O Sylvera

KA:ISS_LAS

Biomass dynamics underpinned
by Multi-Scale Lidar

TECHNICAL REPORT

INCENTIVISING INVESTMENT IN REAL CLIMATE ACTION




summary

Models are only as good as the reference data used to train them. Sylvera’s forest
Biomass Atlas distinguishes itself through the use of industry-leading, scientifically
validated reference datasets collected using multi-scale LIDAR (MSL) methods
described in peer-reviewed literature. These reference data encompass more than
250,000 hectares of forests worldwide, representing an investment exceeding USD
10 million in data acquisition and processing

Sylvera’s Biomass Atlas product provides spatially and temporally explicit estimates

of forest aboveground biomass density, canopy height, and its uncertainty at 30
metre resolution on an annual cadence (2000 to 2025).
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Biomass Atlas
Change log

v2.0 May 2026 Documentation updated in line with a
new version of Biomass Atlas

v1.0 November 2025 | Original documentation / first release
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Biomass Atlas

Key acronyms in this report

AGBD Aboveground biomass density (Mg ha™)
MSL Multi-scale lidar
CH Canopy height (meters)

GEDI Global Ecosystem Dynamics Investigation Lidar sensor
TLS Terrestrial laser scanning

UAV-LS Unoccupied aerial vehicle laser scanning

ALS Airborne laser scanning

QSM Quantitative structural models
ML Machine learning

VCM Voluntary carbon market

ARD Analysis ready data

PFT Plant Functional Type
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Biomass Atlas 2.0

What's new in version 2.0?

- New Landsat 5,7,8,9 ARD data
- Switched from annual Landsat median composites to green period leaf-on Landsat
composites
- Dramatic improvements in areas with strong seasonality
- Improved regional modelling more closely aligned with vegetation based on:
- WWF realms derived from Resolve Ecoregions 2017
- Plant functional types (PFT) derived from MODIS (MCDI12Q1.061)
- Spatial model blending to remove discontinuities at the borders between regional models
- Fuzzy membership approach
- New pixel level QA layers on:
- Number of cloud-free observations for the given year
- Median observation julian date for the given year
- Percent (%) MSL model contribution
- Start and end day of the green period used to produce Landsat composites
- New regional above-ground biomass models:
- North America deciduous broadleaf model based on MSL data
- North America needleleaf model based on external ALS datasets
- Africa evergreen broadleaf model combining MSL and external ALS datasets
- South Asia evergreen broadleaf model based on external ALS datasets
- South Asia deciduous broadleaf model based on external ALS datasets
- South America deciduous broadleaf model based on corrected GEDI labels as in Bullock et al
(2023)
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https://developers.google.com/earth-engine/datasets/catalog/RESOLVE_ECOREGIONS_2017
https://developers.google.com/earth-engine/datasets/catalog/MODIS_061_MCD12Q1
https://iopscience.iop.org/article/10.1088/1748-9326/acdf03
https://iopscience.iop.org/article/10.1088/1748-9326/acdf03

Biomass Atlas

Product specification

Sylvera’s Biomass Atlas provides spatially explicit maps of Above-Ground Biomass Density and Canopy

Height with an annual cadence.

Above-Ground Biomass Density (AGBD) is defined as the aboveground standing dry mass of live woody
vegetation (trees and shrubs). Reference AGBD values are primarily derived from Sylvera’s proprietary
Multi-Scale LIDAR (MSL) technology, to generate a continuous global dataset with annual coverage, these
MSL data are statistically upscaled in space and time using model features extracted from Analysis-Ready
Data (ARD) from the Landsat constellation (5, 7, 8, 9) and topographic variables. Where MSL data is
currently unavailable, AGBD reference values are derived instead from GEDI L4A LiDAR footprints or from

externally sourced ALS-biomass transects.

Canopy Height (CH) represents the relative height at the 95th percentile of woody vegetation, expressed in

meters. CH reference values for model training are derived from GEDI L2A LIDAR footprints .

The dataset has global coverage with annual observations from the year 2000 onwards. For each pixel a

value of AGBD (Mg ha™) along its uncertainty in the form of + standard error is provided.

Spatially explicit Aboveground Biomass density (AGBD) and Canopy Height (CH) raster products

AGBD (Mg/ha) AGBD error (Mg/ha)
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https://www.nature.com/articles/s43247-024-01448-x
https://daac.ornl.gov/GEDI/guides/GEDI_L4A_AGB_Density_V2_1.html
https://daac.ornl.gov/GEDI/guides/GEDI_L4A_AGB_Density_V2_1.html

Biomass Atlas
Multi-scale lidar: Reference data from the field

Traditional forest mensuration methods provide the current foundations of carbon accounting, whether it
be at project or jurisdictional scales, and are particularly well-suited to area-based accounting
approaches. However, it can be argued that these methods are not fit-for-purpose for training Earth
observation models owing to both their small scale and poor georeferencing. Additionally, these methods
rely on allometric models. Allometries are simple models that relate easily measured variables such as
stem diameter and tree height to tree biomass, built using opportunistic samples of destructive harvested
trees. Such samples are often biased towards very small trees, since they are relatively easy to harvest and

weigh, resulting in models that can produce biased and misleading AGBD estimates (Burt et al., 2020).

To overcome these issues, Sylvera has pioneered the collection of allometric-free Multi-Scale Lidar (MSL)
data to obtain credible, traceable and highly accurate landscape-level estimates of AGBD. MSL is a

peer-reviewed method (Demol et al. 2024) consisting of 3D-explicit modelling of individual tree biomass

from terrestrial laser scanning (TLS) data at plot scale. These estimates are then upscaled with UAV-based
laser scanning (UAV-LS) or airborne laser scanning (ALS) to cover tens of thousands of hectares. MSL can
estimate AGBD of trees with a 3% error and is unbiased compared to destructive measurements, while

allometric estimates are usually biased (Demol et al, 2022), with differences up to 15% (Burt et al, 2021) or

even 30% (Calders et al, 2015; Gonzalez de Tanago et al, 2018).

TLS UAV-LS ALS

MSL method
showing TLS,
UAV-LS and ALS
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https://www.frontiersin.org/journals/forests-and-global-change/articles/10.3389/ffgc.2020.00012/full
https://www.nature.com/articles/s43247-024-01448-x
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2041-210X.13906
https://royalsocietypublishing.org/doi/10.1098/rsos.201458
https://besjournals.onlinelibrary.wiley.com/doi/abs/10.1111/2041-210X.12301
https://besjournals.onlinelibrary.wiley.com/doi/abs/10.1111/2041-210X.12904

Biomass Atlas
Multi-scale lidar: Reference data from the field

Data collection

MSL involves collecting lidar data from multiple platforms coincidently, i.e., over the same area and within a
timeframe that assumes negligible changes in forest composition (typically less than a few months). At the
smallest scale, ground plots are delineated for both TLS and conventional forest inventory measurements.
These ground plots can then be covered by UAV-LS or ALS. The number, size, and location of ground plots
are chosen to capture the variation in forest state, succession, structure and taxonomy across the region of
interest (ROI).

Conventional forest inventory data are collected in 1 ha plots following the RAINFOR protocol (Almeida et al,
2021), and cover every tree in the plot with a stem diameter of at least 10 cm. Measurements of each tree
include: coordinates within the plot, taxonomic identity determined by a trained botanist, stem diameter,
and point of measurement of stem diameter. Trees with diameter at breast height < 10 cm are excluded

from data collection. TLS data are collected following established protocol (Wilkes et al, 2017) and the CEOS

Aboveground Woody Biomass Product Validation Good Practices Protocol (Duncanson et al 2021).

In an effort to cover all relevant regions and biomes, MSL data has been collected in the different locations
across the globe. You can find the most updated list (as of May 2026) in the usage notes section at the end
of this document. The map below illustrates the current coverage of MSL, ALS, and GEDI calibrated Biomass

Atlas models

Model type

I Sylvera MSL

[ Sylvera MSL ongoing missions

[ 3rd party peer-reviewed ALS 5
GEDI el e LU
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https://forestplots.net/upload/ManualsEnglish/RAINFOR_field_manual_EN.pdf
https://forestplots.net/upload/ManualsEnglish/RAINFOR_field_manual_EN.pdf
https://www.sciencedirect.com/science/article/pii/S003442571730189X?via%3Dihub
https://lpvs.gsfc.nasa.gov/PDF/CEOS_WGCV_LPV_Biomass_Protocol_2021_V1.0.pdf

Biomass Atlas

Multi-scale lidar: Reference data from the field

Data processing and

modelling

TLS data are segmented into single-tree point clouds and modelled into 3D explicit volumes representing
the tree’s shape, known as Quantitative Structural Models (QSMs). QSMs are converted to AGBD estimates
using a wood density value retrieved from taxonomic attribution, falling back to the basal-area-weighted
average wood density of the plot. Forest structural metrics are extracted from UAV-LS or ALS point clouds,
including: digital terrain and canopy height models, relative height distributions, tree fractional cover,
canopy height rugosity, fixed and variable gap fraction, canopy closure, canopy ratio, z-entropy, skewness

and kurtosis (McNicol et al, 2021) and novel voxel-based metrics describing the 3D distribution of woody

plant material (Whelan et al, 2023).

TLS-derived gridded estimates of AGBD are obtained by constructing a georeferenced 10 m-resolution
grid across each plot, decomposing each QSM into its constituent segments and allocating volume to
respective cells. To predict AGBD at the larger scales (UAV-LS or ALS), we supply these TLS training data to
an extreme gradient boosting machine learning (ML) model using the spatially coincident airborne forest

structure metrics as predictor variables.

Uncertainty quantification

Uncertainty in MSL-derived AGBD estimates arises from the underlying point clouds themselves,
quantitative structural modelling, wood density estimation, and the ML-based upscaling process.
Uncertainty in tree-level AGBD estimates is calibrated against destructively measured AGBD values, using a

sample of 65 trees compiled from the literature (Burt et al., 2018; Lau et al. 2019; Gonzalez de Tanago et al.,

2018) and proprietary harvest data collected by Sylvera. Model uncertainty introduced by the upscaling
process is calibrated using a spatial cross-validation approach which compares upscaled AGBD estimates

to their TLS-derived counterparts.
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https://doi.org/10.1111/2041-210X.13121
https://doi.org/10.1016/j.foreco.2019.02.019
https://doi.org/10.1111/2041-210X.12904
https://doi.org/10.1111/2041-210X.12904
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JG006586
https://www.sciencedirect.com/science/article/abs/pii/S0034425722004680?via%3Dihub

Biomass Atlas
Methods

Modelling framework

Our Earth Observation (EO) AGBD modeling framework employs a spatial jackknife / k-fold cross-validation

approach, consistent with established methods (Rodriguez-Veiga et al, 2025 ; Rodriguez-Veiga et al., 2021).

This robust framework is specifically designed to achieve three objectives: i) ensure a spatially robust,
unbiased, and transferable model; ii) facilitate the estimation of confidence intervals for aggregated areas,

such as projects and jurisdictions (McRoberts et al., 2022); and iii) yield cross-validation metrics that are

not confounded by spatial correlation (Ploton et al., 2020).

The overall AGBD modeling process is executed in a two-step approach:
e  Step l: Canopy Height modeling performed at the realm level.

e  Step 2: Above-Ground Biomass Density (CH-to-AGBD) modeling performed at the regional level.

Regional Modelling

Our framework employs regional-level modeling rather than a single global model. This approach
significantly increases local accuracy by specifically adjusting estimations to reflect the characteristic
properties of the regional vegetation. The stratification is achieved through a hierarchical combination of
realms and plant functional type (PFT) groups. This combined stratification informs our two-step process:

we train realm models for canopy height, and PFT-specific models for Above-Ground Biomass Density.

Plant Funtional
Types (PFT)
I EBT

[ EDT

B ENT

[ lesw

Each realm (lines) include the following PFT groups: Evergreen Broadleaf Trees (EBT), Evergreen
Deciduous Trees (EDT), Evergreen Needleleaf Trees (ENT), and Grasslands/Shrublands/Woodland
(Gsw)
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https://www.nature.com/articles/s41598-025-27462-3
https://ceos.org/gst/africa-biomass.html
https://www.sciencedirect.com/science/article/abs/pii/S0034425722001420
https://www.nature.com/articles/s41467-020-18321-y

Biomass Atlas
Methods

Canopy Height

The CH modeling utilizes neural networks trained on GEDI L2A canopy height footprint labels. The models
are based on features derived from annual Landsat constellation composites (sensors 5, 7, 8, 9) and
topographic data. For each region quality-filtered GEDI footprint labels from a selection of randomly

distributed 1°x 1° tiles are organized into k spatial clusters, and used to train an ensemble of k models.

Canopy height temporal
model fitting

Satellite optical imagery from the Landsat constellation introduces data consistency and quality
challenges arising from factors such as cloud cover, seasonality, topography, illumination, sensor
calibration, and limited pre-2013 availability. Consequently, the unprocessed CH product can contain

significant noise and data gaps.

To mitigate these issues, we implemented a pixel-level temporal model-fitting approach. The time-series
data are used to fit several statistical models at the pixel level: i) a constant model (representing temporal
stability), i) a linear model (representing constant change), iii) a B-spline model (representing gradual
changes and dynamic forests), and iv) change-point models (representing faster changes such as
deforestation). The optimal model for each pixel is then selected based on the Akaike's Information
Criterion (AIC).

Canopy height temporal model-fitting to
ensure gap-filling and minimizing
temporal variance
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Biomass Atlas
Methods

Aboveground Biomass

Our AGBD modelling uses the PFT-specific regions. This consists of CH-to-AGBD non-linear regression
models derived from the relationship between premium MSL AGBD data (or standard GEDI AGBD L4A /
ALS-AGBD datq, in the absence of MSL), and our 30 m x 30 m CH predictions over the same area. We apply

the PFT-specific models spatially and temporally over our CH product to derive the final AGBD time series

product.

Spatially and temporally explicit Aboveground Biomass stock derived from time-series data
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Uncertainty quantification

We perform a robust quantification of the uncertainty as explained in McRoberts et al.,, (2022). At pixel level
we provide the residual variance in the form of standard error. The residual variance includes the
uncertainty from our CH and AGBD reference data (MSL, ALS, and GEDI), and from our modelling steps (incl.

CH and AGBD modelling, and the temporal modelling fitting procedure).

© Sylvera Ltd 2025. Not for redistribution.
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Biomass Atlas

Data quality and validation

Validations

To validate our AGBD estimations across various spatial scales, we utilized independent (MSL & ALS)
validation sites located in Central America, South America, North America, South Asia, Africa, and Australia.
We used several validation sites covering a total area of approximately 87k ha (>6 million reference pixels).
These sites were entirely excluded from the model training process. At our minimum mapping area of 0.09
ha (one pixel), the results show that predictions can be considered unbiased (average bias -0.5%), and the
relative error at this scale averages at 39% (ranging from 20% to 64%).

While pixel-level accuracy is important, the project-level accuracy of biomass estimates is ultimately the
most critical metric for carbon accounting. Projects are specifically designed to reduce net emissions,
enhance carbon stocks, or increase net removals to issue credits based on the aggregate change in
biomass within the project boundary. We therefore also analyze our errors across different spatial scales.
Our predictive model demonstrates a scale-dependent reduction in average error. At site level our relative
errors average at 16%.
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Biomass Atlas

Usage notes

The Biomass Atlas regional models are generally considered highly representative of the geographic and
temporal conditions to which they are applied, including necessary geographic and temporal
extrapolations. This foundational strength provides robust estimates of AGBD and CH. However, to ensure
the highest quality interpretation and maximize the utility of these models, users should be mindful of
potential variability in accuracy related to specific geographic regions, model types, and vegetation
characteristics.

Key considerations and limitations
The following scenarios require particular attention to ensure the most reliable results:

e Plantations and non-native vegetation: Our AGBD models are optimized for natural vegetation
within their respective regions. For vegetation types that deviate significantly, such as monoculture
plantations of exotic fast-growing species, users may find the CH product to be a more accurate
and robust metric than the AGBD product.

e Regions exhibiting strong seasonality: our reference datasets (GEDI, ALS and MSL) are acquired
under leaf-on conditions. Strong seasonality can introduce effects in Landsat composites,
particularly in earlier years with fewer acquisitions. This may lead to data anomalies (e.g,
inaccurate predicted AGBD) or data gaps. Areas with deciduous forest cover are the most prone to
these effects.

e Areas with specific GEDI data constraints: Users should note the scarcity of GEDI data for model
calibration over northern latitudes (boreal forests). Additionally, the GEDI L4A product's AGBD
estimations may be less accurate in certain dry forest and savanna regions (as noted by Bullock et
al 2023). Careful corroboration with local data is advised in these specific zones.

e Mangrove ecosystems with significant tidal patterns: Similar to seasonality, pronounced tidal effects
can influence Landsat composites, potentially resulting in inaccuracies.

e Estimates outside forest: The models are specifically trained to estimate CH and AGBD for areas with
a minimum tree canopy height (greater than 3 meters). Estimates for areas below this threshold,
such as grasslands, croplands, low density agroforestry systems, or early-stage plantations, should
be treated as potentially less reliable or informative

Other considerations:

e Residual data anomalies: While the mapping process is rigorous, the final products may contain
minor residual artifacts or data gaps, often resulting from cloud contamination, strong seasonality,
model transitions, topographic influences, or banding issues related to the Landsat 7 SLC-off sensor
problem. Please refer to the QA layers for any analysis.

e Our advanced temporal model-fitting approach is highly effective at filing data gaps and
significantly reducing temporal noise. However, in rare instances, this method may introduce minor
spatial or temporal nuances, such as slight temporal lags or premature change detections

e Temporal extrapolation is conservatively managed by assigning the temporally closest valid CH
value. For instance, if a pixel's first valid observation is in 2005, earlier years are filled using this 2005
value

e  Signal saturation: In alignment with all satellite-derived AGBD methods, a saturation of the remote
sensing signal is an anticipated factor at very high AGBD levels (as discussed in Rodriguez-Veiga et
al, 2019). The precise saturation threshold is biome-specific, depending on the regional training
samples, topography, and forest type.
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Biomass Atlas

Usage notes

List of MSL campaigns (as of May 2026)

Region Location Representative vegetation Coverage (ha) Status
Africa Gilé NP, Mozambique Tropical dry forest & savanna, 50,000 Ready
deciduous broadleaf, and
Grasslands/Shrublands/Woodland
Africa Ipassa-Makokou Biosphere | Tropical moist forest, evergreen 700 Ready
Reserve, Gabon broadleaf
Africa Adenam Community Tropical moist forest, evergreen 1,150 Ready
Forest, Cameroon broadleaf
Oceania [ SE Asia | Queensland, Australia Tropical moist forest, evergreen 65,000 Ready
broadleaf
North America VirginiG/West—Virginio Temperate broadleaf, deciduous 10,000 Ready
broadleaf
North America Adirondacks Temperate mixed, deciduous 40,000 Ready
broadleaf, and evergreen
needleleaf
South America Tambopata NP, Peru Tropical moist forest, evergreen 50,000 Ready
broadleaf
South America Chiquibul Forest Reserve, Tropical moist forest, evergreen 4,000 Ready
Belize broadleaf
South America Amazon forest, Acre, Brazil Tropical moist forest, evergreen 50,000 Ongoing
broadleaf
South America Atlantic forest, Brazil Tropical moist forest, evergreen 50,000 Scheduled
broadleaf, and deciduous
broadleaf
Europe United Kingdom Temperate mixed & coniferous, 50,000 Ongoing
evergreen broadleaf, deciduous
broadleaf, and evergreen
needleleaf, and
Grasslands/Shrublands/Woodland
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Disclaimer

Sylvera Limited and its offiliates (together, “Sylvera”) provide software, data, reports, tools and analytics products in
relation to the monitoring and analysis of terrestrial carbon (including by reference to other data) (together, “Data
Products”).

Data Products are not statements of current or historical fact, investment or financial advice, endorsements or
criticisms of any project, nor recommendations to take or not take a particular action by Sylvera or its directors,
employees, contractors, agents or shareholders (collectively, the “Sylvera Parties”).

Each a user (a “User”) will, with due care, make its own study and evaluation of a project before taking any decisions or
actions and will take any investment decision solely at its own risk, and nothing provided by the Sylvera Parties should
be a substitute for the exercise of independent judgement, skill and expertise by a User. Equally, each User is
responsible for the conclusions that it draws from any use of the Data Products, and acknowledges that, by providing
the Data Products, Sylvera is not expressing any judgement or opinion, nor providing investment, financial or any other
advice.

Sylvera adopts all reasonable measures to ensure the information that it relies upon or makes available is of sufficient
quality and from sources that Sylvera considers to be reliable and/or independent. Notwithstanding, Sylvera cannot
independently verify or validate all of the information used or made available. As a result of the possibility of human,
technical and/or other error, all information is provided on an “as is” basis without representation or warranty of any
kind, express or implied by the Sylvera Parties. Each User agrees that no oral or written information given by Sylvera
Parties in respect of its Data Products shall constitute a representation or a warranty. The Sylvera Parties make no
guarantee of accuracy, completeness, timeliness, or availability. THE SYLVERA PARTIES EXPRESSLY DISCLAIM ANY AND ALL
EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, ANY WARRANTIES OF MERCHANTABILITY OR FITNESS FOR
A PARTICULAR PURPOSE OR USE, FREEDOM FROM BUGS, SOFTWARE ERRORS OR DEFECTS, THAT THE DATA PRODUCTS'
FUNCTIONING WILL BE UNINTERRUPTED OR THAT THE DATA PRODUCTS WILL OPERATE WITH ANY SOFTWARE OR HARDWARE
CONFIGURATION. In no event shall a Sylvera Party be liable to any party for any direct, indirect, incidental, exemplary,
compensatory, punitive, special or consequential damages, costs, expenses, legal fees, or losses (including, without
limitation, lost income or lost profits and opportunity costs or losses caused by negligence) in connection with any use
of the Data Products even if advised of the possibility of such damages.

Data Products may include inaccuracies or typographical errors, and there may be times when Data Products are
unavailable. Sylvera has no obligation to keep Data Products updated, but Sylvera may make modifications and/or
changes to Data Products at any time, for any reason, and the User assumes the sole risk of making use of / relying on
any Data Products. The Sylvera Parties shall not be responsible for any errors or omissions (negligent or otherwise) in
any Data Products.

Data Products are not intended for use by any person as a benchmark, as that term is defined for regulatory purposes,
and must not be used in a way that could result in them being considered a benchmark except with Sylvera’s express
written agreement. In particular, Data Products are not intended, and should not be used to, provide advice or
recommendations, or influence any decision in respect of, any specified investment (as that term is defined in The
Financial Services and Markets Act 2000 (Regulated Activities) Order 2001).

Sylvera has not consented to being named an “expert” or any similar designation under applicable securities laws.

Sylvera may receive compensation for its Data Products, normally from purchasers of carbon credits or market
operators. Sylvera reserves the right to disseminate its data and analyses.

This document is confidential to and solely for use by the recipient.] All information contained herein is protected by
law and is the exclusive property of Sylvera and its licensors.
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