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Executive Summary 

The GEO Task on Forest Carbon Tracking seeks to demonstrate the feasibility of forest 
monitoring information generated from coordinated Earth observation as input to 
future national forest and carbon monitoring systems.  This Task was assigned the 
highest priority in 2009.  The Group on Earth Observations (GEO), in particular to 
demonstrate to the UNFCCC COP-15 in Copenhagen in December (2009), is focussed 
on the value of linking coordinated acquisition of satellite data with standardised 
processing methods, forest inventory and ecosystem models. 

A major part of this task is to provide early proof that satellite data collected by space 
agencies, using several optical and SAR satellite sensors, can be processed in an 
interoperable, consistent and repeatable manner, and to provide a set of annual, 
border-to-border forest change coverages across multiple countries world-wide.  

A critical part of the evolving science that supports these aims is consideration of 
quality assurance of the final image products and the processes used to produce them.  
Such considerations must also consider how the quality of finalised digital image 
products feeds into the accuracy of different types of carbon accounting systems.   

This document provides an overview of the role of quality evaluation in various parts 
of national carbon accounting systems.  Quality evaluation is termed “validation-
verification” in this document reflecting its role in national carbon accounting systems.  
This document is most targeted at validation-verification associated with the image 
processing activities and resulting classified images produced for national carbon 
accounting systems.  However, it also addresses the implications of remote sensing 
validation-verification across an entire carbon accounting system.  Moreover, it 
addresses evaluation of Horizon-1 (forest/non-forest) image products as well as 
Horizon 2 products that address forest density. 

The following steps reflect the process used to make raw digital imagery useful for 
international carbon accounting:  

1. Image pre-processing – e.g., geographic and radiometric correction. 

2. Initial/preliminary calibration-classification of processing methodology and 
production of initial image product(s). 

3. Refinement of processing methodology through internal quality assurance. 

4. Production of final image product(s). 
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5. Independent validation-verification of final image product(s). 

6. Delivery of final product(s) and V-V results for use in carbon accounting 
system(s). 

7. Continuous improvement feedback to image processors. 

These steps describe a definitive process flow in image processing.  Step 1 entails the 
first steps undertaken to produce an image that can be classified into Forest/Non-
forest, or more specific forest types, or forest density.  Steps 2 to 4 of this process – the 
efforts of image processors to produce final products – are lumped under the general 
activity of “calibration-classification;” as explained below this terminology is 
employed here to reflect that the conversion of pre-processed (Step 1) image data to a 
useful product involves the calibration of a processing methodology or “model.”  Step 
5 is “validation-verification” and Step 7 is “Continuous Improvement;” these latter two 
steps are the focus of the current document. 

Note that Steps 2 to 4 are often referred to as “classification” by image processors.  
However, for carbon accounting one may not be producing a conventional nominal 
classification but instead might be striving to produce a continuous surface of forest 
density.  Moreover, the analysis of pre-processed images to produce a useful 
information product – nominal classification or continuous density surface – is a 
calibration-classification of data and processing techniques to ancillary information.  
To emphasise this point, the term “calibration-classification” is employed here to mean 
the conversion of a pre-processed image into a product useful for carbon accounting.  
However, to reinforce that this is what image processors think of as “classification,” the 
convention “calibration-classification” is adopted for this process. 

This clarification is also indicative of the care that must be taken with these terms and 
how these activities fit the general image processing flow.  It is required to ensure that 
there is consistency across GEO-FCT in understanding what constitutes a “calibrated-
classified” image and how it is different from a “verified” or “validated” image.  The 
clarification of these terms also requires a conceptual understanding and 
methodological flow of image processing and its role in carbon accounting systems.  
Understanding and acceptance of the meaning of these terms will further help 
standardise data collection efforts and provide understanding about where in the 
image processing flow various data sources and types fit.  The majority of this report 
addresses these issues in greater detail. 

One section of this document also addresses the type of information required to 
undertake V-V for single date multi-temporal image products, and Horizon 1 
(Forest/Non-forest) and Horizon 2 (Non-forest/Froest Density) image products.  The 
value of point- and area-based data are discussed. 
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The final section of this report briefly addresses the calibration and validation of the 
non-image model-based components of carbon accounting systems to which validated-
verified processed images are input.  In general, such systems are calibrated in the 
same ways that images are calibrated-classified – i.e., modelling methods are 
compared to real-world data.  Their validation is somewhat different as they may need 
to be validated based on literature review and expert opinion as well as empirical 
testing of individual components.  It is rare, however, that entire carbon accounting 
systems can be empirically validated against a “true” measure of carbon.   
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Internationally remotely sensed digital data collected by satellites is a key component 
of national carbon accounting systems.  Among the reasons for this are that digital 
satellite data: 

 are generally readily and publicly available thereby providing necessary 
transparency and promoting widespread use by many nations. 

 date to the early 1970s and image archives are therefore a unique data source 
for monitoring landcover change over approximately 40 years. 

 have the potential to reduce the need for ground-based data thereby reducing 
costs. 

The use of such data in national carbon accounting systems requires processing of raw 
imagery.  Certain processes are common to all – e.g., atmospheric correction, 
georectification.  Others are country- or sensor-specific – e.g., mosaicking for larger 
countries, terrain correction for radar data.  Essentially these “pre-processes” prepare 
the raw imagery for classifying or processing into maps of forest/non-forest and/or 
forest density that reflect the needs of the carbon accounting system to which the map 
products will be input.   Inherent in the process should also be a quality assurance 
program that is independent from the image processing. 

Though this process flow – data acquisition  image pre-processing  processing  
independent evaluation  input to carbon accounting system – is widely accepted, 
there are no internationally mandated or prescribed methods or quality standards for 
the individual components.  In principle, different countries are free to use a range of 
data, geographic registration methods, and classification methodologies.  However, 
because final image products are critical inputs and major drivers of national carbon 
accounting systems, international acceptance of a country’s carbon accounting is 
dependent on the quality of the final image product(s). 

This document describes the general approach to assessing the quality of final map 
products derived from remotely sensed digital imagery.  It is intended for a variety of 
audiences: 

 Remote sensing scientists so that they understand how their final products will 
be evaluated. 

 Data collectors so that they understand they role of various types of data in the 
production and evaluation of single-date and multi-temporal calibrated-
classified image processing products. 

 Developers of national carbon accounting systems so that the quality of remote 
sensing data that is being input into their systems is quantified. 

1 Overview 
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 The international community so that there is an understanding of the quality of 
data on which a country’s carbon accounts are based, and acceptance of basic 
principles on which evaluation of calibrated-classified image products is 
undertaken. 

The discussion is intentionally kept at a level of basic principles.  For a more detailed 
discussion of methodological specifics of evaluation techniques including data 
requirements, sampling scheme, and data analysis, readers are directed to a 
companion GEO-FCT document (Lowell 2009). 
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 Definitions 

When discussing evaluation of image products, a number of terms are often used in a 
confusing and interchangeable manner.  These terms include quality assurance, 
calibration, validation, verification, continuous improvement, and evaluation.  
Confusion in the terminology has led to a misunderstanding about data requirements 
and process flow. 

This section is targeted at image processing and the general concept of evaluation of 
pre-processed image products in the context of using them in carbon accounting 
systems; this document does not consider image pre-processing.  General definitions 
and process flow for converting digital image data into useful information are 
provided as are the implications for data requirements.   

The general terms employed and the process flow is presented in Figure 1; this 
document addresses only “2. Image Processing.” 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Process flow for image processing. 
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 Image Calibration-Classification 

In image processing, calibration-classification involves all processing, data, 
methodological refinement, and internal quality assurance required to produce a final 
image classification from pre-processed image data.  The determination of what is the 
final image calibration-classification is left to the discretion of the image processor(s) 
but will be what he/she considers to be “the best possible” calibration-classification.  
There is no quality standard required at this stage and the final map product is 
considered a “calibrated-classified image.”  It has not, however, been independently 
“validated” or “verified.” 

This point is emphasised because of confusion in terminology that has arisen.  Among 
terms such as “validation,” “verification,” “calibration.”  The  terminology confusion is 
indicative of a more fundamental confusion about the process flow for image 
processing.  The process used to produce final maps may employ ground-based or 
other data collected for a particular site that are sometimes referred to by the GEO 
remote sensing community as “validation sites.”  However, final maps produced using 
such information have not been “validated” or “verified” for the purposes of 
international reporting.  Hence, what are often referred to as “validation sites” by the 
remote sensing community are more appropriately considered to be “calibration sites” 
or “classification sites” for international reporting. 

No standardised procedures for independent quality assurance are mandated, in part 
because it cannot be expected that standardised data sources will exist across all 
countries.  Instead, it is expected that image processors will undertake internal quality 
assurance (QA) and evaluation methods to ensure that image calibration-classification 
has been refined through comparison with one or more alternative sources of data1.  If 
this is not done with sufficient rigour during calibration-classification, this will be 
detected during the validation-verification stage of image processing. 

The generalised QA procedures used during calibration-classification might involve 
spot-checking of an initial image calibration-classification using aerial photographs, 
ground visitation, existing or new forest inventory plots, on-ground visits to specific 
areas, or any combination of these.  In exceptional cases, particularly if countries are 
small, intensive data might be collected on a very limited number of sites that are used 
for QA in the calibration-classification of final image products.  It should not be 
expected by image processors or the international community, however, that such sites 
will have a standard data set available for image processing work.  

                                                      

1 Such internal quality assurance will also be undertaken in the pre-processing of images.  This is not of 

concern in the present document. 
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During the production of the final image product(s) via calibration-classification, 
image processors should be compiling QA information used for methodology 
refinement.  This will include information such as confusion matrices of calibration-
classification data and sites if a categorical Horizon 1 final image is produced, and/or 
alternative statistics if a continuous Horizon 2 final image is produced.  These should 
be documented and reported when the final image product is developed. 

In the course of producing a final calibrated-classified map product, image processors 
should also maintain awareness that the final image product will be used in a multi-
temporal sequence.  Hence calibration-classification QA procedures should be 
undertaken in consideration of temporality.  This means attempting to obtain data 
used for calibration-classification refinement that match the current year – i.e., t2 -- and 
that of the previous time slice – i.e., t1.  These should then be used to refine the current 
image classification and possibly correct the previous one.  Though this complicates 
the image processing task, consideration of previous vegetative condition maps can 
improve current calibrations-classifications and the overall validity of the carbon 
accounting system.  Data necessary to achieve this might be available from permanent 
forest sample plots and aerial photographs.   

In all cases, it is important to recognise that the QA information being provided by the 
image processor(s) with the final calibrated-classified image product is the “producer’s 
accuracy.”  However, carbon accounting systems are more concerned with the 
“consumer’s accuracy.”  This is the focus of independent verification-validation 
procedures that are of importance for international reporting. 

 Image Product Validation-Verification 

In image processing, validation and verification are sometimes considered identical to 
each other.  To assess the utility of a calibrated-classified image, they must be 
completely independent of the QA undertaken to produce the final calibrated-
classified image product.  That is, validation-verification is the independent evaluation 
of the final calibrated image product.  Though lumped together here, the two are 
subtly different: 

 Validation is the process used to determine if gross errors have been made in 
image calibration-classification.  This accords with a formal definition of 
validation that is “to ratify or confirm” (Oxford University Press 2004). 
Validation should be accompanied by a statement of the magnitude and 
possibly the pattern of errors that a consumer of the calibrated-classified image 
product can expect. 
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 Verification is comparable to validation except that verification assesses final 
image product accuracy relative to some standard.  In formal definitions, the 
standard is truth: to validate is “to establish the truth or correctness of 
(something)” (Oxford  University Press 2004)  Because “truth” cannot be 
established when it mapping forest (for reasons that will be explained), 
internationally agreed standards will have to be established.  Note that 
different international standards might apply for Horizon 1 and Horizon 2 
products. 

For carbon accounting, true verification can only be undertaken if the international 
community is able to agree upon a standard for final image product error.  In 
verification generally, if this acceptable level is established and a final calibrated-
classified image product does not achieve the necessary standard, it is returned to the 
image processors for further refinement.  However, because of the difficulty in 
determining an internationally accepted standard for verification of image products for 
use in carbon accounting systems, henceforth in this document, the terms verification 
and validation are used in tandem and abbreviated “V-V.” 

There is a major difference between the QA undertaken during the development of the 
calibrated-classified final image and the V-V process.  In image calibration-
classification, image processors might quite reasonably place most emphasis on 
landcover types and geographic regions that are known to be problematic.  
Conversely, the V-V must be based on a sample scheme that provides a robust 
evaluation of the entirety of the calibrated-classified image product.  A focus on areas 
known to be difficult to classify will artificially inflate error statistics whereas having 
an overrepresentation in the V-V sampling scheme of types/areas known to be easy to 
classify will overestimate the quality of the final calibrated-classified image product. 

The V-V evaluation will detect any problems in the image calibration-classification 
procedures and may even be able to assign a likely cause to the error(s) even if the 
causes are associated with pre-processing.  For example, poor quality image 
rectification will be detected in the V-V stage if a large amount of error is detected at 
forest/non-forest interfaces for Horizon 1 products.  Such errors might alternatively be 
due to poor image calibration-classification, but if that is the case then the geometric 
patterns of such errors will be completely different. 

Assuming that the V-V process indicates that a final calibrated-classified image 
product is ready for use in a carbon accounting system, the final calibrated-classified 
image product is forwarded along with all V-V documentation to the carbon 
accounting team. 
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 Data Used for Validation-Verification 

V-V will require an independent evaluation of a calibrated-classified image.  The type 
of data that will be of use in this is dependent on the characteristics of the calibrated-
classified image and if the V-V is being undertaken for a single date or to verify 
change.  Table 1 describes the general nature of data that will be required.   

Table 1. Types of data required for validation-verification of different image 
products. 

  Image Product  

  Horizon 1 

(Forest/Non-

forest) 

Horizon 2 (Non-

forest/Forest-

Density) 

 

Comments 

 

 

 

Temporality 

Single Date Point or areal 

data 

Point data  

Change/Multi-

date 

Areal data Point data or areal 

data 

 Required sampling 

scheme and 

intensity currently 

unknown for 

Horizon 2 

products 

  

Comments 

  Required sampling 

scheme and 

intensity currently 

unknown 

 Must address Non-

forested areas. 

 

For single date V-V of Horizon 1 image products, point data can be derived from aerial 
photographs, or high resolution imagery.  There is a rich body of associated literature 
that address this type of data (see for example Congalton and Green 1999).  Ideally, the 
“point data” used will in reality be areal data where a “point” matches the size of the 
pixel on the image product.  It is less important to have areal data to match pixel area if 
the pixel size of the image product is relatively small.  However, the difficulty of using 
a single Forest/Non-forest point from an aerial photograph to verify the calibration-
classification of a 100 m pixel, for example, is apparent. 
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Data requirements for single date V-V of Horizon 2 products are more complicated 
because V-V data must contain a statement of forest density.  One source of suitable 
data would be forest inventory plots.  However, the footprint of these on the ground 
may be small compared to the pixel size of the image product.  Moreover, forest 
inventory plots only cover forested areas which means that forested pixels erroneously 
identified as being non-forest will not be detected.  Another suitable source of data 
might be aerial photographs.  Their use requires human to identify the forest density 
for an area around a point.  An advantage of the use of aerial photographs and an 
appropriate sampling scheme is that the error rate for pixels erroneously labelled non-
forest becomes known. 

V-V of Horizon 1 change products, will require areal information.  Because change 
from one time period to another is generally rare – e.g., less than 1% or 2% of an area – 
the density of point samples that would be required to obtain a valid error statement is 
operationally (and possibly economically) impractical.  Lowell (2001) described an 
area-based methodology for accomplishing this.  And despite the statement that point 
data will be of limited use for this purpose, Lowell et al. (2005) described an 
operationally viable point-based system for undertaking V-V of Horizon 1 change 
products. 

Though somewhat paradoxical, V-V of Horizon 2 change products may be less 
complex than V-V of Horizon 1 change products.  Horizon 1 change products are 
binary and show two discrete states -- change or no change.  Horizon 2 change 
products focus on changes in woody density that potentially occur at all locations 
across a region from one time period to another.  Point data such as forest inventory 
plots may therefore provide sufficient density to provide statistically robust statements 
of error rates – at least for forested areas.  However, V-V methodologies for Horizon 2 
image products have not yet been designed.  Realistically, those methodologies are 
likely to require stratification of areas based on their likelihood of being deforestation 
or regeneration. 

Critical to the V-V process, regardless of the data employed, is independence from the 
calibration-classification process.  Provided that the V-V process and personnel are 
completely independent of the calibration-classification image processors, the same 
data sources used for image calibration-classification may even be used in V-V.  It may 
also be acceptable for V-V to use the same raw or pre-processed imagery that were 
used by the image processors for calibration-classification.  If using the same imagery 
for quantitative – rather than visual – V-V, then the V-V team must undertake 
independent processing of those data.  The independence of the V-V process derives 
from the principle that two remote sensors processing the same imagery but using 
different techniques are likely to produce two different final images. 
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Finally, V-V data must be understood as a basis for comparison, but not as ground-
“truth.”  While this is sure to spark disagreement, issues of spatial and taxonomic 
scale, the nature of verification data, and how the two are analysed impact ground-
based data and data from high resolution aerial photographs.  Consider Figure 2.. 
Suppose that one has ground-sampled a number of 0.1 ha circular plots, and 
information from each plot will be used to verify if co-located image pixel is correctly 
processed.  Figure 2a shows the location of trees on a 1-ha (100 m by 100 m) pixel that 
is the spatial resolution of a fictitious carbon accounting system.  In that carbon 
accounting system, this 1-ha pixel is classified as “forest” against a definition of forest 
as “trees covering 20% or more of the area.”  Figure 2b shows three possible locations 
of a 0.1 ha circular plot used to verify the 1-ha pixel and the classification – forest or 
non-forest – of each.  Clearly the position of the plot has a strong impact on how the 
sample plot is classified and subsequently if the image pixel is judged Correct or Not-
correct; the shape of individual plots would have a comparable impact. 

 

 

 

 

 

 

 

Alternatively, suppose that ground-based (forest inventory) plots are not available or 
are judged inappropriate for verification.  The alternative selected is to use human 
interpretation of aerial photographs to identify areas of forest and non-forest or other 
forest characteristics.  Figures 2c and 2d show two alternative interpretations of the 1-
ha image pixel based.  Recall that the entire pixel had been classified as forest, but 
interpretation of high resolution aerial photographs suggests that one can get “better” 
or “more truthful” information.  If one were to extract the centre of the 1-ha pixel from 
the verification data, the interpretation in Figure 2c would indicate the pixel was 
incorrectly classified whereas the interpretation in Fgiure 2d would indicate that it was 
correctly classified.  Alternately, a similar outcome would result from using a rule such 
as “the majority class on the verification data is considered representative of an entire 
pixel” – i.e., Figure 2c is less than 50% forest whereas Figure 2d is more than 50% 
forest. 

Hence the key messages when considering what data to use to undertake V-V are: 

Figure 2. a(left). Fictitious spatial arrangement of trees on a 1 ha (100 m-by-100 m) 
block. b(middle-left). Potential locations of three 0.1 ha ground-based 
plots that might be selected to represent the entire 1 ha forest and their 
forest(F)/non-forest(NF) classification. c & d (two rightmost). Two 
equally correct subjective interpretations of forest/non-forest. 
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 Point or areal data will be most appropriate depending on the image product. 

 Data measured on the ground cannot or from high resolution imagery cannot 
be considered to be “truth.”  Such data are extremely useful for V-V, but must 
be understood as a “basis for comparison” only and not an absolute. 

 An interpretation of high resolution aerial photographs is similarly not to be 
considered of higher quality than a calibrated-classified image product.  Figure 
2 demonstrates clearly that such interpretations have a high level of inherent 
subjectivity. 

 Continuous Improvement 

Regardless of whether or not a final calibrated-classified image product is considered 
acceptable for use in a carbon accounting system, improvements can be made in the 
processes used to produce it.  This is the role of continuous improvement.  In addition 
to having a QA program internal to the image calibration-classification process, and 
the whole-of-country V-V program, a continuous improvement program should also 
be a standard part of the image processing work flow. 

Implementation of continuous improvement processes may require sophisticated 
analysis of V-V information.  Continuous improvement is conceptually simple – V-V 
information should be provided to the image calibration-classification team so that 
methodological weaknesses identified can be addressed.  The analysis should be 
guided by the V-V team who may have noticed certain tendencies in the data, and by 
the image calibration-classification team who are likely to have an understanding of 
likely image processing issues through their understanding of sensor characteristics, 
processing techniques, and local information.  For example, in Australia: 

 Certain areas are underlain by soils that are known to cause difficulties for 
optical sensors.  A priori it can be expected that image calibrations-
classifications of areas underlain by these so-called “black soils” will be 
problematic. 

 Radar data are being explored in the state of Tasmania for use in carbon 
accounting systems.  Because radar is a side-looking technology and Tasmania 
has extreme topography, in places steep slopes and/or slopes of a certain 
topographic aspect may be problematic. 

 Optical sensors are known to have difficulty correctly mapping buttongrass 
moorlands.  These are areas of thick, woody vegetation on poorly drained 
areas.  Though associated vegetation is too short – i.e., less than 2 m tall – to 
satisfy the Australian definition of forests, the characteristics of buttongrass 
moorlands make them difficult to separate from mature forest using optical 
data. 
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A continuous improvement program provides descriptive information about the data 
produced by the V-V team.  The simplest information that could be provided is 
qualitative information about where the final image product is likely to be poor.  More 
complex information could be obtained by undertaking more exhaustive quantitative 
and statistical analysis of the V-V data. 
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Image evaluation as described in the previous section is only one aspect of overall QA 
for carbon accounting systems.  Though the focus of this document is on image 
verification-validation, a brief explanation of system-wide evaluation is included to 
provide a broader context. 

The complexity of national carbon accounting systems is likely to vary considerably.  
Broadly speaking, such systems can be placed along a data continuum that ranges 
from systems reliant “solely” on ground-based data to systems reliant “solely” on 
image-based data.  “Solely” is put in quotations marks because it is expected that all 
systems will in fact rely to a certain extent on some image data and some ground-based 
data.  Systems will also vary in complexity and in the detail that they describe various 
components of carbon systems. 

Carbon accounting systems can be described by the generalised schematic in Figure 3.  
The models listed in Figure 3 are exemplars; not all carbon accounting systems will 
have those listed.  Similarly, the complexity of the models will vary from system to 
system.  Some will rely on simple conversion factors and others will use highly 
detailed empirical and process-based functions and relationships. 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Schematic of national carbon accounting systems. 
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Regardless of their complexity or input data source, all models – and conversion 
factors are included in this general definition of models -- in a system will first have to 
be calibrated for the relevant jurisdiction.  For relatively simple carbon accounting 
systems, this calibration may involve little more than adjusting a conversion factor – 
e.g., the percent of woody biomass estimated to be carbon – based on local knowledge 
or literature reviews for certain species.  This can become increasingly complex in 
systems that are heavily reliant on such conversion factors if one attempts to improve 
the overall system by developing a conversion factor for each species and geographic 
region of interest.  Process-based models may require little adjustment since such 
models rely on “universal” constants and structures to describe ecosystem function.  
Nonetheless, such models may require calibration for local woody species, soil types, 
topographic conditions, etc.  And empirical models must be calibrated for each area to 
which they are applied because empirical models by definition are derived specifically 
to describe local conditions. 

Once the models in the carbon accounting system have been calibrated, the individual 
components/models and/or the global model must be validated-verified.  The nature 
of the V-V activities undertaken and the data used will depend on the complexity of 
the carbon accounting system and the nature of the components/models that it 
comprises. 

 Whole-of-System Validation-Verification 

The ultimate V-V of any carbon accounting system would be to compare the national 
estimate of carbon stocks against the true national carbon value.  However, such an 
approach is impossible not only because of time and economics, but also because such 
a methodology  would require nation-wide destructive sampling of individual trees.  

A useful alternative would seemingly be to undertake a limited amount of destructive 
sampling to get a “true” value or conversion factor that describes the amount of carbon 
in a given tree or for a given forest type.  However, to obtain national estimates one has 
to expand such “true” local values by estimating the amount of each forest type or 
number of trees of a given species that is/are present across an entire country.  Not 
only is it impossible to estimate the exact number of trees of a given species across a 
region, but maps of forest types are highly uncertain due to the gradual real-world 
transitions between forest types that are at odds with the abrupt transitions that are 
mapped. 
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Another seemingly viable alternative to compare “true” carbon amounts against 
estimates produced by a carbon accounting system would be to use conventional forest 
inventory techniques and a limited amount of ground-based sampling.  In such an 
approach, no destructive sampling of individual trees is undertaken.  Instead, variables 
such as diameters and heights of trees are recorded on ground-based sample plots and 
carbon estimates derived from these.  However, the conversion of tree dimensions to 
carbon relies on allometric relationships that have some associated uncertainty, and 
per ha estimates of carbon for a given forest type are subject to statistical sampling 
error.  Moreover, there are high levels of uncertainty associated with forest type 
mapping that impacts the expansion of local relationships to broader areas.  Hence this 
approach does not produce a “true” value for carbon.  Moreover, the high level of 
uncertainty associated with forest type maps suggests that carbon estimates produced 
by this method are no more (or less) valid than those produced by other methods. 

Yet another way to achieve whole-of-system V-V is to estimate carbon stocks using a 
variety of different methods and compare the results.  If one uses different methods 
that are fundamentally sound and one obtains similar values, one may have a 
reasonable level of confidence in the values produced.  However, having a wide range 
of values, or two that are similar and one that is radically different will cause endless 
debate.  The disparity of values might reflect estimates of carbon stocks that are poor, 
or flaws in one of the methodologies chosen for comparison.  And even a relative 
uniformity of values might be seen as suspect because it may be possible to make small 
changes in key conversion factors/model coefficients to effect a large change in total 
carbon.  Though such an approach has merit, it must be employed with caution and 
with complete transparency about how national carbon estimates were produced. 

 Individual Component System Validation-Verification 

Rather than undertake global V-V for carbon accounting systems, this approach seeks 
to validate-verify individual components.  The validity of a final carbon estimate is 
therefore based on an acceptance of the assumption that if individual system 
components are “correct” or “reasonable,” then the total estimate of carbon must also 
be “correct” or “reasonable.”  Subtly, it also assumes that the interconnections among 
model components are correct – an assumption that can be quite difficult to verify. 
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To describe individual-component-based V-V activities for relatively simple systems, 
an example is employed in which ground-based sample data are collected from 
forested areas (Fig. 4).  The data collected are for individual trees with the estimates for 
each sample converted to per hectare wood volume for that sample using allometric 
equations.  These estimated individual per ha plot volumes are converted to a carbon 
per ha estimate through the multiplication of a constant – e.g., 50 tonnes of carbon per 
100 tons forest volume.  These individual plot estimates of carbon are then averaged 
over all sample plots, or sample plots within each forest type.  A national forest carbon 
value is obtained by multiplying this average by the estimated amount of forest (or 
individual forest type) nationwide.  This is then combined with the estimated amount 
of carbon on non-forested areas that may have been obtained via comparable means to 
get a national estimate of the amount of carbon.   

 

 

 

 

 

 

 

Figure 4.  Schematic showing simplistic carbon accounting system based primarily 
on ground-based information. 

V-V can be achieved for such systems by independently evaluating the allometric 
relationships employed, the carbon conversion factor, the carbon value assumed for 
agricultural lands, and the total amount of forest and non-forest area mapped.  This 
might be achieved through literature review, collection of independent data, and 
examination of sampling and mapping methods.  

For more complex systems, the general process is the same.  However, more complex 
carbon accounting systems are likely to rely on models that have a higher degree of 
complexity than what is described in Figure 4.  In such systems, there are two types of 
models likely to be employed.   
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Process-based models algorithmically describe processes such as tree growth or root 
decay somewhat generically.  They are based on knowledge about how individual 
trees or forests develop relative to seasonal temperatures, monthly or weekly sunlight, 
and impacts of slope and soil type.  In principal they require little calibration for local 
conditions, although coefficient values must be examined for different species, 
landcovers, and other factors. 

Empirical models are based on statistical relationships.  These are only reliable within a 
narrow geographic, ecozone, and climate range.  Hence empirical models embedded in 
carbon accounting systems must be completely re-developed when an existing carbon 
accounting system is adapted to a new area. 

Regardless of their nature, a final V-V consideration in carbon accounting systems is 
interconnections among different components.  Whereas the process flow in the 
simplistic system in Figure 4 seems reasonable, in model-based systems it can be much 
more difficult to evaluate the validity of connections among different components.  For 
example, whereas the relationship between sunlight and vegetative growth might be 
well understood and documented in scientific literature, interactions among 
topographic slope dynamics, climate, and root decay might not.   
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There are three processes associated with producing image-based products for input 
into national carbon accounting systems. 

First, after image pre-processing, calibration-classification is the process whereby 
image processors undertake the activities that are required to produce a process flow 
that results in the “best possible” image output.  The calibration-classification process 
should have an internal quality assurance process that relies upon whatever data are 
available or can be obtained that are required to refine the calibration-classification 
process.  However, application of such a QA process is solely for the benefit and 
information of the calibration-classification process as it addresses “producer’s 
accuracy” whereas users of image products are more interested in “consumer’s 
accuracy.” 

Second, validation-verification (V-V) is completely independent of calibration-
classification.  Though the two terms “validation” and “verification” are lumped 
together here, validation is slightly different from verification.  The goal of validation is 
to assess if the final calibrated image products contain gross errors; the objective of 
verification is to assess if final image products achieve an internationally accepted 
standard.  The two are lumped together herein as no internationally accepted 
verification standard has been established to assess fitness-of-use or to “certify” image 
products for use in carbon accounting systems. 

The third process is continuous improvement.  The goal of continuous improvement is 
to provide the image processors who undertake image processing methodology with 
information that enables them to improve their calibration-classification process.  
Continuous improvement can be undertaken qualitatively or quantitatively and 
should report on where an image product performs well and where it performs poorly. 

All of these activities must address both single date image products and the multi-
temporal use to which they will be put as input into carbon accounting systems.  
Hence calibration-classification activities should consider quality assurance of single-
date and multi-temporal products.  Similarly, V-V activities must address landcover 
change products derived from single data image products that also must be validated-
verified. 

Finally, image evaluation activities must be considered in the broader context of the 
validation-verification of an entire carbon accounting system.  Whole-of-system 
evaluation is difficult to achieve because of the lack of a “true” national value for 
carbon.  Consequently, V-V of carbon accounting systems has to be achieved by 
evaluating individual system components including input data such as image products 
as well as system components and their interconnections.  Rigorous evaluation of such 
components must be done quantitatively and adequately documented to support 
system transparency. 

 

4 Summary 
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