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Introduction

This document summarises the recommen-

dations of the MARVIC consortium regard-

ing minimum requirements and recom-

mendation for the use of level 2 and level

3 models' in MRV systems for agricultural

carbon removal projects, and related uncer-

tainty estimation throughout the MRV mod-

elling structure.

Key definitions related to modelling

Modelling workflow: all the steps re-
quired for preparing and running one
or more models to produce model pre-
dictions. This includes input data cu-
ration, model configuration and para-
metrization, initialisation, spin-up, and
post-processing.

Operational processing chain (OPC): au-
tomated workflow that combines a spe-

cific modelling workflow (including the
combination of multiple models) with
specific data layers input to generate
predictions and automate their outputs,
ideally in a standardised way.

Project modelling: running an OPC for a
Project over a specific Project area, un-
der specific farming conditions, and us-
ing relevant data layers (i.e. using an MRV
tool across one or multiple farms).

MRV modelling structure: in an MRV sys-
tem, sequence of actions that are direct-
ly linked to running a model (or multiple
models) using a modelling workflow, as
shown in Figure 1.

'1SOC changes can be assessed with models of varying levels of complexity. Level 1 refers to simple ‘empirical’ models; Level 2,
to ‘soil’ models (e.g. Roth-C, C-tool, ICBM, Yasso); and Level 3 to ‘ecosystem’ models (e.g. DAISY, LandscapeDNDC, APSIM), with
model complexity and data demand increasing from Levels 1to 3 (FAO 2019).
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Managing the MRV modelling structure in a carbon
certification framework such as the CRCF
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SOC and other model
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time in the project area, as
well as in standardized
locations representative of
EU’s pedoclimatic and
farming conditions.

This data is used to
independently assess the

can be used for project
modelling.

dataset iteratively.

Calibration/validation
reporting are standardised.

accuracy of project
estimations and to true-up
model
calibration/validation.

Modified from Lavallee et al. (2024).

Figure 1. Overview of the MRV modelling structure involving the use of process-based models to calculate
GHG reduction and removal, highlighting the development actions under the responsibility of research
institutes and of private entities. Actions in grey require running a model using a modelling workflow.

The models and modelling workflows used
for soil carbon quantification must be scien-
tifically robust, which implies that they are
calibrated, validated, and verified within
their domain of validity. This complex pro-
cess requires a high degree of scientific
expertise to be carried out adequately, and
most end-users of carbon certification fra-
meworks (i.e. project developers) do not
have such necessary expertise. Thus, we
propose to separate the roles and responsi-
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bilities of research entities and project de-
velopers within the CRCF framework in two
stages:

1. Public research bodies (e.g., national re-
search institutes) are responsible for the
process of calibrating, validating, and ve-
rifying GHG emission reduction and re-
moval models and modelling workflows
in their domain of validity (i.e. model do-
main). This work could be reviewed by an
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independent scientific committee. It is
important that a process of continuous
improvement of the models, based on
new data availability and research pro-
gress is ensured. It is also recommended
that a network of well-monitored ben-
chmark sites is established to indepen-
dently validate the OPCs used in Project
modelling by project developers. To su-
pport this process, MARVIC will propose
in a future note how networks of bench-
mark sites could be used for model im-
provement (i.e. model parametrization,
calibration, and validation) and for inde-
pendent verification of the OPCs.

2. The validated models from stage 1 could
be used by public or private project de-
velopers in their MRV activities, e.g., by
automating them and integrating them
in digital tools for use during Project mo-
delling. Private actors are also respon-
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sible for part of the verification process
through the monitoring over time of their
Project Area. The digital end-user tools
can be connected to e.g., CAP data, the
FMIS (i.e. farm management systems
used by the farmers), or lab data. We re-
commend that the automation process
should follow common formatting stan-
dards for data input and model output
reporting to ensure replicability of GHG
emission reduction and removal results
and comparability among MRV tools. To
support this process, MARVIC will explo-
re the applicability of existing standards
to MRV systems.

This process will ensure that end users will
utilise carbon MRV tools that are running
models parameterized, validated and docu-
mented by a trusted (public) third party, whi-
le demonstrating that they are using such
models within their domain of validity.

The use of models in MRV systems: pitfalls and
recommendations for strengthening uncertainties

reporting

The use of process-based models/OPCs in
an MRV system to estimate SOC stock chan-
ge and/or GHG emissions change following
changes in agricultural practices follows a
sequence of actions, which are described in
Figure 1. Although these broad steps are ge-
nerally consistent across different approa-
ches, due to the current lack of standardised
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guidelines on the methodology to perform
each of these actions, these can each be
conducted in different ways. These incom-
patibilities hinder the replicability and reu-
sability of model outputs, creating devia-
tions within the same project over time, and
drastically reducing the comparability of di-
fferent MRV systems. Importantly, they also
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introduce the risk of MRV developers and
users making strategic choices to maximise
carbon crediting outcomes (i.e. “gaming”).
Standardised requirements for how models
are used, documented and tested would in-
crease the transparency and replicability of
MRV systems and would help towards buil-
ding public trust in carbon farming markets.

This brief focuses on minimum require-
ments and recommendations for the use of
level 2 and level 3 models? in MRV systems
for agricultural carbon removal projects,
and related uncertainty estimation throu-
ghout the MRV modelling structure. We
have reviewed existing standards and make
reference to Verra methodologies (Verra
VMDO0O053, 2023 and Verra VM0042, 2024),
and to recommendations from Lavallee et
al. (2024). For each of the actions in the MRV
modelling structure outlined in Figure 1, we
briefly summarise existing requirements in
Verra certification methodology which can
be considered the minimum requirements
to adhere to current certification standards
(i.e. “Verra requirements”), provide our ad-
ditional recommendations towards more
robust and transparent guidelines (i.e. “Ad-
ditional recommendations”), and highlight
key research aspects that are still needed to
inform our additional recommendations (i.e.
“Future work?”).
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Our main recommendations can be sum-
marised in the following four points:

1. Encourage the recognition of publicly
available, well documented, and suffi-
ciently calibrated and validated models
that can be used by project developers.
Models should have a well-defined do-
main of validity based on standardised
definitions of pedoclimatic conditions
and of farming practices.

2. The MRV modelling structure should be
standardised where possible to increase
transparency, comparability, and replica-
bility of MRV systems. This means develo-
ping standards in model/OPC selections,
model domain of validity definitions, mo-
delling workflows, and input and output
reporting.

3. Models and modelling workflows should
be continuously updated with new data
acquired during the Project verification
phase of the MRV modelling structure.
This will ensure that over time the model
domain of validity will become more spe-
cific, covering the majority of pedoclima-
tic conditions and farming practices in
Europe and increasing accuracy in GHG
emission reduction and removal predic-
tions.

2S0C changes can be assessed with models of varying levels of complexity. Level 1 refers to simple ‘empirical’ models; Level 2,
to ‘soil’ models (e.g. Roth-C, C-tool, ICBM, Yasso); and Level 3 to ‘ecosystem’ models (e.g. DAISY, LandscapeDNDC, APSIM), with
model complexity and data demand increasing from Levels 1to 3 (FAO 2019).
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4. Establish, together with Member States,
a network of well-monitored benchmark
sites for independent verification of the
OPCs used by project developers. This
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could substitute, to some extent, project
by project verification and would result in
reduced costs and increased transparency.

1. Choice of model and modelling workflow

Each model introduces different uncertain-
ties to SOC stock estimation based on the
model structure and input data require-
ments. The choice of model and modelling
workflow for an MRV system is steered by
the availability and resolution of data in the
project area, the capacity to model different
farming practices, the availability of model
expert users, and the required level of ac-
curacy at the scale of application. Currently
there is no standardised approach for se-
lecting models based on these considera-
tions.

Any change to the structure, default input
data, configuration, or parameters of a mod-
el can result in differences in the model out-
puts. Thus, model versions must be unique-
ly identified via version control to ensure
reproducibility of results. For a given set of
input data, configuration and parameters,
any copy of the model reporting the same
model and modelling workflow version on
the same domain must always produce the
same model output.

VERRA requirements (VMDOQQ53):

= Provide traceable record of source code,
standard parameters, and default input
data needed to reproduce a given model
output.

= Models must be version controlled and
publicly available.

Additional recommendations:

= Model choice should be justified using
standardised procedure, such as a deci-
sion tree (see forthcoming ORCASA De-
liverable 4.2 early 2025).

Future work needed:

= Develop a standardised approach for the
choice of model/OPC. MARVIC will pro-
pose decision trees as part of T3.1 and
T3.3.
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2. Model testing and continuous improvement of model

domain

Once a model has been chosen, it can be
tested in a new area of application to assess
if the model can successfully represent local
conditions in its simulation, using the data
that is available in the project, at the resolu-
tionthatis available within the project. Mod-
el testing covers all the aspects of modelling
workflow, as it means running the model
using the project input data and assessing
its performance via uncertainty analysis. If
the performance is poor, the model should
be calibrated to better represent the pro-
ject domain. If the performance is good, the
model can be used in the MRV system as it is.
Recommendations for how to conduct the
modelling workflow of model testing (i.e.
initialisation, uncertainty analysis, standard-
isation of reporting for input and outputs)
are covered in the Model Calibration and
Validation section below. One key aspect of
model testing is the standardisation of the
definition of the project domain, which war-
rants specific recommendations.

Model domain: The combination of environ-
mental and agricultural conditions that can
be represented by a model is called domain.
In the context of carbon farming, a model
domain is defined as:

land use x pedoclimatic conditions x carbon

farming practice
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Under arable land use, as different crops and
crop rotations introduce an additional level
of complexity in the model parametrization,
the model domain is defined by an addition-
al factor as:

(arable land use) x pedoclimatic conditions x

carbon farming practice x crop type

Each MRV project is required by current cer-
tification standards to declare the unique
combinations of land use, pedoclimatic
conditions, and carbon farming practices
(and crop types, in an arable setting) that are
found within the project area. Evaluating the
performance of the model in the local con-
text of the project ensures that the project
falls within the model domain (i.e. the mod-
el can adequately represent the local pro-
ject conditions). However, there is currently
no standardised definition of the different
components of model domain (see Group-
ing of domain definitions).

Grouping of domain definitions: Because
of the high number of combinations of fac-
tors denoting a domain, a certain degree of
simplification and grouping inevitably must
occur when defining a model domain. For
example, similar carbon farming practices
or similar crop types are usually grouped
together (e.g. cereals, root crops etc), as
it is unrealistic to aim to a complete rep-
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resentation of individual farming practices
and their combinations across the bench-
marking sites needed to calibrate the mod-
els. There is currently no standardised defi-
nition of these groups, nor of combination
of groups, and this variability of definitions
can introduce the possibility of gaming and
render different MRV systems incomparable.
We recommend that these grouping defi-
nitions should be standardised in a worka-
ble and context specific way (e.g. set at the
Member State level to reflect local farming
conditions that can be implemented at the
project scale). Continuous improvement of
the models with new data for model cali-
bration and validation will ensure that these
domains of validity will improve over time,
and standardisation of the domain group-
ing definitions will ensure that different MRV
systems will be comparable over time.

VERRA requirements (VMDQQ53):

» Project must list climate zones (defini-
tions from IPCC, 2019), project soils (tex-
ture class from FAO 2015), and crop func-
tional groups.

Additional recommendations:

= Standardise pedoclimate definitions: list
climatic groups more specific to Europe
(e.g. Environmental Zones of Europe),
soil groups including soil type groups
(e.g. FAO soil type classification, national
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classification).

= Standardise farming practices defini-
tions: list acceptable groupings of car-
bon farming practices, list acceptable
crop type groups.

Future work needed:

= Standardise crop type groups.

= Standardise carbon farming practices
groups.

= How to report model and project domain
in a standardised way. MARVIC will ex-
plore relevant standardisation approach-
es, such as the Ecological Forecasting
Initiative (EFI) standards (Dietze et al.,
2023).
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3. Model calibration and validation

Although amodel can be used successfullyin
a specific domain, a reliable performance in
a different combination of pedoclimate and
carbon farming practices is not guaranteed,
due to the variability and heterogeneity of
soil and crop systems in agricultural land-
scapes at different scales. If model testing
shows poor model performance in the pro-
ject domain, the model does not adequately
represent the project local conditions and
should thus be calibrated and validated with
additional data that represents such condi-
tions.

Initialisation: Initialization refers to the pro-
cess of setting up a model in its initial state
before it is used. In MRV context this often
involves estimating not only the total soil
carbon pool size but also its partitioning into
different SOC pools with different sensitivi-
ty to decomposition. Proper initialization
ensures that the model starts in a predicta-
ble and valid state and thus it minimizes er-
rors and potential instabilities during simu-
lations.

Calibration: Calibration is the process of
constraining model parameters using meas-
ured data. Model calibration can be conduct-
ed following different methods, and current
guidelines do not prescribe a specific meth-
odology, leaving room for innovative ap-
proaches. Models typically represent inter-
linked processes with different parameters
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affecting the interconnected parts of the
model. Hence, using only one data stream
in calibration may degrade model’s overall
predictive capacity if some of the intercon-
nected parameters are not well constrained.
Using multiple constraints (i.e. multi-data
streams on different parameters and pro-
cesses such as carbon, water, phenology,
energy, nitrogen) for calibration enhances
the robustness and accuracy of the mod-
el by providing diverse and complementary
information further reducing uncertainty in
parameter estimation. As many model pa-
rameters are non-measurable and must be
estimated indirectly, adopting probabilistic
approaches, such as Bayesian approach-
es, should be encouraged when informing
model parameters and performing model
calibration.

Validation: Once a model has been calibrat-
ed over a domain, its performance can be
assessed against a set of independent data,
a process known as validation. Critically, the
same exact model version, configurationand
model parametrization should be used dur-
ing the calibration and the validation stage.

Transparency of calibration/validation
data: The ability to calibrate and validate a
model within a specific project domainis al-
ways limited by the availability of field data
tovalidate model predictions within that do-
main. This type of data typically comes from
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long term experiments and/or monitoring
networks and is often sparse across pedo-
climatic conditions and farming practices,
rendering access to data the main barrier
to the calibration of models across the EU.
There must be full transparency regarding
the description of the data used for calibra-
tion and validation and existing protocols
require a full description of such datasets.

Uncertainty analysis (UA) and sensitivity

analysis (SA):

=  UA quantifies the uncertainty in model
predictions (i.e., the model prediction er-
ror) from the distance between observed
values and simulated values.

= SA is usually performed following UA,
and its aim is to attribute proportions
of the uncertainty of the model output
to different sources, such as input data,
parameters, model structure, and resolu-
tion.

To address UA and SA systematically: (1) the
sources of uncertainty, which may be spe-
cific to the land use and model level consid-
ered, must be identified, quantified, and pri-
oritised in a SA; and (2) these results should
be properly reported. The method employed
to conduct UA and SA can also lead to bi-
ased results. Specifically, “local” SA meth-
odologies are commonly recommended for
the evaluation of SOC models results (e.qg.
FAO, 2019), but they are inadequate in the
presence of non-linear relationships or in-
teractions between the variables consid-
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ered, leading to biased SA results. “Global”
SA approaches should be recommended by
the CRCF.

VERRA requirements (VMDOQOOQO53):

Calibration and validation methodology:

= Calibration and validation data must be
demonstrably independent either by be-
ing two separate datasets with no over-
lap of research locations, or by a statisti-
cal process such as cross-validation.

= Justification for splitting experimental
datain calibration and validation dataset.

= Parameter sets used when validating the
model must be the same as those used
when the model is applied to simulate
baselines and project practices.

Calibration:

= Documentation of all internal model pa-
rameter sets and justification for any var-
iation within the project area.

= Detailed reporting of datasets used for
validation is expected only upon request
of the certification body.

Validation:

= Detailed reporting of datasets used for
validation.

= Assessment of bias for each practice cat-
egory using pooled measurement uncer-
tainty (PMU).

= Model prediction error for changes in
SOC, N,O, NH, (where relevant) with a
minimum coverage of 90% for 90% pre-



diction intervals on independent data
(i.e., the 90%prediction intervals should
contain the measured value for at least
90% of the validation data).

Additional recommendations

Initialisation:

Where applicable, model initialisation
methodology should be reported and
justified, such as duration of initialisation
period, calibration of specific parame-
ters, and initial distribution of pools.

Calibrating slow acting carbon parame-
ters and not just fast ones that are affect-
ing photosynthesis/respiration/phenolo-

gy.

Calibration and validation methodology:

Details on the input datasets used should
always be reported in a standardised way,
including the source and the resolution
of all the datasets.

Input data and model outputs should be
versioned with unique identifiers.
Calibration and validation datasets
should be made publicly available.

Use global sensitivity analysis methods

instead of local ones.

Calibration:

Using multiple constraints (i.e. multi-da-
ta streams on different parameters and
processes such as carbon, water, phenol-
ogy, energy, nitrogen) for calibration.

Detailed justification when calibrating
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against derived datasets (e.g. remote
sensing based), as the assumptions in
derivation and in the model might differ.
Encourage Bayesian calibration and rec-
ommend prior and posterior predictive
checks to assess the validity of distribu-
tional assumptions before and after cali-
bration.

Validation:

Encourage independent validation, as
cross-validation does not guarantee in-
dependence of calibration and valida-
tion datasets. However, given the limited
availability of calibration and validation
data under different pedoclimatic con-
ditions and farming practices across Eu-
rope, it is likely that cross-validation will
still have to be used.

Model performance threshold for eval-
uating model performance should be
standardised.

Define the list of sources of uncertainty
for each model level that should be con-
sidered in uncertainty analysis so that no
relevant sources can be omitted.
Reporting of model uncertainty from
the list of uncertainty sources should be
standardised.

Future work

Standardise the
calibration and validation procedure,

reporting of model

used data streams, parameter sets and
outputs. MARVIC will explore relevant
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standardisation approaches, such as the
EFl standards (Dietze et al., 2023), which
cover model outputs but could be ex-
panded to model inputs and parametri-
zation (T3.2 and T3.3).

= Provide recommendations for the list of
uncertainty sources for each modellevel.
MARVIC will propose standardised lists
(T3.4).

= Definition of good and poor perfor-
mance: define indicator metrics and
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their thresholds of evaluation. MARVIC
will propose indicator metric lists and
thresholds of evaluation (T3.2 and T3.4)

=  Proposeguidelines how to move on when
no good calibration or validation data
sets are available in the region yet for a
given model domain.

= Define the minimum dataset size for
cross-validation. This
scope of MARVIC.

is beyond the

4. Automation of input data and model outputs

When running an OPC over a project, auto-
mation is important as it facilitates repro-
ducibility and transparency of the modelling
workflow in a cost-effective way. Automa-
tion can concern both input data and model
outputs. The automation of input data con-
cerns any external data needed to run the
model, in any format, such as farmer activity
data, remote sensing layers, and soil/climate
data coming from external data sources.
Model outputs reporting is standardized to
reduce user uncertainty and ensure prove-
nance tracking. Currently, there are no es-
tablished guidelines on how to conduct au-
tomation of model inputs and outputs.
There are no current requirements for trans-
parent and standardised automation of
OPCs.

Additional recommendations:

= Automated workflows should be publicly
available, and version controlled.
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5. Project modelling and project-level uncertainty

estimation

Once a model has been shown to be valid
within a certaindomain of applicationandits
data input and output have been automated
inan OPC, it can be used at the project-level
in an MRV digital tool to predict GHG emis-
sion reductions and removals following car-
bon farming practices. Once project loca-
tions have been modelled individually (e.g.
for each field) to obtain predicted changes
from baseline practices, they must be com-
bined (i.e. scaled-up) to obtain the overall
GHG mitigation predictions of the project
(e.g.for the group fields of a farm or group of
farms in the project). Scaling-up introduces
additional uncertainty as only a proportion
of the total project area can be measured/
modelled (e.g. field SOC stock is estimat-
ed from a limited number of soil samples).
Scaling error, measurement error, and model
prediction error must be combined in a pro-
cess called ‘uncertainty propagation’ (or er-
ror propagation) to determine the precision
of GHG emission reduction predictions for
the project.

Error propagation through the OPC involves
all the components of uncertainty propaga-
tion through the modelling workflow (see
above), plus the scaling errors. Therefore,
it is essential to keep the entire modelling
workflow protocol (e.g. model version, in-
put preprocessing, initialization, parameter
sets) consistent with the validation proce-
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dure to ensure propagated project errors
will be compatible with what was demon-
strated before.

OPC-level errors have a strong spatial com-
ponent, and they should be assumed to have
spatial dependence unless there is evidence
otherwise. Scaling uncertainty should not
only concern spatial uncertainty, but also
temporal uncertainty, as model prediction
errors tend to increase in time (i.e. over the
duration of the project and beyond). This is
currently an aspect that is not covered by
guidelines.

Verra requirements (VM0O042, Section 8.6.1):

= Scaling error, measurement error, and
model prediction error are assessed sep-
arately for each SOC pool/GHG flux and
combined via
= Analytical calculation of error propa-
gation: estimated errors are combined
to provide an estimate of the total var-
iance of the mean GHG. Assumption
that model errors are uncorrelated with
the input data and there is no spatial
autocorrelation among samples.
= Monte Carlo simulation: uses Bayesian
methods to better addresses spatial
dependencies in underlying data and
skewed error distributions (e.g. Gu-
rung, et al.,, 2020). Suggest between
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500 and 1000 simulations.

Additional recommendations:

=  Keep the project workflow consistent, as
for validation actions described above.

= Rather than assuming complete inde-
pendence, investigate spatial autocorre-
lation of model errors.

= If spatial correlation of errors is diag-
nosed, correlated errors must be ac-
counted for in calculations.

= Provide plots of error versus time to as-
sess and substantiate the nature of the
relationship between model prediction
error and time.

6. Verification

The accuracy of the OPC should be evaluat-
ed over time in a carbon farming project to
ensure accuracy in the estimated SOC stock
change, a process known as verification.
Verification can be done for every field or
every farm within a project through target-
ed re-measuring. Additionally, it could also
be done in a standardised way on a network
of well-monitored benchmark sites across
Europe, such as lighthouses, on-farm net-
works, or soil monitoring networks. Public
and private project developers could verify
the accuracy of their monitoring approach
(OPCs) on these benchmark sites, which
would facilitate transparency and compara-
bility of their performance.
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= Use a conservative estimate of model
prediction error over time.

Future work:

= Investigate potential role of temporal au-
tocorrelation of model errors, instead of
assuming that it is constant. MARVIC will
address this as part of T3.3.

= Investigate how to aggregate uncertain-
ty estimates from field to project level
considering both random and systemat-
ic errors to assess whether assuming in-
dependent parcel-level errors underesti-
mates project level uncertainty. MARVIC
aims to address this as part of T3.3.

Verra requirements (VMDQQ42):

= Monitoring and verification are respon-
sibilities of the project developers. Initial
measures of SOC are taken at the project
start. SOC is periodically (usually every
5 years) remeasured during the project
duration throughout the project area to
true-up modelled estimates.

Additional recommendations:

= Monitoring and verification of the pro-
ject area is responsibility of the project
developer. The intensity and frequency
of sampling may be reduced from current
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Verra requirements (in combination with for both baseline conditions and the
the recommendation listed below). activity.
= Verification will also be conducted in a = Have a standardised data sampling
standardised way across a network of protocol to broadly match the needs of
benchmark sites in Europe. We recom- models.
mend developing a network of standard- = Monitoring for verification purposes
ised, well-monitored, benchmark sites must be continuous and for along peri-
for the verification of OPCs. These would od of time because SOC changes slow-
need to: ly and to capture the effects of climate
= berepresentative of pedoclimatic con- change.

ditions and of farming practices of
each Member State. Future work:

= |deally, present both standard and car-
bon farming practices so that the GHG MARVIC will propose in a future note the
emissions reduction and removal pre- establishment of a network of benchmark
diction uncertainty can be estimated sites.

Funded by 14 Grant agreement N° 101112942
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