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Present at ion OUt 1 ine Quantification - three approaches*
e Short introduction of FCM project Modell On-ground Remote
odelling measurements sensing

* EO based forest mapping ———

- Examples and achieved accuracies

*) From draft proposal

 Data assimilation
« Combining process-based modelling with EO-based mapping

* Integration of field sampling and EO-based mapping

« Model-assisted estimation
* Multi-step sampling schemes

e Conclusions
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FCM toolset

S2 compositing S1 compositing 51 pre-processing

. Pre-processed datasets Pre- and post change images
Self-service at

1 Forestry TEP:
f-tep.com Forest structure mapping tools

[ BIOMASAR tool Change detection tool

Probability k-NN UNet BIOMASAR AutoChange

soon [ncluded in the

2 NoR portfolio: _ _
hor-diecover.or

Example products: height, diameter, basal area, volume, biomass, etc., Outputs: volume, above Outputs: change magnitude,
. depending on the available reference data. ground biomass, below change type and biomass
EXpert service ground biomass. decrease mask.
thrqugh FCM' Ecosystem
project website modelling PREBAS

Biomass, growth and carbon flux products

Example products: above ground biomass, below ground biomass, stem
volume increment, net ecosystem exchange, etc.
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https://f-tep.com/
https://f-tep.com/
https://f-tep.com/
https://nor-discover.org/
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https://nor-discover.org/

Use case Demonstration types 4 N
° Local
demonstrations %
2
NIBIO LUI% Colombia
Primary EO data: 3 e Finland
Sentinel-1 and Sentinel-2 @Tropical Norway \ﬂsouthpole% y
e N
Coverage:
From private company Ireland
forests to European wide SERFOR
. DC Peru
mapping eereTe 6
Outputs: Austria
Over 100 products delivered to Galicia o 5 N /

users. Example product viewing  Wence Cl‘ :
Catalonia

. Romania
and downloading at:
portal.forestcarbonplatform.orq/ 0 S
Extremadura
%E}ef Centre de la Propietat
_ A REPIOL Forestal
Fundacion
[Sylvestris
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https://portal.forestcarbonplatform.org/

-~
UNet for forest mapping

Application over “target” forest area

. . Pretraining over “source” site “Blind” prediction Prediction after
 Models trained with over target-site finetuning

Airborne Laser . .
Scanning (ALS) 2S‘Sentlnel-z only | ) Sentlnel-2350nly

‘ RMiE;;,: /// RMSE = 6.84 RMSE = 4.55
datasets 16.0°) ooE 24.0°E ooE 32.0°E " 20_‘ /// 320 RZ = 0.245' 01 p2 _ 0,667
« Model transfer with P \*; ot
. . 68.0°N £ 4 'g * § o 2 .“oo.
limited number of i w  §w - Railaiie | 5 L
= 2 :o %, e®% g e o 2 °
field plots , = R GERPPRS TR SRR s O :
% 5 0 ®» 2 = . o ’ e ¥
« Improves accuracy — w M T W A vk
64.0°N M S_ E o o reference forest height, m reference forest height, m
compared to e 2 M
' : R':084 # MS-EO: Sentinel-2, Sentinel-1, ALOS-2 PALSAR-2, TanDEM-X
tradition machine 5 o : .
learning methods | s -5 e - 1=
oN % 525 Es . ': .t.o.:"
 Clearreductionin | £ e ven| B , 2Rl
H g sabes? g . R
saturation effect ole Lk o
’ sm'cvcm:gkxust‘r\soighl, "?;o * E o ).:. .-: . ..-; ) Em * % s .
5 : ..- ‘. 5 ﬂ. =
Ge et al- (2023) Deep |eal'ning mOdeIS With tranSfer Iearning in ’ ’ * refenenlc:‘e forest :::gnk.m = * ® ’ ’ ° refertnlcf:a foresthz«:s_zht.l'nz5 * ?

boreal forest mapping using multi-source satellite SAR/InNSAR and
optical images, Remote Sensing15: 5152. DOI: 10.3390/rs15215152
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UNet for Catalonia and Andorra Error metrics

Temporal transfer

Reference
Map

UNet-model to 24 L

—

training

Split into Folds )(5

IliiD

Sentinel-2

t | 2 d Training Fold Test Fold
mosaic 2016 entinel-z an g S R,
Approach: & field plots 2024 = X4 = "x1
e ScatterPIo}
Geographic transfer ‘ 3| L
o to Andorra
'ALS based ' ‘
maps 2016 ] ;
Sentinel-2 and “ .. Catalonia .
field plots 2022 | .. T e
Results: i

4 y
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Spectral recovery tool

Designed for monitoring early tree growth
Developed in ESA PEOPLE-ER project by UBC W ERITISH coLumBia

INDEX
VALUE

Available also in the Forestry TEP platform

Website: https://www.people-er.info/

Codes: https://github.com/PEOPLE-ER/spectral-recovery
Webinar: https://youtu.be/2pGToi2kirM

SPECTRAL
RECOVERY

RESTORATION
INTERVENTION Per-pixel NBR trend monitoring
| REFERENCE
|
..................... o QIR NER
|
<= 0.25
| ]
|
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|
| 0.50 - 1.00
|
|
|
|

& Hotfield

BC| THE UNIVERSITY OF \EO/

Ecosystem Restoration

Landscape level monitoring
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https://www.people-er.info/
https://www.people-er.info/
https://www.people-er.info/
https://github.com/PEOPLE-ER/spectral-recovery
https://github.com/PEOPLE-ER/spectral-recovery
https://github.com/PEOPLE-ER/spectral-recovery
https://github.com/PEOPLE-ER/spectral-recovery
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Accuracy (RMSE % of mean)*

EO based mapping accuracy EOdatasets  Tradional ML Deep learning

Overview of the 13 use case 50-80%  30-40%
. Volume (m3/ha) 2019 vs. 2020
demonstrations: 200
« Bias typically < 5% of the mean 250 Sentinel-2 only 20-60%  20-40%
. 200
* Plot level RMSE typically 20-60% o
f R 1% Sentinel-2 +
OoT meéan 100 Sentinel-1 or 20-60% 20-40%
- Inter-year consistency heavily s0 PALSARZ
dependent on remotely sensed 0 . Sentinel-2 +
imagery and/or availability of S 20-50%  15-25%
annual calibration data Year-to-year consistency for Volume coherence

* Typical plot level accuracy range

in Galicia at stand level. ) )
between variables and sites.

4 N

EO based maps:
* Provide detailed spatial
distribution, but...
* Are not suitable (alone) for legal or
financial quantification purposes

Annual time series of volume estimation in Romania
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Data Assimilation

Remote
sensing

Modelling

~ Combine
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Data assimilation

Basic idea:

« Combines process-based modelling with EO-based mapping

« Enables creation of consistent time series of EO-based forest resource maps, improves
prediction accuracy and fills no-data gaps.

Data assimilation flow chart
Example from Norway:

1. PREBAS model 2017 2019 2021 2023
calibrated with NFI data EO EO EO EO

2. EO-based maps 2017- AC I 1ac | ac
2023 as input oA oA DA

3. Data assimilation with P P
PREBAS and maps v L mod sim | /mod sim l /mod sim l !

4. Accuracy evaluated PREBAS PREBAS PREBAS Forest
with NFI plots initialization initialization initialization variables

Minunno, F., Miettinen, J., Tian, X., Hame, T., Holder, J., Koivu, K. and Makel3, A. (2025) Data assimilation of forest status using
Sentinel-2 data and a process-based model. Agricultural and Forest Meteorology 363: 110436. DOI: 10.1016/j.agrformet.2025.110436
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Creates consistency to
pixel/plot level
predictions:
 Year-to-year changes at

pixel/plot level predictions
follow realistic trends

Reduces
uncertainty:

« Particularly bias
reduced

« RMSE constantly
smaller with DA
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Data assimilation
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Data assimilation Improves consistency and removes no-data
areas:
« Note particularly 2021-2023 transition

Satellite based prediction 2023 0- Height (m)-27 Data Assimilation 2023
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Integration of ground measurements
and EO-based mapping

On-ground Remote

measurements Sensing

_‘
Foxest Caxbon
Monitoring




Model-assisted estimation
- integration of EO data into existing approaches

Implementation:
1. EO-based forest map - synthetic estimate (pixel counting) o e
- no uncertainty for estimates X
. Ve % b
2. NFl plots (direct estimate) used to calculate correction »L Je,Sor Trondelag

factor and determine model assisted estimates
3. Outcome: Improved estimates with uncertainty metrics

Synthetic estimate Correction factor Model assisted estimate

Volume (m?/ha)

160
140
= 120

100

Forest Carbon NIBIO
Mon-,,to-r-bng NORWEGIAN INSTITUTE OF
BIOECONOMY RESEARCH




Model-assisted estimation

Comparison of Estimates per County for V
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/‘I. Forest/land cover mapping \

3. Visual interpretation

(7 classes)

data (1554 plots)

<

[ + NICFI Planet
Two-step samplin . . &5 o
- Sentinel-2 Land/forest Thr«?e-strata_) Im.plementatlo_n of + Copernicus
o pALSAR_z cover mapping sampling design visual sampling 30 m DEM
+ Colombia + Bing imagery
LC map Outputs
Land/forest Designing visual . : .
o v Visual interpretation _ | Process |
QA/QC

Statistical framework for deriving

confidence intervals for AGB estimates

« Example of a multi-step approach

« Demonstrated in REDD+ context in the
Colombia use case

\_

f 2. Field measurements

4. Calculations

Field reference
data (44 plots)

Designing field

' sampling
Implementation of

field sampling

« Project
shapefiles

« Local

knowledge

Calculation of
results

Monitoring
strata

o

Biomass statistics per forest/land cover class (field campaign)

Biomass by

Class-wise Land/forest
biomass map confusion monitoring
\ with CI matrices strata with ClI /

Class X: s n  tp-1(0.05) CI (90%) Bootstrap ClI (90%)

Deriving results with Forest 3029 1181 14 1.8 {2469, 358.8) | { 2529, 352.1}
statistical inference Flooded forest | 2892 156.1 1 1.8 {2039, 3745}| {2019, 3665}
Tall secondary | 2165 784 11 18 {1736, 2593} | { 1795, 254.3)

@ Riparian forest | 3176 625 10 18 {2813, 353.8) | { 288.0, 348.1}

Monitoring strata
(for demo purposes)

Biomass estimates for monitoring strata

4 N

[ PA-Low-Dry L4
:::me::lin)ry Strata Biomass (Mt) 90% uncertainty (Mt) Refe re n ce m ea S u re m e nts L]
e towwer PA-Low-Dry 660.2 527.1-779.2 .
sl N i - Always needed for uncertainty
-Low-Dry
B L& Med-0ry PA-High-Dry 70.7 55.9-84.1 . .
E%Z'ﬁ PA-Low-Wet 202 17.7-22.8 estimation ! but...
LKB-Med-Wet
g PA-Med-Wet 303 27.2-335 .
e Tessera sl R PA-High-Wet 56.9 52.6.65.3  Type may vary (field, TLS, ALS...)
(t%/ha) (%ha) (90%) LKB-Low-Dry 335.9 268.3-396.4 .
Forest/land Lot oew| 19 02 | (106 179 LKB-Med-Dry T 14982218 « Multi-step procedures can be used
CS)VG-I’ ) Tall secondary 1.1 0.10 { 095 1.26) LKB-High-Dry 60.2 47 6-71.7 . o O
Sl S o e | Y ek LKB-Low-Wet 75 6.8-8.1 k to Improve effi ciency /
Water 0.09 0.01 { 0.07, 0.11} LKB-Med-Wet 15 13.5-16.6
No dat 0.90 0.28 { 044, 137} o
R?Ea:i:n forest 10.00 0.44 { 927, 1073} e — BAlih
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.~ e N,
Con C 1 us ions Quantification - three approaches*

 EO based approaches have essential On-grounolt Remote
capabilities that cannot be overlooked (EESAICIENES sensing

* Frequency, scalability, transparency, price,
historical backlog, etc. *) From draft proposal

Modelling

— —

* For legal and financial reporting, needs to be combined with other
approaches

- Data assimilation with process-based modelling:
o Temporal consistency
o Improved accuracy
o Filling no-data areas

« Integration with field and other sampling schemes:
o Model-assisted estimation or other approaches to combine with field-based monitoring
o Multi-step statistical approaches for improved efficiency and improved confidence intervals

Forest Carbon
Monitoring
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More information at:
https://www.forestcarbonplatform.or

Follow us in LinkedIn:

https://www.linkedin.com/company/forest-carbon-monitorin

https://portal.forestcarbonplatform.or

Example products at: u
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