GEDI’s Beam Number

In this section, we analyzed the accuracy of GEDI shots based on their beam number.
Moreover, only shots with a VA less than 3.5◦ (74.6% of the shots) were considered in the
analysis. The results presented in Table 6 show that the ubRMSE is independent of the
beam number for V2 with an ubRMSE between 24.3 and 27.6 cm. For V1, similar results
were observed (independence of accuracy on the beam number). However, for V1, the
ubRMSE was higher and ranged between 34.7 cm and 41.8 cm. Finally for both V1 and V2,
the results showed that waveforms acquired with favorable acquisition conditions (high
SNR) or a small viewing angle had almost the same accuracies regardless of whether they
were acquired with the coverage laser (beams 0 to 3) or the full power lasers (beams 4 to 7).

Table 6. Summary statistics of the difference between GEDI and in situ elevations according to the
acquiring GEDI beam.

GEDI–In Situ ElevationV1
Product (cm)

GEDI–In Situ ElevationV2
Product (cm)

Beam Bias ubRMSE Bias ubRMSE GEDI Shots
Count

0 15.8 40.5 46.8 26.8 4566 (11.8%)

1 33.0 41.8 43.0 26.7 4394 (11.4%)

2 23.6 41.1 58.1 25.8 4338 (11.2%)

3 28.2 43.3 58.1 27.6 4506 (11.7%)

4 52.5 39.8 61.9 24.3 4789 (12.4%)

5 68.2 41.0 64.6 25.3 4861 (12.6%)

6 22.7 35.3 54.6 26.2 5543 (14.4%)

7 32.9 34.7 48.2 26.4 5576 (14.5%)

Regarding the bias, the results presented in Table 6 show that the bias from the second
release of the GEDI data products were less dependent on the beam than those in the
initial release (V1). In fact, the bias varied between 43.0 and 64.6 cm according to the beam
number for V2 and between 15.8 and 68.2 cm for V1 (Table 6).

4.7. Analysis of the Results Based on Processing Algorithms a2 to a6

The configuration settings of algorithms a1 to a6 (Appendix A) showed differences
mainly between a1 and a2, while the remaining settings groups were either close to a1 or a2.
Therefore, by analyzing the 51,808 GEDI shots preprocessed using a2 and filtered using the
filtering scheme described in Section 3.2, the results indicate that a1 provides slightly better
accuracies than a2 (less than 2 cm in terms of ubRMSE for both V1 and V2). Moreover, the
mean elevation difference between GEDI and the in situ measurements (bias) was slightly
higher with a2 than a1 for both V1 and V2. In fact, the bias increased from 32.9 to 38.5 cm
with a2 using V1 data, and from 71.2 to 76.8 cm with a2 using V2 data.

By using the most accurate GEDI data (VA ≤ 3.5◦, 74.6% of remaining shots), the
ubRMSE increased from 27.1 cm for (a1, V2) to 33.2 cm for (a2, V2), and from 42.8 cm for
(a1, V1) to 44.4 cm for (a2, V1). As such, the results showed that the second release (V2) of
the GEDI data products is more precise than V1 in terms of elevation estimation, and the
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waveforms processed using the configuration settings group a1 were slightly better than
a2. The bias calculated on the dataset with GEDI VA lower than 3.5◦ showed a value higher
by about 5 cm with a2 compared to the one observed with a1.

Regarding algorithm a4, the obtained accuracies on the elevations were identical to
those obtained with a1, and for both V1 and V2. For algorithms a3 and a6, respectively
83 and 395 shots showed lower elevations (between 2 to 15 m) in comparison to a2, the
elevation of the remaining shots were identical. Finally, the elevations obtained using
algorithm a5 were identical to those obtained with a2 and for both data releases (V1 and
V2) except for 4123 shots that were magnitudes lower (2 to 158 m difference) in elevation
with a5 in comparison to a2.

5. Discussion

In our analysis, the most prominent filter that allows selecting the most accurate GEDI
acquisitions without eliminating many shots is based on the viewing angle of the GEDI
instrument. Nonetheless, this parameter was found to be correlated to the other studied
parameters (e.g., A, gwidth, and SNR). Indeed, Figure 10a,b show that the shots acquired
with a VA higher than 3.5◦ had respectively lower amplitudes and lower SNR. Moreover, a
weak correlation was found between VA and gwidth given that the shots acquired at lower
VA could frequently have higher gwidth (Figure 10c).
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The analysis of the values of A, SNR, and VA according to GEDI’s acquisition dates
showed that the dates with the highest differences between GEDI and in situ elevations
corresponded to one or more of the following reasons: low A (Figure 11a), low SNR
(Figure 11b), and high VA (Figure 11c). Moreover, the ubRMSE was also higher for dates
with low A, SNR, or VA. Finally, gwidth not shown here did not show particularly high
values for certain dates.
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Overall, the second release of the GEDI data products (V2) seemed to provide better
elevation precision (lower ubRMSE) in comparison to V1 but lower accuracy (higher bias).
For VA ≤ 3.5◦, V1 provides slightly lower root mean squared errors in comparison to V2,
which are 0.55 m and 0.60 m, respectively. The elevation accuracy provided by the coverage
lasers or the full power lasers were also within the same magnitudes in V2 in comparison
to V1, which showed more deviations according the acquiring beam. Therefore, in order to
increase the accuracy (i.e., by decreasing the bias) of V1 and V2, we propose subtracting the
observed mean differences between GEDI and the in situ elevations for V1 (bias of 34.7 cm)
and V2 (bias of 54.4 cm). After subtracting the bias from V1 and V2, the results presented
in Figure 12 show that on average, the reported elevations by V2 (RMSE = 27.0 cm, r = 0.66)
were more accurate than those provided by V1 (RMSE = 42.7 cm, r = 0.34) for GEDI shots
with VA ≤ 3.5◦.
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The ubRMSE does not seem to depend on beam number for the most accurate GEDI
acquisitions (VA ≤ 3.5◦) (Table 5), and ubRMSE appears to show a very weak dependence
on the acquisition dates (ubRMSE ranged from 6.6 to 32.9 cm according to GEDI date).
Conversely, the bias showed a strong dependence on GEDI dates (bias ranged from −23.5
to +84.7 cm).

In addition to the previously mentioned factors adding to the uncertainties of the
estimated GEDI elevations, several additional factors such as standing waves (seiches), and
wind-generated waves that are commonly present over Lake Geneva are also an additional
source of errors due to the relatively small size of GEDI’s footprints [25,26]. Indeed, Fayad
et al. [4] showed that the 25 m GEDI footprints could be affected by water surface variations.

6. Conclusions

In this study, GEDI’s ability to measure and monitor water levels was assessed against
in situ water levels across Lake Geneva in Switzerland. Both GEDI’s data-product release
versions V1 and V2 were used. The assessment was performed as a function of several
factors affecting the physical shape of the waveform, and could thus potentially introduce
uncertainties in the estimated elevations. Five factors were analyzed: (1) the signal-over-
noise ratio (SNR), (2) the width of water surface peak (gwidth), (3) the amplitude of the
water surface peak (A), (4) the viewing angle of GEDI (VA), and (5) The acquiring beam. The
goal of this analysis is two folds. First, it allows the understanding of the impact of each of
these factors on the elevation estimation accuracy, and second, it provides filtering criteria
by which only the most accurate GEDI shots could be retained. The analysis results showed
that the best criterion to filter less accurate GEDI waveforms is based on the viewing angle
(VA). Indeed, for acquisitions with VA higher than 3.5◦, the ubRMSE was 2.5 times higher
than acquisition with VA less than 3.5◦. Moreover, choosing VA as a filtering criterion
allows us to retain close to 75% of shots (after the initial filters which eliminated near
44% of all available acquisitions) without a significant decrease in accuracy compared to
46.2% of the shots with A > 400, 63.6% of shots with SNR > 15 dB, and 46.5% of shots with
gwidth < 10 bins. Finally, the comparison between V1 and V2 elevations showed that V2
provides a better precision of water levels. Indeed, by choosing GEDI shots with VA ≤ 3.5◦,
the ubRMSE was 27.1 cm with V2 and 42.8 cm with V1. Nonetheless, V2 elevations had
higher bias (i.e., less accuracy) than V1, with a bias of 54 and 35 cm, respectively.
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Appendix A

Table A1. The different parameters used in each of the six algorithms for the interpretation of the re-
ceived waveforms. Smooth_width is the width used for the first Gaussian filter. Smoothwidth_zcross
is the width of the Gaussian filter used before the first order derivative of the waveform to detect
the modes. Front_threshold and Back_threshold are the thresholds used to find the signal start and
signal end, respectively.

Algorithm Smooth
Width Smoothwidth_Zcross Front_

Threshold
Back_

Threshold

1 6.5 6.5 3 6

2 6.5 3.5 3 3

3 6.5 3.5 3 6

4 6.5 6.5 6 6

5 6.5 3.5 3 2

6 6.5 3.5 3 4
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