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n Introduction

Over the past few years, advances in remote sensing, modelling and validation methodologies have allowed soil carbon
to become a measurable, reportable and investable asset. Yet the credibility of soil carbon markets depends not on
whether carbon can be modelled, but on whether the industry can demonstrate — at scale, transparently and
repeatably — that the numbers being reported represent real changes over time. Core to establishing this trust is the
role of standards bodies like Verra in setting rigorous frameworks that are universally applied to ensure that “Verra

compliant” reporting is not only meaningful, but also valuable.

Soil organic carbon (SOC) changes slowly over time and is difficult to accurately measure, even at small scale using soil
sampling. Increasing to field or farm scale, and beyond, requires a fundamentally different approach: modelling,
whether based on biogeochemical models (BGCMs) that utilise soil science and model soil carbon change over time,
machine learning (ML) based spatial models trained on satellite data and soil sample data to estimate SOC that create
Digital Soil Maps (DSMs), or a mixture of both. Establishing the validity of such models, not only in terms of accuracy

but in the round, must be standardised, open and mathematically sound.

Verra's agricultural land management methodologies form one such set of standards and are widely respected and used
worldwide. VMO0042? forms the basis for its two technical standards which translate farm-level practice change into
credible tonnes of change in SOC: VMD00532, the module governing calibration, validation, and uncertainty treatment
for BGCMs; and VT00143, the newer tool enabling digital soil mapping as an alternative or complement to those models.
Together, they represent Verra's attempt to solve a problem that has dogged soil carbon crediting since its inception:

how do you verify a change you cannot fully see, in a medium as heterogeneous and slow-moving as soil?

This article examines the challenges faced when building trust in modelled SOC, how the two Verra methodologies
address those challenges and allow confidence to be established in results, and how they are continuing to evolve to
provide increasing data quality and credibility. It forms the first of a series of three articles focused on the state of SOC
modelling, reporting and verification (MRV) that provide insight and commentary on current technology, practices and
trends as well as remaining challenges. The second in the series takes a deeper dive into the mathematical basis of
VMDO0053 and VT0014, examining the rigour required and elements of model validation that the standards cover, and
providing commentary on the confidence they provide markets. Closing the series is a review of the implementation
and scaling challenges faced by organisations wanting to run Verra compliant projects, report compliant data and

monetise their SOC assets. Solutions are also discussed and the future direction of SOC MRV explored.

KEY MESSAGES

e Carbon credits for SOC require accreditation through a carbon registry program, such as Verra.

¢ Scalable auditing and accreditation through a carbon registry program requires modelling and measuring
to be cost-effective.

¢ Modelling SOC is hard and building trust in the model through validation is even harder, but essential for
carbon credits.

e Verra provide standards and guidance for doing so.

¢ Those are imperfect but Verra is listening and improving methods, which will further assist adoption and
build trust in SOC modelling.

* Current methods within the Verified Carbon Scheme are sufficiently rigorous and proven to provide those
interested in carbon credits for SOC to begin programs now.
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E The Core Challenge: Forecasting a Pool You Cannot Fully Measure

Unlike above-ground biomass, soil carbon cannot be readily observed from space. Satellites can measure vegetation,
moisture, land cover, disturbance and numerous environmental proxies, but the carbon itself remains below the
surface, and this creates a fundamental measurement problem. A project may cover tens or hundreds of thousands of
hectares, but direct SOC observations are more likely to be limited to only a relatively small number of physical soil
samples. Those samples are necessarily spatially sparse, expensive to collect and affected by substantial natural
variability.

The challenge is therefore not only to produce an estimate of the SOC present at a pixel, field, farm or regional scale,
but to demonstrate that the estimate is unbiased, spatially representative, temporally credible and sufficiently certain
for carbon accounting. That distinction is critical and has traditionally been very difficult to achieve. A model can produce
a highly detailed 10-metre resolution SOC map without necessarily producing a highly accurate estimate of the current
carbon stock, and a model with lower spatial resolution can provide a defensible estimate of a mean change if its
uncertainty is properly characterised. The carbon market needs the latter, not merely the appearance of precision.

Accurate modelling of SOC is hard. Many factors affect SOC, some of which can be measured but all of which have
uncertainties. SOC is the output of several interacting processes, each contributing its own layer of uncertainty to the
complex, dynamic picture that needs to be handled rigorously. Soil type and texture are major factors affecting SOC:
clay and mineral content govern how much carbon can physically bind to soil particles and how protected it is from
microbial decomposition, so the same management practice can produce very different SOC outcomes on a sandy soil
versus a clay-rich one. Simulation work in Australian cropping systems®* found that initial SOC content alone explained
about 66% of the variation in modelled outcomes over an 80-year run — larger than climate or management combined
— which means an error in characterising a field's starting soil state can dominate everything a model subsequently
predicts.

Weather and climate add a further, compounding layer of uncertainty because BGCMs translate temperature and
moisture into decomposition rates through response functions. Crop choice, rotation, and tillage introduce a further set
of uncertainties tied to biomass input and disturbance. Applications made by growers, grazing patterns and numerous
harder-to-quantify factors compound on top of those already highlighted: land-use history and the length of the
assessment period materially change results and net primary productivity, how much carbon different plants return to
the soil, and how relevant weather data is to the localised area being modelled are just some of the many other
modelling and uncertainty challenges faced.

B Verra Standards — Frameworks for Credible, Trusted SOC Modelling

The need for international standards for SOC modelling is clear. Given the two different approaches to modelling SOC
(BGCM, DSMs), the variety of models available, their different maturity and level of validation, model complexity and
the uncertainty challenge, standardisation of method, performance assessment, metrics and transparency of
uncertainty handling are all essential if results are to be believed, let alone accepted by markets for carbon credits.

Verra® provides formal certification standards for SOC modelling as well as guidance, primarily through VM0042 (the
crediting methodology), VMDO0053 (which governs BGCM validation), and VT0014 (which governs DSMs), backed by
independent expert review of all projects submitted for certification. Each provides a framework for rigorous treatment
of model performance and uncertainties through standardised metrics and processes, with the Independent Modelling
Expert (IME) central to maintaining the quality of any project achieving compliance.

VMDO0O053'’s stated purpose is twofold: to standardise the use of high-quality, peer-reviewed experimental data as the
benchmark against which models are tested, and to standardise how “acceptable fit” and absence of bias are
demonstrated when a model is used to estimate SOC (and, where relevant, N,O and CH, flux change). The module
frames model validation as evaluating model performance against measured values, with a validated model expected
to show satisfactory goodness of fit and well-characterised prediction error.
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VT0014, approved by Verra in August 2025, formalises digital soil mapping as a recognised quantification pathway for
SOC stocks and builds on many of the principles and metrics of VMDO0053, cross-referencing it. VT0014 explicitly adopts
VMDO0053's definition of model validation as the evaluation of model performance against measured values and also
adopts the IME model as the method of quality control for any VT0014 project.

n Continuous Improvement

Confidence in Verra-compliant soil carbon modelling is only set to increase as the standards remain living frameworks
that the community worldwide is learning from, providing feedback on, and helping shape further iterations. VM0042
has already gone through successive revisions — v2.0, v2.1, and the current v2.2 (active since October 2025) — with
each iteration tightening requirements around model-based quantification, uncertainty treatment, and the interplay
between modelling and direct measurement, alongside clearer additionality and baseline-reassessment provisions.

Ongoing topics raised by the community and anticipated to be addressed include:

e  IME capacity is still thin relative to demand.
Verra's recruitment drive for DSM-qualified IMEs signals the need for a larger pool of experts able to credibly

review and may cause a bottleneck.

e Consistency or requirements interpretation.
Ambiguity of some definitions and guidance in the standards allows for different interpretations by IMEs.
Achieving consistency of standards enforcement is needed to ensure the quality of the Verra brand and trust

in it from markets.

e  More clarity around the use of DSM / BGCM.
Many projects will end up using hybrid approaches — DSM for initial SOC estimation and a BGCM for change
over time. VT0014 acknowledges biogeochemical modelling as one of its “use cases,” but as more projects take

a hybrid approach more detail around uncertainty handling is expected.

Further to this last point, the next iteration of standards will benefit the community and markets by clearly establishing
how digital soil mapping and process-based modelling should optimally work together. The move towards measure,

model and verify point towards a more sophisticated MRV architecture of:

3OQ0®

(1] ©

Physical Spatial Process Uncertainty Independent Repeated True-up
Measurement Modelling Modelling Propagation Validation Measurement

1

This recognises that no single technology is capable of solving the soil-carbon measurement problem at landscape scale.

The next generation of Verra standards is therefore likely to place greater emphasis on how these components interact.

© D-CAT Ltd 2026 | www.d-cat.co.uk 4



The Uncertainty Challenge | D-CAT White Paper | 2026

B What This Means for Developers and Clients

The practical implication is that developers should avoid designing systems around the minimum requirements of
today’s methodology. Instead, projects should be designed as adaptive measurement systems. That means retaining
the ability to:

¢ incorporate new soil observations;

e rerun models as better data becomes available;

e quantify and propagate multiple sources of uncertainty;

¢ identify areas where predictions are weakest;

¢ undertake targeted additional sampling;

¢ demonstrate model performance through time; and

¢ reconcile predictions against subsequent observations.
This is particularly important given Verra’s current direction towards repeated measurements and model-prediction-

error true-ups.

For those clients wanting to monetise their investment growing soil carbon stocks, and markets requiring trust in the
compliance regime, the current standards provide a sound framework and mathematically rigorous methodology with
the assurance of independent expert scrutiny. Continuous improvement will continue to make soil carbon reporting

more accurate, scalable, more transparent and more investable.

B Conclusion

VMDO0053 and VT0014 represent the most rigorous validation frameworks currently available within the VCS program
for quantifying SOC models and their application to projects: the former imposes statistical discipline on biogeochemical
modelling, and the latter offers a credible means for quantifying validity of a DSM. Verra's willingness to build
independent expert oversight, run public consultations, and keep revising its methodologies indicates an organisation
taking integrity and critique seriously.

Some challenges remain, as discussed above — thin independent review capacity, inconsistent testing, unresolved
DSM-BGCM integration and others — but all are recognised and are work-in-progress. The continual closing of any
capability or credibility gap should reassure all involved in SOC credits around the integrity of reported results and
continue to build trust in the only way to affordably scale SOC measurement.

Finally, the future of scalable soil carbon measurement is unlikely to be purely based on either soil sampling or
modelling. Instead, it will increasingly depend on integrating measurements, process understanding, spatial intelligence
and rigorous uncertainty quantification so that a project can demonstrate, continuously and spatially: what the carbon
stock is; how it has changed; the confidence level associated with that change; and where additional evidence would
most improve confidence. International standards and compliance with those standards will continue to be critical, not
only for carbon credits but for results credibility and trust.

ABOUT D-CAT

D-CAT provides enterprise-grade observed ESG analytics, combining satellite Earth Observation with cloud-native processing,
validated algorithms and Al to produce continuously updated environmental intelligence. Our platform integrates into
existing ESG workflows, supporting carbon projects and providing automated SOC modelling and MRV reports for VMD0053
and VT0014 from pixel to farm, regional and national scales.
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