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Summary

This dataset provides global, wall-to-wall estimates of the Waveform Structural Complexity Index (WSCI) at 25-meter spatial resolution with 3-monthly
temporal frequency from 2015 to 2022. The product advances the sparse footprint-level GEDI L4C product by using deep learning to fuse spaceborne
lidar observations with multi-sensor Synthetic Aperture Radar (SAR) data, producing spatially continuous estimates of forest structural complexity. The
dataset employed an adapted EfficientNet version 2 architecture that integrates Sentinel-1 C-band, ALOS-2 PALSAR-2 L-band SAR mosaics, and
Copernicus Digital Elevation Model data. Each 25-meter pixel contains the mean WSCI estimate along with quantified uncertainties (aleatoric and
epistemic standard deviations) and data quality indicators. Model training utilized approximately 133 million GEDI footprints collected within the operational
domain (51.6 degrees N to 51.6 degrees S) from April 2019 to December 2022, with predictions extending both temporally (2015-2022) and spatially
(beyond GEDI's latitude limits) through the fusion approach.

There are 470,414 data files in cloud-optimized GeoTIFF format in this dataset.
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Figure 1. Example subset of mean (left) and uncertainty (right) estimates of Waveform Structural Complexity Index (WSCI) from the GEDI L4C Fusion
product over the Eastern Amazon between July and September 2022.
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1. Dataset Overview

The GEDI L4C Fusion product transforms the sparse sampling pattern of GEDI's footprint-level WSCI estimates (De Conto et al., 2024) into wall-to-wall
maps through a multi-sensor fusion approach. WSCI quantifies the three-dimensional structural complexity of forest canopies, serving as a critical indicator
of ecosystem functioning, biodiversity, and carbon dynamics (De Conto et al., 2024; Liu et al., 2022, 2024).

The fusion methodology addresses the fundamental limitation of GEDI's orbital sampling pattern, which creates spatial gaps between beam transects
spaced approximately 600 meters apart. By leveraging the complementary strengths of lidar and radar remote sensing, this product provides consistent
structural complexity estimates across Earth's land surface, including regions beyond GEDI's observational limits and time periods predating the mission's
2019 operational start.
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The modeling framework employed 1x1-km spatial tiles sampled at 3-month intervals, matching the temporal aggregation of Sentinel-1 data while
maintaining the 25-meter spatial resolution consistent with GEDI's footprint size. This approach ensures that predictions are directly comparable to both
the source GEDI L4C WSCI estimates and independent airborne laser scanning measurements of 3D canopy entropy.

Project: Global Ecosystem Dynamics Investigation (GEDI)

The Global Ecosystem Dynamics Investigation (GEDI) produces high resolution laser ranging observations of the 3D structure of the Earth. GEDI's
precise measurements of forest canopy height, canopy vertical structure, and surface elevation greatly advance our ability to characterize important
carbon and water cycling processes, biodiversity, and habitat. GEDI was funded as a NASA Earth Ventures Instrument (EVI) mission. It was launched to
the International Space Station in December 2018 and completed initial orbit checkout in April 2019.
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2. Data Characteristics

Spatial Coverage: Global

Spatial Resolution: 25 m

Temporal Coverage: 2015-01-01 to 2023-03-01
Temporal Resolution: 3 month

Study Area: Latitude and longitude are given in decimal degrees

Site Westernmost Easternmost Northernmost Southernmost
Longitude Longitude Latitude Latitude
Global -177.70 178.70 75.11 -56.00

Data File Information
There are 470,414 data files in cloud-optimized GeoTIFF (COG) format (.tif) in this dataset.
The files are named GEDI _L4C_WSCI_FUSION_<SSSWWWW>_<NNNEEEE>_<YYYYMMDD>_<YYYYMMDD->.tif, where:

« GEDI L4C_WSCI_FUSION = product short name representing GEDI Level 4C Fusion data,
o« <SSSWWWW-> = lower left geographical limits (southwest corner),
« <NNNEEEE> = upper right geographical limits (northeast corner),
« <YYYYMMDD-> = date range represented in the file:
o First occurence: first day considered for SAR acquisitions (SAR dates on or after YYYYMMDD)
o Second occurence: day after the last day considered for SAR acquisitions (SAR dates before YYYYMMDD)

Example file name: GEDI_L4C_WSCI_FUSION_0ON051W_01N050W_20220701_20221001..tif
GeoTIFF characteristics

« Coordinate system: geographic coordinates using WGS 84 datum (EPSG: 4326)
« Four bands (see Table 1).
« Spatial resolution: 0.000225 degree (~25 m)

Table 1: WSCI Fusion product image layers.

Band number | Description
1 Mean WSCI estimate at 25 m resolution
2 Aleatoric standard deviation estimate (data uncertainty)
3 Epistemic standard deviation estimate (model uncertainty)
4 Fraction of valid input data (non-missing pixels across all SAR datasets)

3. Application and Derivation

The GEDI L4C footprint product provides estimates of 3D structural complexity at a near-global scale, but its sparse sampling pattern limits spatial
continuity for local-scale applications (De Conto et al., 2024; Dubayah et al., 2020). This fusion product overcomes this limitation by establishing empirical
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relationships between GEDI-derived WSCI and coincident SAR backscatter patterns within 1x1-km spatial contexts.

The deep learning architecture learns complex, non-linear associations between multi-frequency SAR responses and lidar-derived structural complexity.
This enables the model to interpolate WSCI values in areas between GEDI tracks and extrapolate to regions and time periods beyond GEDI's direct
observations. The approach facilitates: continuous monitoring of canopy structural complexity at local to global scales; temporal change detection spanning
2015-2022, extending beyond GEDI's operational period; assessment of structural complexity in high-latitude forests (>51.6°) outside GEDI's coverage;
and direct validation using airborne or terrestrial laser scanning systems. The fusion predictions maintain consistency with both GEDI L4C WSCI estimates
and independent 3D canopy entropy measurements from airborne lidar, ensuring scientific continuity across data sources.

4. Quality Assessment

Model validation employed a spatial partitioning strategy to ensure geographical transferability. The training dataset of approximately 5 million 1x1-km
image chips was divided into ~80x80-km blocks, with 80% used for training and 20% reserved for independent validation. This approach controls
overfitting and tests the model's ability to generalize to unseen geographical locations.

Performance evaluation utilized multiple assessment strategies:

GEDI validation: Standard regression metrics (RMSE, bias, R2) computed against withheld GEDI samples at ecoregion scales across all temporal periods
(April 2019 - December 2022).

Airborne lidar validation: Independent assessment using high-quality airborne lidar reference data from:

« National Ecological Observatory Network (NEON) sites across the United States (NEON, 2024)
« Estimativa de Biomassa para a Amazonia (EBA) transects in the Brazilian Amazon (Ometto et al., 2023a, 2023b)
« Uncertainty quantification: The model generates calibrated uncertainty estimates through:
o Aleatoric uncertainty: capturing inherent data variability and observational noise
o Epistemic uncertainty: quantifying model confidence through Monte Carlo dropout and ensemble predictions across overlapping spatial
windows

The fraction of valid input data (Band 4, Table 1) provides users with transparency regarding prediction reliability, with values below 1.0 indicating reliance
on spatial context for gap-filling.

5. Data Acquisition, Materials, and Methods
The fusion product integrates three primary data sources with complementary characteristics:
GEDI L4C Footprint Product

The Global Ecosystem Dynamics Investigation mission, launched December 5, 2018, operates from the International Space Station using three lasers that
produce eight beam ground transects. Each beam samples ~25 m diameter footprints every 60 m along-track, with ~600 m cross-track spacing creating a
4.2 km swath width (Dubayah et al., 2020). The L4C product provides WSCI estimates at the footprint level derived from machine learning models relating
GEDI Level 2A relative height (RH) metrics (Dubayah et al., 2021a) to airborne lidar measurements of 3D canopy entropy (De Conto et al., 2024; Liu et al.,
2022). Models were trained separately for four plant functional types: deciduous broadleaf trees, evergreen broadleaf trees, evergreen needleleaf trees,
and combined grasslands/shrubs/woodlands (De Conta et al., 2024).

Multi-sensor SAR Stack

1. Sentinel-1 (Mullissa et al., 2021): C-band (5.4 GHz) VV/VH polarization backscatter and ellipsoidal incidence angle, aggregated quarterly to match
the 3-month temporal resolution.

2. ALOS-2 PALSAR-2 (Shimada et al., 2014): L-band (1.3 GHz) HH/HV polarization backscatter and ground incidence angle from annual mosaics,
providing deeper canopy penetration.

3. Copernicus DEM (European Space Agency and Airbus, 2022): Digital elevation model derived from TanDEM-X interferometric SAR, providing
topographic context.

All SAR products were projected and resampled to 25-meter resolution using bilinear interpolation to match GEDI's footprint size.
Deep Learning Architecture

The adapted EfficientNetV2 architecture (Tan and Le, 2021) simultaneously predicts mean WSCI and associated uncertainties through dual output heads
and ensemble predictions. The model employs: input dimensions: 40x40 pixels (1x1 km at 25-m resolution) x multimodal SAR channels; dual output
heads for mean and aleatoric uncertainty estimation; Monte Carlo dropout and spatial ensemble averaging for epistemic uncertainty quantification; and
training on ~133 million GEDI footprints from April 2019 to December 2022.

Permanent water bodies were masked using the ESA WorldCover product (Zanaga et al., 2022). Predictions extend globally, including latitudes beyond
GEDI's 51.6° limits, wherever SAR data coverage exists. Data gaps may occur in regions or time periods with missing Sentinel-1 or PALSAR
observations.

6. Data Access

These data are available through the Oak Ridge National Laboratory (ORNL) Distributed Active Archive Center (DAAC).
GEDI L4C Global Waveform Structural Complexity Index (WSCI) Fusion Product, Version 2

Contact for Data Center Access Information:

« E-mail: uso@daac.ornl.gov
« Telephone: +1 (865) 241-3952
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