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Abstract: Accurate estimation of forest canopy height and understory terrain in mountainous regions
is crucial for carbon stock assessment under the Paris Agreement but remains challenging. This study
aimed to evaluate ICESat-2's performance in these complex environments. To achieve this, ICESat-2
ATLO3 Version 6 photon data were processed using a novel adaptive DBSCAN algorithm (BDT-
ADBSCAN) in Pu'er City, China, a biodiversity hotspot, and results were validated against airborne
LiDAR. ICESat-2 achieved high terrain retrieval accuracy (R?>=1.00, RMSE=0.91 m), primarily affected
by slope, while canopy height retrieval was less accurate (R?>=0.53, RMSE=6.45 m) with systematic
underestimation, mainly influenced by canopy height itself. Nighttime strong beam acquisitions
substantially improved accuracies for both products. This research demonstrates ICESat-2's viability
for high-resolution digital terrain modeling and provides quality control thresholds for forest
structure estimation in challenging regions, addressing validation gaps in Asian biodiversity
hotspots and supporting carbon monitoring for UN Sustainable Development Goals.

Keywords: ICESat-2; Terrain Retrieval; Canopy Height; Complex Terrain; LiDAR; Accuracy
Assessment

1. Introduction

Forest carbon stocks account for approximately 45% of the global terrestrial carbon pool [1], and
their dynamics play a pivotal role in regulating the global carbon balance [2]. With the growing
momentum of global climate action—particularly following the implementation of the Paris
Agreement and the 2030 Agenda for Sustainable Development —accurate assessment of forest carbon
stocks has become a critical priority in national policy-making [3]. Among forest structural attributes,
canopy height is a key parameter for estimating forest biomass and carbon stocks [4]. Likewise,
precise measurement of understory terrain, which underpins various forest mapping applications
and the construction of large-scale Digital Terrain Models (DTMs), is essential for forest ecosystem
research [5].

However, accurate estimation of both canopy height and understory terrain remains
challenging, especially in regions with complex topography. Field surveys and airborne laser
scanning (ALS) are constrained by high costs and limited spatial coverage [6], while traditional
optical remote sensing lacks the ability to penetrate dense forest canopies to acquire ground elevation
data [7]. Although spaceborne LiDAR has demonstrated promising potential [8], its performance in
mountainous regions with slopes exceeding 20° remains uncertain [9,10].

The launch of NASA’s Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2) has introduced new
opportunities to address these challenges through technological advancements. Launched in
September 2018, ICESat-2 employs the Advanced Topographic Laser Altimeter System (ATLAS),
which utilizes a differentiated beam energy design (strong beam: 1.3 mJ; weak beam: 0.3 m]) to
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simultaneously detect both canopy and ground surfaces via photon penetration [11]. This
configuration endows ICESat-2 with unprecedented capability to capture ground photons even
under steep and densely vegetated conditions [12]. Compared to its predecessor, ICESat, the current
system offers a 240-fold increase in along-track sampling density (0.7 m intervals) [13] while
maintaining high-precision elevation measurements (+3.5 cm) [14].

Despite these technical advancements, global validation studies have revealed significant
regional and ecological biases in ICESat-2 data. For instance, research in Finland has reported root
mean square error (RMSE) values of less than 1 m for terrain height and approximately 3 m for
canopy height in flat, coniferous-dominated landscapes [15,16]. In contrast, studies conducted in
North America, characterized by rugged terrain and diverse forest types, have shown higher RMSE
values (~2 m for terrain, ~7 m for canopy height) and mean absolute errors (MAE) of 1.2 m and 3.5 m,
respectively [17,18]. These findings suggest that while ICESat-2 holds promise for terrain and canopy
height estimation, its accuracy is highly dependent on regional conditions. Notably, approximately
90% of current validation sites are concentrated in temperate coniferous forests of Europe and North
America.

In contrast, Asian monsoon mountainous regions — particularly southwestern China, one of the
world’s 34 biodiversity hotspots—have yet to undergo systematic validation. This region is
characterized by extreme topographic relief (relative elevation differences >3000 m), diverse
vegetation types (ranging from tropical rainforests to alpine meadows), and strong vertical climatic
gradients (annual mean temperature lapse rate ~0.6°C/100 m). Moreover, validation datasets are often
based on earlier ALS surveys [19,20], which may introduce systematic biases due to spatiotemporal
discrepancies [21]. Many existing studies have relied on early versions of ICESat-2 data (ATL03 V2-
V5), in which photon classification algorithms were not fully optimized for high-slope (>35°) and
high-canopy-cover (>80%) conditions, thereby limiting noise filtering efficiency. Such geographical
and methodological biases significantly constrain the application of ICESat-2 for monitoring critical
carbon sink areas in Asian mountainous regions under the Paris Agreement framework.

To address these research gaps, this study integrates ATL03 Version 6 photon-level data with a
novel adaptive density-based spatial clustering of applications with noise (DBSCAN) algorithm
enhanced by extended Bayesian decision theory (BDT-ADBSCAN). Taking Pu’er City in Yunnan
Province—a representative mountainous area in southwestern China—as the study site, we
systematically evaluate the performance and uncertainty of ICESat-2 terrain and canopy height
products under extreme topographic conditions. The specific objectives are: (1) to quantitatively
assess the accuracy of ICESat-2 terrain and canopy height products using high-precision LiCHy
validation data; (2) to analyze the effects of acquisition time, beam strength, and relative height
metrics on measurement accuracy; and (3) to investigate the relationships between environmental
variables (slope, canopy height, canopy cover, leaf area index, and vegetation type) and height
estimation errors. This study aims to provide a scientific basis for applying ICESat-2 in Asia’s
complex mountainous regions, establish data quality control thresholds tailored for these
environments, and support the development of higher-level products (specifically ATL18 gridded
ground height, canopy height, and canopy cover estimates).

2. Materials and Methods

2.1. Study Area

This study focuses on Pu'er City in southwestern Yunnan Province, China (Figure 1) (99°53'-
102°53'E, 22°49'-24°50'N). This region is situated within the southern section of the Hengduan
Mountains and the core area of the Ailao Mountains, forming part of the topographic transition zone
from the Qinghai-Tibet Plateau to the Indochinese Peninsula. Cenozoic tectonic movements remain
active in the region, with deeply incised valleys such as the Lancang River and Babian River
alternating with steep ridges, collectively forming typical stepped fault-block mountain landforms
(Figure 1c). The elevation gradient ranges from 315 m in the Lancang River valley to 3344 m at the
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main peak of the Wuliang Mountains, creating a relative elevation difference exceeding 3000 m, with
local slopes generally exceeding 35° (maximum up to 68°), and an average terrain roughness of 8.83.
The climate exhibits three-dimensional subtropical monsoon characteristics with pronounced vertical
differentiation: wet and hot valley seasonal rainforests below 800 m elevation, semi-humid evergreen
broad-leaved forests from 800-1800 m, and gradual transitions to mid-mountain humid evergreen
broad-leaved forests and moss dwarf forests above 1800 m. The predominant vegetation types
include Simao pine (Pinus kesiya var. yunnanensis) secondary forest, monsoon evergreen broad-
leaved forest, and mountain moss forest, with canopy height vertical differentiation reaching 45 m
and a leaf area index (LAI) gradient ranging from 2.1-6.8. Three-dimensional airborne LiDAR point
cloud analysis (Figure 1c) reveals that the average terrain roughness of the study area is 2.3 times the
average value (5.62) of forests at the same latitude in southwestern China, with a mean cosine of laser
pulse incidence angle (cos0) of only 0.47 (flat terrain equivalent to 1), wherein this terrain complexity
significantly extends photon penetration paths for ICESat-2 [22]. The composite landforms of "V-
shaped" canyons and steep slopes (>45° comprising 37% of the area), combined with multi-layered
heterogeneous canopy structures, induce multiple scattering effects of laser signals and ground echo
peak displacement (measured maximum offset of 8.3 m), thereby establishing a natural experimental
field for validating spaceborne LiDAR performance under extreme terrain conditions.

Figure 1. Overview of the study area: (a) Location within China, (b) Position within Yunnan Province, (c) ICESat-
2 laser footprints and airborne LiDAR data coverage in the Pu'er study area. In panel (c), green points represent
ICESat-2 laser footprints, red points represent airborne LiDAR sampling point locations, and the grayscale

background displays the digital elevation model (DEM) generated from airborne LiDAR data.
2.2. Study Data

2.2.1. ICESat-2 Data

This study utilized the ATLO3 Version 6 dataset, which offers substantial improvements over
earlier versions (V3-V5) through enhanced photon classification algorithms and improved
geolocation accuracy, achieving a vertical accuracy of +3.5 cm under clear-sky conditions. To ensure
phenological consistency with the LiCHy airborne LiDAR data, ICESat-2 observations collected
between April 2021 and December 2023 were extracted. Temporal matching was conducted based on
the seasonal acquisition window of the LiCHy data, spanning from spring leaf-out to autumn leaf-
fall. It is noteworthy that from April 4 to April 12, 2022, ATLAS ceased data acquisition due to a
spacecraft attitude control anomaly that triggered safe mode, as reported in the NASA operational
status report (2022-0412). Consequently, ICESat-2 observations are unavailable for this period.

The ground configuration of the ATLAS six-beam system is illustrated in Figure 2a. Each strong—
weak beam pair is spaced 2.5 km apart along-track and 3 km apart cross-track, with an individual
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beam footprint diameter of 17 m (Figure 2b). This configuration enables three-dimensional

characterization of complex terrain by combining high-frequency sampling (0.7 m per point) with

multi-angle coverage, achieving planar positioning accuracy of <6.5 m [23]. The key system

parameters are summarized in Table 1, including laser energy, pulse repetition frequency, and

related specifications. Notably, the strong-to-weak beam energy ratio of 4:1 provides the physical

foundation for discriminating vegetation signals (to which the weak beams are more sensitive) from

ground signals (better captured by the strong beams) [24].

ICESat-2 Intensive Sampling Along the Track (Black Outlines with Red Centers)

Along-track Distance {m)

laser

(a) Schematic diagram of ICESat-2 multi-beam | (b) Schematic of ICESat-2 along-track
principle
(https://nsidc.org/data/ATL03)

footprints and center point distribution

Figure 2. Geometric layout of ICESat-2 ATLAS instrument ground footprints and along-track sampling

schematic.

Table 1. ICESat-2 technical parameters overview.

Category Parameter Indicator/Value Remarks
Launch Date September 15, 2018
Operating Agency NASA
. . Still operational as
Design Life 3 years of 2004
i Near-polar  Sun-
Satellite Orbit Type p
Information synchronous orbit
Approximately 496
Orbit Altitude PP Y
km
Orbit Inclination 92°
Revisit Period 91 days
532 nm (green
Instrument Name
light)
10,000 pulses per
Laser Wavelength 10 kHz 4
Payload (ATLAS) secon
Divided into 3
Laser Pulse pairs, each pair
6 beams
Frequency spaced 3.3 km

apart
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Approximately 90
meters per pair, 3
Number of Beams
pairs cover about 6
km width
B Spaci
cam pacing <4 cm Flat surface
(Ground)
Approximately 1.3
Altimetry PP Y
millijoules per
Accuracy (Vertical)
pulse
532 nm (green
Laser Pulse Energy
light)
Approximately 0.7
Along-track PP Y
meters (single
Resolution
photon level)
Sub-meter (<1
Vertical Resolution
Data Product meter)
Parameters Focus on polar
Data Coverage Global regions,  oceans,
and land
Every 3 months,
Data Update
global coverage of
Frequency ) ]
major regions
Ice Surface: <4 cm; Depends on
Ground Elevation
Land Surface: <5 surface type and
Measurement
cm; Sea Surface: <2 atmospheric
Accuracy o
cm conditions
) Capable of
Vegetation
Key Performance penetrating sparse
Indi Canopy
ndicators canopy to detect
Penetration
the ground
Includes latitude,
Data Product longitude,
HDF5
Format elevation,

timestamp, etc.

2.2.2. LiCHy Airborne LiDAR Data

High-precision airborne Light Detection and Ranging (LiDAR) data, acquired by the LiCHy

(LiDAR-CCD-Hyperspectral) integrated airborne remote sensing observation system of the Chinese

Academy of Forestry between December 2022 and January 2023, served as the benchmark dataset for

this study. These data provided a reliable reference for validating the spaceborne LiDAR-derived
Digital Elevation Model (DEM) and Canopy Height Model (CHM). The LiCHy system was equipped
with a RIEGL LMS-Q680i LiDAR sensor, operating at a 1550 nm (near-infrared) wavelength. Data
were efficiently collected from a flight altitude of 851 m, utilizing a +30° field-of-view scanning

mechanism and a 200 kHz pulse repetition frequency. This configuration yielded a point cloud
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density of 2 points/m? per single flight strip, which increased to an average of 5 points/m? following
multi-strip mosaicking; maximum local densities exceeded 10 points/m?, thus meeting the criteria for
sub-meter terrain modeling.

Comprehensive data processing was performed using the LiDAR360 software platform,
incorporating rigorous quality control steps such as point cloud registration and noise removal.
Terrain extraction was accomplished using the Iterative Progressive TIN Densification (IPTD)
algorithm, chosen for its efficacy in accurately delineating terrain features from discrete return data
(LAS 1.2 format). The IPTD algorithm constructs a DEM by iteratively densifying a Triangulated
Irregular Network (TIN) seeded with the lowest elevation points, complemented by a highest-point
grid interpolation method for surface generation. The resultant 1-meter resolution DEM, CHM, and
Digital Surface Model (DSM) products were georeferenced to the Universal Transverse Mercator
(UTM) coordinate system, with elevations referenced to the World Geodetic System 1984 (WGS84)
ellipsoid. Cross-validation against ground control points confirmed the high quality of these airborne
LiDAR products, with a planar positioning Root Mean Square Error (RMSE) of <0.15 m and an
elevation accuracy better than 0.1 m, thereby satisfying the requirements for high-precision reference
data.

2.2.3. Auxiliary Data

To quantitatively evaluate the influence of key environmental factors —namely slope, canopy
cover, and land cover type —on the accuracy of ICESat-2-derived surface terrain and canopy height
estimates, this study integrated several auxiliary datasets. Slope and canopy cover metrics were
directly derived from the high-resolution DEM and CHM products generated from the LiCHy
airborne LiDAR data. Information pertaining to land cover type and Leaf Area Index (LAI) was
extracted from Sentinel-2 multispectral imagery. These images, characterized by a 10-meter spatial
resolution, were radiometrically calibrated and atmospherically corrected prior to analysis. From the
Sentinel-2 data, the Normalized Difference Vegetation Index (NDVI) was calculated, and LAI was
subsequently estimated using a pixel dichotomy model. Following this, a knowledge-based
classification approach was employed to delineate detailed vegetation cover types within the study
area, which included forests (further categorized into coniferous, broad-leaved, and mixed sub-
types), shrublands, and grasslands. Characteristically, the study area is dominated by coniferous and
broad-leaved forests, exhibiting an average tree height of 18.01 m, a mean terrain slope of 28.99°, an
average vegetation coverage of 68.74%, and a mean LAI of 3.73.

2.3. ATLO3 Data Processing

The processing of ICESat-2 ATL03 data commenced with a critical point cloud denoising step,
wherein photon-level classification was performed to differentiate between signal and noise photons.
Generally, point cloud classification methodologies can be categorized as either supervised or
unsupervised [25]. Supervised techniques, such as Support Vector Machines (SVM), Random Forests,
and deep learning models, necessitate extensive labeled training datasets. However, the complex and
often unpredictable noise distribution inherent in ICESat-2 data, coupled with the scarcity of readily
available labeled data for such applications, renders unsupervised classification methods more
practical and commonly adopted. Density-Based Spatial Clustering of Applications with Noise
(DBSCAN) is one such widely used unsupervised algorithm. In this study, considering the distinct
spatial distribution characteristics of signal versus noise photons and the non-uniform noise patterns
prevalent in ICESat-2 data over complex terrain, we employed the adaptive DBSCAN algorithm
enhanced by extended Bayesian decision theory (BDT-ADBSCAN), as proposed by Mei et al. [26]. A
key advantage of the BDT-ADBSCAN method over traditional DBSCAN is its ability to dynamically
adjust the crucial parameters ¢ (epsilon, search radius) and MinPts (minimum number of points)
based on Bayesian probability, eliminating the need for manual threshold setting and improving its
adaptability to photon clusters of varying densities.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Subsequent to photon classification, identified signal photons were utilized for the derivation of
canopy height. The accurate determination of canopy height is contingent upon the effective
alignment of sampling window dimensions with the local canopy scale [27,28]. To overcome the
limitations associated with conventional fixed-window approaches, this study implemented an
adaptive search strategy for the optimal selection of terrain reference points. This strategy
dynamically optimizes the search for ground returns corresponding to each canopy photon, rather
than relying on fixed-length segmentation. Specifically, for each potential canopy photon, the
algorithm initiated a search for terrain reference points within an initial radius of 50 m, progressively
expanding this radius up to a maximum of 200 m, until a minimum of three suitable terrain points
(nearby_ground > 3) were identified. To refine the accuracy of the local ground elevation estimate, a
distance-weighting scheme was applied to these identified terrain reference points, assigning greater
influence to closer points. Further quality control measures were instituted: (i) a minimum of three
valid terrain reference points were required for the estimation of ground elevation beneath each
canopy photon; (ii) a standard DBSCAN algorithm (& = 5 m, MinPts = 2) was subsequently used to
filter out anomalous terrain points from the selected local set; and (iii) the interquartile range (IQR)
method (1.5 x IQR criterion) was applied to detect and remove outlier canopy height values. For
computational efficiency, the final ground elevation at each point was calculated using a distance-
weighted averaging approach within an enlarged smoothing window to mitigate residual noise
effects. A detailed flowchart illustrating the complete ATL03 data processing workflow is presented
in Figure 3.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Adaptive canopy height calculation process for ICESat-2/ATL03 data.

2.4. Accuracy Assessment

To assess the accuracy of ICESat-2 terrain and canopy height measurements, this study
employed statistical metrics calculated using reference values derived from LiCHy DEM and CHM
products. The metrics utilized include: (1) bias, (2) mean absolute error (MAE), (3) coefficient of
determination (R?), (4) root mean square error (RMSE), and (5) percentage root mean square error
(%RMSE).

1 n
Bias = EZ(xi -y 1)

n
1
MAE = ;zm - yil 2)
=1

_E?=1(xi — y)?

R?=1 —
Yizg (% = )7

3)
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1 n
RMSE = Ez(xi — ;)2 (4)
i=1

RMSE
%RMSE =

x 100% (5)

In the equation, x; represents the terrain or canopy height observations obtained by ICESat-2,
y; represents the reference elevation or canopy height data generated by the LiCHy airborne LiDAR
system, n represents the total number of samples, and ¥y represents the average value of the
reference elevation or canopy height.

3. Results

3.1. Assessment of Photon Classification Performance

The precise classification of photon data is a fundamental prerequisite for the accurate derivation
of understory terrain and canopy height metrics from ICESat-2/ATLAS data, as it directly influences
the fidelity of subsequent retrievals. In complex forested terrains, both photon penetration through
the canopy and the subsequent classification of returns present considerable challenges. As
illustrated in Figure 4a, a significant portion of emitted photons are scattered at the canopy top or
within the canopy volume. This scattering results in a sparser distribution of photons reaching the
ground, which complicates understory terrain measurement and reflects the substantial interference
imposed by complex forest structures on laser photon penetration. Notwithstanding these
difficulties, the employed BDT-ADBSCAN algorithm demonstrated effective identification of ground
photons, yielding a terrain profile generally consistent with that derived from the LiCHy DEM. This
consistency substantiates the potential of ICESat-2 for ground detection even under such challenging
terrain conditions.

A comparative analysis of the photon distributions shown in Figure 4b (strong beam) and Figure
4c (weak beam) clearly highlights the modulating effect of beam energy on penetration capability.
The strong beam, characterized by a transmit energy approximately four times greater than that of
the weak beam (details in Table 1), exhibited markedly enhanced ground detection performance. For
instance, in a cliff area with a 42° slope (depicted in Figure 4a), ground photons acquired by the strong
beam demonstrated a tendency to cluster along the slope-normal direction, indicative of improved
signal stability and penetration depth. Furthermore, the higher photon flux associated with the strong
beam facilitated deeper penetration through multiple canopy layers, a phenomenon evidenced by
the vertically extended distribution of photon returns in Figure 4b. Conversely, photons from the
weak beam were predominantly intercepted by the upper canopy strata, with most signal returns
concentrated 2—4 meters below the canopy top (Figure 4c). This resulted in a higher omission rate for
ground photons and, consequently, a reduction in the completeness of the retrieved terrain surface.

Further examination of Figure 4c reveals instances where multiple classified photon types
(including those identified as ground photons (red dots) and vegetation photons (green dots)) are
located significantly below the reference DTM profile. Such occurrences lead to substantial
underestimation of both ground elevation and, consequently, canopy height. This observation points
to considerable classification uncertainty and a degradation in accuracy when processing weak beam
data, particularly under steep terrain conditions. In environments characterized by complex forest
architecture and high canopy density, strong beam data consistently provided a more comprehensive
characterization of both forest and underlying terrain structures. Specifically, in regions with tall
canopies, strong beams were able to penetrate multiple canopy layers more effectively, thereby
acquiring a greater number of ground photons and enhancing the capability for precise retrieval of
both forest structural attributes and terrain elevation.
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ICESat-2 Photon Classification and Terrain Models
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Figure 4. Comparison between ICESat-2 photon classification results and LiCHy reference data under complex
terrain conditions. (a) Distribution of photons under complex terrain: red dots represent ground photons, green
dots represent vegetation photons, blue dots represent canopy top photons, gray lines represent DSM, and black
lines represent DTM; (b) Classification results of strong beam photon signals under steep slope terrain; (c)

Classification results of weak beam photon signals under steep slope terrain.

3.2. Terrain Height Validation

The performance of ICESat-2 in retrieving terrain height under complex terrain and diverse
vegetation conditions was rigorously validated using high-precision reference elevation data derived
from the LiCHy airborne LiDAR system. Within the study area (Figure 1), terrain heights were
extracted from the ICESat-2/ATLO3 product. These estimates were then compared against the
reference terrain data derived from the LiCHy system. A total of 2,528 ATL03 terrain height samples
were selected for this validation, and standard statistical metrics were computed to quantify
performance (Figure 5).

The validation results revealed a high degree of consistency between ICESat-2 derived terrain
heights and the LiCHy DEM. The scatter plot (Figure 5) depicted a strong linear relationship, closely
aligning with the 1:1 line, with data points evenly distributed along this diagonal. An exceptionally
high coefficient of determination (R?) of 1.00 was achieved, underscoring the excellent capability of
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ICESat-2 for terrain measurement in this study area. Specifically, the comparison yielded a Mean
Absolute Error (MAE) of 0.71 m and a Root Mean Square Error (RMSE) of 0.91 m. Residual analysis,
also illustrated in Figure 5, indicated a slight tendency for ICESat-2 to underestimate terrain heights,
particularly in higher altitude zones; nevertheless, the estimates remained in close agreement with
the reference terrain elevations.
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Figure 5. Accuracy assessment of ICESat-2 terrain elevation based on airborne LiDAR data.

The influence of beam strength (strong vs. weak) and data acquisition time (day vs. night) on
terrain height accuracy was further investigated by categorizing the ICESat-2 data into eight distinct
scenarios (Table 2). Beam strength emerged as the dominant factor influencing terrain height
accuracy. Data acquired by strong beams (RMSE = 3.34 m, MAE =2.03 m) demonstrated significantly
higher accuracy compared to those from weak beams (RMSE =7.20 m, MAE =4.54 m), corresponding
to reductions in RMSE and MAE of 53.6% and 55.3%, respectively. This substantial improvement is
primarily attributed to the enhanced capability of strong beams to penetrate vegetation and capture
ground signals, owing to their higher photon flux.

The effect of observation time (day vs. night) on accuracy was found to be dependent on beam
strength. Strong beams performed with relative stability across both daytime and nighttime
conditions. For strong beams, nighttime acquisitions (RMSE = 4.18 m) resulted in a modest 15.0%
improvement in RMSE compared to daytime acquisitions (RMSE = 4.92 m); whereas weak beams
were significantly more affected by the observation time. Nighttime weak beam data (RMSE = 7.34
m) showed a 30.4% improvement in RMSE over daytime weak beam data (RMSE = 10.54 m). These
results suggest a higher sensitivity of weak beams to solar background noise during daytime
acquisitions.

Further investigation into systematic biases revealed distinct differences across the data
acquisition scenarios. Strong beams exhibited a slight general underestimation of terrain height (Bias
=-0.53 m), while weak beams showed a tendency towards overestimation (Bias = 0.19 m). The most
pronounced bias (+5.29 m) was observed for daytime weak beam data. This is likely attributable to
challenges in identifying sufficient ground photons amidst increased solar background noise,
potentially causing the classification algorithm to rely more on photons returned from the canopy
top for terrain estimation. The scenarios yielding the highest accuracy (lowest MAE) were nighttime
strong beam acquisitions (MAE = 2.33 m) and daytime strong beam acquisitions (MAE = 2.65 m),
highlighting the greater robustness of strong beams to varying environmental conditions.
Conversely, the daytime weak beam scenario performed the poorest (MAE = 8.04 m), with errors
approximately 3.5 times higher than those of the best-performing scenario. This stark difference

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0766.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2025 d0i:10.20944/preprints202505.0766.v1

12 of 28

underscores the significant impact that the combination of observation conditions can have on the
accuracy of ICESat-2 terrain height estimations.

Table 2. Terrain height accuracy across ICESat-2 data types.

Scenario Bias / m MAE/m RMSE /m
Strong -0.53 2.03 3.34
Weak 0.19 4.54 7.20

Day -0.12 2.40 4.03
Night -0.82 2.07 3.39
Strong & day 0.03 2.65 492
Weak & night -1.97 3.93 7.34
Weak & day 5.29 8.04 10.54
Strong & night -0.74 2.33 4.18

3.3. Canopy Height Validation

Comparative analysis of ICESat-2 canopy height with airborne laser scanning (ALS) reference
data (Figure 6) indicates a moderate correlation between the two (R? = 0.53). The scatter distribution
shows a significant systematic bias, with ICESat-2 measurements generally lower than the reference
line, with an overall bias of -1.19 m. Statistical indicators show that this dataset (N = 18,780) has an
RMSE of 6.45 m, a relative error of 49.4%, and an MAE of 4.36 m, indicating substantial uncertainty
in ICESat-2 canopy height estimation. Particularly in high canopy regions (>30 m), data points exhibit
increased dispersion, suggesting that measurement accuracy decreases as canopy height increases.

Accuracy analysis of different data types (Table 3) revealed significant effects of beam intensity
and observation time on canopy height estimation. Strong beam data (RMSE = 6.2 m, R? = 0.57)
demonstrated clear advantages over weak beam data (RMSE = 7.70 m, R? = 0.33). Data acquired at
night (RMSE = 5.82 m, R?=0.53, Bias = -0.66 m) showed higher accuracy than daytime data (RMSE =
6.98 m, R? = 0.40, Bias = -1.72 m). Among all combinations, nighttime strong beam data provided the
best measurement quality (RMSE = 5.41 m, MAE = 3.59 m, R? = 0.56), while daytime weak beam data
exhibited the largest errors (RMSE = 8.37 m). These results indicate that beam energy levels and
background noise are key factors affecting the accuracy of ICESat-2 canopy height estimation. Strong
beams, with higher photon flux, enhance the ability to identify forest hierarchical structures, while
night observations benefit from lower solar background noise, improving signal quality. The
systematic underestimation of ICESat-2 estimates suggests that this sensor may have limitations in
penetrating forest canopies, especially in structurally complex high-canopy areas.
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Figure 6. Accuracy assessment of ICESat-2 canopy height based on airborne LiDAR data.
Table 3. Canopy height accuracy across ICESat-2 data types.
Scenario Bias/m MAE/m R? RMSE /m
Strong -1.22 4.19 0.57 6.2
Weak -1.02 527 0.33 7.70
Day -1.72 4.84 0.40 6.98
Night -0.66 3.84 0.53 5.82
Strong & day -1.62 4.81 0.42 6.95
Weak & night -0.23 5.31 0.30 7.85
Weak & day -2.23 5.20 0.29 8.37
Strong & night -0.62 3.59 0.56 541

3.3. Canopy Height Validation

Figure 7 presents the influence of relative canopy height (RH) on forest canopy height estimation
accuracy. Results indicate that %RMSE and R? exhibit opposite trends with changes in RH values.
%RMSE shows a significant decreasing trend as RH values increase, dropping from 97% at RH48 to
49% at RH100. This decreasing trend is particularly pronounced in the RH48-RH75 range and
becomes more gradual after RH75, with %RMSE stabilizing at approximately 50% in the RH90-
RH100 range. Conversely, R? steadily increases with rising RH values, from 0.15 at RH48 to 0.53 at
RH100, with an accelerated growth rate particularly in the RH75-RH90 range, after which it plateaus.
At RH90, as %RMSE decreases to approximately 50%, R? reaches 0.51, indicating that this percentile
likely represents a critical characteristic of forest canopy structure in the study area. Based on these
findings, selecting high percentile metrics within the RH90-RH100 range has significant implications

for improving forest canopy height estimation accuracy.
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Figure 7. Influence of relative canopy height variations on canopy height estimation accuracy (%RMSE and R?).
4. Discussion

4.1. Uncertainty Analysis of Terrain and Canopy Height Estimations

This study investigates key factors influencing the accuracy of ICESat-2 terrain and canopy
height retrievals using data from Figures 5 and 6. The analysis employed the Huber loss
function[29,30], a robust metric that integrates characteristics of both Mean Square Error (MSE) and
Mean Absolute Error (MAE). This function mitigates the impact of extreme outliers prevalent in
complex forest canopies while retaining sensitivity to systematic estimation biases. As a normalized
metric independent of sample size, the Huber loss value facilitates direct comparisons of accuracy
across diverse datasets. The investigated factors include slope, vegetation cover type (e.g., deciduous
vs. coniferous), topographic complexity, environmental characteristics, and ICESat-2 laser
measurement beam types (e.g., strong vs. weak). Results demonstrate that uncertainties in terrain
and canopy height retrievals exhibit distinct patterns.

For terrain height retrieval (Figure 8a), among terrain and environmental characteristic variables
(Class 1) in the study area, slope exhibited the highest Huber loss value (approximately 0.6 m),
indicating that slope is the main factor affecting accuracy in terrain height retrieval. This finding
aligns with Tang et al.[31] and He et al.[32], who also identified slope as a key terrain parameter
constraining terrain height measurement accuracy. In comparison, the impacts of vegetation
coverage and terrain ruggedness were relatively minor, with Huber loss values below 0.4 m. Among
ICESat-2 laser measurement beam types (Class II), weak beams showed significantly higher
uncertainty than other beam types, with loss values reaching 1.6 m, which may be attributed to signal
scattering characteristics of weak beams under complex terrain conditions[16].

For canopy height retrieval (Figure 8b), overall Huber loss values were significantly higher than
those for terrain height retrieval. Among Class I factors, canopy height showed the most significant
impact, with a Huber loss value reaching 4.2 m, reflecting that the structural complexity of tall
vegetation itself is the main source of measurement uncertainty. The impact of other terrain and
environmental characteristic factors was relatively small, with Huber loss values generally
fluctuating between 3-4 m. Among Class II factors, weak beams similarly exhibited the highest
uncertainty (4.5 m), consistent with the trend observed in terrain height retrieval results. This result
indicates that although laser beam type affects measurement accuracy, the characteristics of the
canopy itself (especially canopy height) are the key factors determining estimation accuracy. Li et al.
[33] and Liu et al.[17] also emphasized this finding; through analysis of ICESat-2 data across various
vegetation types, they discovered a significant positive correlation between canopy height, vertical
structural complexity, and estimation errors, indicating that tall, structurally complex canopies
intrinsically present fundamental challenges to precise estimation.
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Figure 8. Accuracy analysis of ICESat-2 terrain and canopy height measurements using the Huber loss function:
(a) terrain elevation assessment and (b) canopy height assessment. Note: Group I represent terrain and

environmental characteristic variables in the study area; Group II represents ICESat-2 laser measurement beam

types.

4.2. Analysis of Factors Affecting Terrain Elevation Retrieval Accuracy

This study reveals the mechanism of environmental factors influencing LiDAR elevation
measurement accuracy through analyzing the distribution characteristics of terrain height residuals
(Figure 9) and root mean square errors (Figure 10). Results indicate that terrain relief is the most
significant factor affecting elevation measurement accuracy, followed by vegetation structural
characteristics. Unlike previous studies[34,35] that adopted slope filtering thresholds (>10°), this
study retains full slope data (0°-90°). Although this strategy increases the overall RMSE by
approximately 18.6%, it effectively avoids the assessment bias caused by terrain filtering in traditional
methods, systematically revealing the true performance boundaries of spaceborne photon LiDAR in
complex terrain areas and providing key benchmark references for elevation inversion in extreme
terrains such as mountains and canyons.

4.2.1. Analysis of Terrain Slope Effects

The distribution of residuals shown in the box plot (Figure 9) demonstrates that in areas with
slopes exceeding 20°, the range of residual distribution expands significantly, which is consistent
with findings by Liu et al.[17]. This is primarily because steep terrain increases the projected area of
laser signals on the ground while simultaneously enhancing multiple scattering effects due to
complex topography, both collectively reducing the accuracy of terrain feature extraction. Notably,
nighttime observation accuracy in flat areas significantly outperforms daytime measurements, which
is related to the interference of solar background radiation on signal-to-noise ratio. Daytime sunlight
increases background noise, reducing the capability to detect weak signals, whereas lower
background noise at night helps improve the sensitivity of signal detection thresholds[36]. Magruder
and Brunt[37] indicate that both point cloud density and accuracy of nighttime observations are
superior to daytime observations, especially in flat areas.

4.2.2. Analysis of Terrain Slope Effects

Canopy height exhibits a clear threshold effect on ICESat-2 terrain height measurement accuracy
(third row of Figure 10), with error rates increasing dramatically when canopy heights exceed 20 m.
This threshold phenomenon may be related to multiple scattering and energy attenuation of laser
signals caused by increased complexity of vegetation vertical structure. Tall forest canopies not only
increase the signal transmission path but also increase the probability of laser energy being
intercepted by vegetation components, reducing the proportion of effective signals reaching the
ground[15,16,38].
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The performance difference between ICESat-2's strong beam (high energy density) and weak
beam (low energy density) is significant: the strong beam outperforms the weak beam at various
canopy heights due to its higher energy and stronger vegetation penetration capability. This indicates
that laser pulse energy is a key factor determining the vegetation penetration capability of signals[39],
with higher energy density enabling strong beams to maintain higher ground return signal strength
in complex vegetation environments. This conclusion is also verified in the photon classification
results of ICESat-2 strong and weak beams in Figure 4, where strong beams maintain a higher
proportion of ground return signals after penetrating vegetation.

4.2.3. Analysis of Vegetation Coverage and Density Effects

Land cover classification and LAI analysis further confirm the relationship between vegetation
complexity and measurement errors. In areas with simple vegetation structure (such as grasslands
and shrublands), the RMSE values of daytime observations are below 1.5 meters, while in complex
vegetation areas (such as forests), RMSE values reach 3-4 meters. This difference can be attributed to
differences in vertical structure and changes in optical properties of different vegetation types, with
multi-layered canopy structures of forests increasing the complexity of laser signal scattering
paths[40].

Vegetation density and measurement accuracy exhibit a non-linear relationship: daytime and
nighttime observation RMSE values in areas without vegetation are 0.8 meters and 1.2 meters
respectively. Within the vegetation coverage range of 20-80%, both daytime and nighttime
observation RMSE are maintained at approximately 2.5 meters, indicating that observation time has
limited impact on measurement accuracy under moderate vegetation conditions. This non-linear
relationship reflects the complex modulation effect of vegetation on laser signals, with low-density
vegetation mainly weakening signals through scattering, while high-density vegetation may
completely block some signals from reaching the ground. LAI analysis shows that RMSE values
increase with increasing LAI and within the lower LAI range (2-3), this relationship is relatively
gradual, indicating that within a certain threshold, laser systems can still effectively compensate for
signal attenuation caused by vegetation.

4.2.4. Analysis of Day and Night Observation Differences

The accuracy advantage of ICESat-2 nighttime observations mainly stems from reduced solar
background radiation and decreased atmospheric turbulence; this advantage is particularly
significant in flat terrain and low vegetation areas. In flat terrain, due to simple topography, laser
signals experience less interference, and measurement accuracy is further optimized under nighttime
conditions. In low vegetation areas, since there is less obstruction of signals by vegetation, the signal-
to-noise ratio improves at night, further reducing errors.

Regarding solar background radiation, daytime sunlight increases background noise, reduces
signal-to-noise ratio, and impairs weak signal detection capability; at night, background noise is
significantly lower, facilitating improved detection of weak signals. Atmospheric scattering and solar
radiation have been confirmed as the main sources of background noise in ICESat-2 data; therefore,
algorithmic removal of background noise is a key step in data preprocessing[41]. Additionally, the
atmosphere is more stable at night with reduced turbulence, which may decrease laser beam
scattering and diffusion in the atmosphere, enhancing signal transmission efficiency. As Moudry et
al.[42] pointed out, nighttime atmospheric conditions are more conducive to laser signal
transmission. Although changes in vegetation physiological activity may have a slight impact,
considering that ICESat-2 uses green light (532 nm), its effect may be limited.
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Figure 10. Variations in the RMSE of ICESat-2 terrain height inversion under different environmental factors

and beam types.
4.3. Analysis of Factors Affecting Canopy Height Retrieval Accuracy

4.3.1. Analysis of Terrain Slope Effects

This study systematically reveals the influence of terrain and vegetation parameters on ICESat-
2 canopy height inversion errors through box plots in Figure 11 and scatter distributions in Figure 12.
As slope increases, the dispersion degree of error distribution significantly increases, with the median
showing an upward trend, particularly when the slope exceeds 30°, where the error dispersion
becomes more pronounced (Figure 11a). Scatter plot analysis confirms this trend and reveals that the
error growth rate and data dispersion of weak beams are both higher than those of strong beams (first
row of Figure 12).

This phenomenon stems from the synergistic effects of geometric distortion and signal
attenuation on inversion errors due to terrain slope. When slopes exceed the critical threshold of 30°,
the geometric projection area of laser footprints expands, resulting in decreased surface energy
density according to the Lambertian scattering model[43]. Simultaneously, micro-topographic
shadowing effects caused by terrain undulations are significantly intensified. Theoretical models
suggest that weak beams, due to their narrow pulse width (1.5 ns), are more sensitive to pulse
broadening caused by terrain, with their signal-to-noise ratio decreasing exponentially with
increasing slope (SNR o= cos20), resulting in greater error dispersion increases for weak beams
compared to strong beams. This phenomenon aligns closely with the cosine-squared dependence of
echo energy on incidence angle 0 in the LiDAR equation[44], revealing the fundamental physical
need to consider beam property differences during terrain correction processes.

4.3.2. Analysis of Vegetation Coverage and Leaf Area Index Effects

Vegetation coverage and LAI demonstrate common non-linear effects on ICESat-2 measurement
performance (Figure 11b, e), reflecting the impact of vegetation structural complexity on laser signal
propagation. This influence exhibits distinct bistable characteristics. In moderate vegetation density
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ranges (coverage 20%-60%, LAI 2-3), photon penetration probability and canopy stratification
structure achieve dynamic equilibrium, with system errors converging to a theoretical optimal range
of +1.5 m (consistent with the Poisson penetration model[45]).

However, under extreme conditions of low coverage (0%-20%) and low LAI (0-1) or high
coverage (80%-100%) and high LAI (greater than 4), residual fluctuations increase significantly.
Photon transport mechanisms undergo phase transitions under low/high density extreme conditions:
low-density areas experience waveform mixing due to multiple surface reflections; high-density
areas suffer ground signal loss due to photon attenuation effects according to Beer-Lambert
law[46,47]. Scatter analysis further reveals significant differences in this non-linear effect between
strong and weak beams, with weak beams exhibiting significantly increased error variability in areas
of high vegetation coverage and high LAI This is likely because high-density vegetation increases
laser signal scattering and absorption, creating complex echo patterns that increase the difficulty of
distinguishing between ground and canopy top returns.

4.3.3. Analysis of Canopy Height Effects

The effect of canopy height on retrieval accuracy is particularly pronounced. The box plot in
Figure 11(c) indicates that as canopy height increases, residuals not only show an overall upward
trend but are also accompanied by significant positive bias; specifically, when canopy height
increases from 0-5 m to >30 m, the average positive bias increases from 2.1 m to 7.8 m, while the
maximum residual value rises from 54 m to 30.5 m. The scatter plot in Figure 12 further
quantitatively confirms this trend, showing that RMSE reaches 8.6 m under high canopy (>30 m)
conditions, while it is only 4.8 m under low canopy (0-5 m) conditions.

This height-dependent bias is consistent with findings from Pang et al.[48]and Liu et al.[17];
however, the bias observed in this study for high canopies (>30 m) is more pronounced, possibly due
to higher vertical structural complexity within the study area. When canopy height exceeds 30 meters,
the probability of multiple scattering and delayed return of laser photons within the vegetation layer
increases significantly, causing delayed arrival times for some ground photons, resulting in positive
bias in height measurements. This phenomenon differs from the 'backward shift' in waveform
LiDAR, but manifests as a trailing effect in the spatial distribution of photons, thereby producing
systematic height overestimation.

Comparisons under day/night and strong/weak beam conditions (Figure 12) show significant
differences: the RMSE of nighttime measurements is on average 0.6 m lower than daytime
measurements, which may be attributed to more stable atmospheric conditions at night and reduced
background noise. Strong beams show lower MAE than weak beams across all height categories
(average reduction of 18.3%); however, in high canopies (>30 m), this advantage diminishes to only
9.7%, indicating the dominant effect of laser energy attenuation under high canopies.

4.3.4. Analysis of Vegetation Type Effects

Different vegetation types exhibit significant and systematic differences in ICESat-2 canopy
height retrieval accuracy. The box plot in Figure 11(d) clearly illustrates the trend in residual
distribution from low vegetation (shrubs, grasslands) to complex forest structures (mixed forests,
coniferous forests, broadleaf forests, and tropical rainforests). Quantitative analysis indicates that the
standard deviations of residuals for grassland and shrub areas are 1.8 m and 2.2 m respectively, while
those for mixed forests, coniferous forests, broadleaf forests, and tropical rainforests reach 5.1 m, 5.3
m, 5.4 m, and 6.7 m respectively, demonstrating a positive correlation between structural complexity
and measurement uncertainty.

The scatter plot in Figure 12 further reveals the differential effects of vegetation types under
various observational conditions. Tropical rainforest areas exhibit the highest RMSE values (reaching
9.7 m under weak beam conditions), while grassland areas show the lowest RMSE (only 2.3 m for
nighttime measurements). Notably, although coniferous and broadleaf forests in the study area have
similar average heights (23.7 m and 24.2 m respectively), the MAE value for coniferous forests (4.0
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m) is significantly lower than for broadleaf forests. This difference is attributed to the conical structure
of coniferous forests forming relatively regular "collimated transmission channels,” enabling more
photons to directly reach the ground and return. In contrast, the irregular leaf arrangement in
broadleaf forests leads to enhanced isotropic scattering, reducing the detection probability of ground
photons[49,50], particularly under weak beam conditions. The impact of these structural differences
on photon transport has been predicted in theoretical models[51], and this study provides empirical
support based on field-measured data.
(a) (b)

Canopy height residuals
I
|
I
Canopy height residuals(m)

. . . . . . sl ] . | ) ]
(08  (5-10]  (10-15] (15-20] (20-30]  >30 0 (0-20]  (2040] (4060 (60-80] (80-100]

Slope Vegetation Cover (%)

30 -

20

Canopy height residuals(m)
Canopy height residuals(m)

-
=
T
|
=
T

1 1 . . 1 5 . 1 L \ L 1
1 (0-5]  (S-10]  (10-20] (20-30]  >30 Shrub  Grasstand  Mixed Coniferous Broadleaf Tropical
Forest  Forest  Forest  Rainforest

Canopy height(m)
Vegetation cover types

Canopy height residuals(m)
|

L L L . L
(0-1] (1-2] 23] (3-4) >4
LAT

Figure 11. ICESat-2 canopy height residuals (relative to LiCHy lidar data) with varying environmental factors:
(a) slope, (b) vegetation cover percentage, (c) canopy height, (d) vegetation cover type, and (e) LAL
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Figure 12. Characteristics of error variations in ICESat-2 beams across different observation periods
(daytime/nighttime) and energy levels: Analysis based on parameters including terrain slope, vegetation
coverage, canopy height, vegetation type, and LAL

4.4. Multi-scale Collaborative Optimization Framework

For interactions between terrain slope and canopy vertical structure, constructing a terrain-
vegetation joint correction model is recommended in areas with slopes exceeding 25°, integrating
Lambertian scattering energy compensation and three-dimensional photon transport simulation.
Specifically, by dynamically adjusting the energy weight of weak beams based on the cosine square
of the incidence angle (cos?0), Sentinel-1 DEM data can be introduced to interpret micro-terrain
occlusion features, combined with Monte Carlo methods to quantify photon delay distribution
caused by multiple scattering.

In high canopy (>30 m) regions, nighttime strong beam data should serve as the benchmark
dataset, supplemented by GEDI waveform features (e.g.,, RH98) to constrain photon classification
thresholds, thereby reducing systematic overestimation errors in canopy height inversion.
Vegetation-specific processing requires establishing correspondence between structural complexity
and beam parameters. For coniferous forests, standardized photon penetration channel models can
be developed based on their collimated transmission characteristics, while broadleaf forests require
canopy top echo correction modules utilizing the Anisotropic Scattering Index (ASI).

For structurally complex vegetation such as tropical rainforests, integrating Sentinel-2 red-edge
bands with LAI time-series data is recommended to dynamically correct Beer-Lambert attenuation
coefficients through leaf optical property inversion. This approach, coupled with Transformer-based
deep learning models, effectively separates mixed echo signals. In high coverage areas (>80%),
ground signal loss can be mitigated through joint constraint mechanisms incorporating both photon
flight time and spatial distribution parameters.

Observation mode optimization is equally important. For terrain and canopy height inversions,
nighttime strong beam data should be prioritized. In complex areas with slopes exceeding 30° and
canopy heights above 30 m, spatiotemporal collaborative observations between ICESat-2 and
airborne LiDAR are recommended, using stratified control point registration to suppress systematic
errors. Additionally, joint error models incorporating terrain slope and canopy height parameters can
quantify error accumulation effects under complex terrain conditions.

5. Conclusions

Based on the latest version of ICESat-2 ATL03 data combined with high-precision LiCHy
airborne LiDAR products, this study performed systematic validation and uncertainty analysis of
terrain and canopy height retrieval performance under complex terrain and diverse vegetation
conditions. The main conclusions are as follows:

(1) ICESat-2 demonstrates excellent terrain elevation retrieval capability under complex terrain
conditions (R2=1.00, RMSE = 0.91 m).
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(2) Strong beams maintain higher accuracy and stability across all time periods, while weak
beams are significantly affected by solar background noise during daytime observations, resulting in
substantially increased errors.

(3) Terrain slope is the primary source of error in terrain height retrieval accuracy, with RMSE
exhibiting a linear increasing trend with slope, confirming it as the key topographic parameter
constraining measurement accuracy.

(4) For forest canopy height estimation, ICESat-2 demonstrates moderate accuracy (R? = 0.53,
RMSE = 6.45 m) with systematic underestimation (mean bias = -1.19 m), with strong beams and
nighttime data yielding relatively higher precision.

(5) Higher Relative Height (RH) values effectively enhance the reliability of canopy height
estimation, with %RMSE decreasing and R? values increasing with higher RH metrics.

(6) Canopy height itself is the critical factor affecting estimation accuracy (Huber loss value 4.2
m), with measurement errors increasing with canopy height.

(7) Canopy height measurement performance is non-linearly regulated by vegetation coverage
and LAI, with optimal performance under moderate vegetation density and significantly increased
errors under extreme density conditions.

(8) Vegetation type significantly influences height retrieval accuracy, with stable errors in
grassland and shrub areas contrasting with significantly increased variability in forest areas.

(9) Weak beams exhibit particular vulnerability under complex environmental conditions,
indicating limited application potential in challenging terrain and vegetation scenarios.

Although this study comprehensively evaluated the performance of ICESat-2 under complex
terrain and vegetation conditions, several limitations exist: the validation dataset primarily focuses
on the Yunnan mountainous forest area (19.6 km?), and applicability to ecosystems such as tropical
rainforests and boreal taiga forests requires further verification; a 1-2 year temporal difference
between LiCHy and ICESat-2 data may introduce errors due to phenological changes; and the
interference of atmospheric turbulence and cloud scattering on photon positioning has not been
quantified.

Given the extended orbital lifetime of the ATLAS system (exceeding design lifetime by 200%),
future research recommendations include: expanding validation to characteristic regions such as the
Qinghai-Tibet Plateau and Amazon Basin; integrating GEDI and Sentinel-1 data to develop multi-
scale inversion models; creating deep learning-based canopy-terrain photon separation algorithms to
enhance performance in high-density vegetation areas; and establishing an Asian mountainous forest
long-term observation network that coordinates satellite-airborne-ground multi-source data,
promoting the paradigm shift of lidar remote sensing from "static inversion" to "process coupling,"
providing technical support for earth system science and carbon neutrality goals.
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