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Abstract  

The development of the procedure for air quality model benchmarking in the context of the Ambient 

Air Quality Directive 2024/2881/EC (AAQD) has been an on-going activity in the context of the 

FAIRMODE1 community, chaired by the JRC.  A central part of the studies was the definition of 

proper modelling quality indicators and criteria to be fulfilled in order to allow sufficient level of 

quality for a given model application under the AAQD.  The main purpose of this Guidance 

Document is to explain and summarise the current concepts of the modelling quality objective 

methodology, elaborated in various papers and documents in the FAIRMODE community, as well as 

in the context of CEN/WG43, addressing model applications for air quality assessment. Other goals 

of the Document are linked to presentation and explanation of templates for harmonised reporting 

of modelling results. Remaining open issues regarding the implementation of the methodology are 

discussed with the aim of triggering further research and discussions. 

A core set of statistical indicators is defined using pairs of measurement-modelled data. The core 

set is the basis for the definition of a modelling quality indicator (MQI) and additional modelling 

performance indicators (MPI), which take into account the measurement uncertainty. The MQI 

describes the discrepancy between measurements and modelling results (linked to RMSE), 

normalised by measurement uncertainty and a stringency factor. The modelling quality objective 

(MQO) requires MQI to be less than or equal to 1. Expressions for the MQI calculation based on time 

series and yearly data are introduced. MPI refer to aspects of correlation, bias and standard 

deviation, applied to both the spatial and temporal dimensions. Similarly, to the MQO for the MQI, 

modelling performance criteria (MPC) are defined for the MPI; they are necessary, but not sufficient 

criteria to determine whether the MQO is fulfilled. The MQO is required to be fulfilled at 90% of the 

stations, a criterion which is implicitly taken into account in the derivation of the MQI. All these 

concepts are described in Section 3. 

Section 4 briefly describes the benchmarking activities as performed in the FAIRMODE “composite 

mapping platform”, and section 5 discusses remaining open issues. Finally, in Annex 1, the MQO 

formulation as adopted by the CEN TC264/WG43 is presented as are the available tools to 

benchmark model results in Annex 2. 

This aim of this document is to support modelling groups, local, regional and national authorities in 

their modelling application, in the context of air quality policy.    

 

 

1  The Forum for Air quality Modelling (FAIRMODE) is an initiative to bring together air quality modellers and users in 
order to promote and support the harmonised use of models by EU Member States, with emphasis on model 
application under the European Air Quality Directives. 
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1. Introduction  

1.1. What are the purposes of this Document? 

The main objectives of this Guidance Document are to: 

• Provide recommendations and guidance for assessing model performance related to a given 
air quality model application in the frame of the Ambient Air Quality Directive (AAQD), based 
on the experience and elaborations in the FAIRMODE community. In a first step PM10, PM2.5, 
NO2 and O3 are prioritised but ultimately the methodology should cover all AAQD pollutants 
such as heavy metals and polycyclic aromatic hydrocarbons. The focus of this document is 
on the use of air quality models for the assessment of air quality; 

• Explain the MQO concepts and methodology as applied in the AAQD and further developed 
within FAIRMODE and CEN/WG43; 

• Promote consistency in model evaluation for policy applications related to the AAQD; 

• Promote harmonised visualization and reporting of modelling performance in the EU Member 
States; 

• Promote further discussions around remaining open issues. 

1.2. Who is the target audience of this Document? 

This Guidance Document is intended primarily for environmental experts using air quality models in 

the context of the European AAQD.  Some of these experts apply tools (software), developed around 

the concepts in this document (as DELTA, MQOR, ATMOSYS or MyAir, see Annexes) and thus, the 

current text provides additional support to the respective User Guides. Developers of the mentioned 

tools might also benefit from the notes in this document. 

A wider target audience consists of air quality modellers, who are interested in methods and criteria 

for evaluating model performance and follow recent developments in various modelling 

communities. 

1.3. What are the main components of this Document? 

This Document is built upon the following major components: 

• The concept and methodology for modelling quality objectives developed within the 
FAIRMODE community and applied in the AAQD 

• The techniques for visualizing and reporting model performance in a harmonised way  

• Recommendations to further assess model performances in the context of benchmarking 

• Open issues which merit consideration and further development within the FAIRMODE com-
munity 

• Summary of additional resources (publications, tools) 

This Guidance Document is periodically revised to ensure that new FAIRMODE developments or 

expanded regulatory requirements are incorporated, as well as to account for User’s feedback. 
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2. Definitions 

Assessment: application of a modelling system to calculate levels of ambient air quality retrospectively over 

a calendar year according to the AAQD  

Benchmarking: Based on the UNESCO2 definition, adapted to the context of air quality modelling, 

benchmarking is defined as follows: 

• a standardised method for collecting and reporting model outputs in a way that enables rel-
evant comparisons, with a view to establishing good practice, diagnosing problems in perfor-
mance, and identifying areas of strength; 

• a self-improvement system allowing model validation and model inter-comparison regarding 
some aspects of performance, with a view to finding ways to improve current performance; 

• a diagnostic mechanism for the evaluation of model results that can aid the judgment of 
model quality and promote good practices. 

Competent authority: National, regional or local authority of the Member State designed as responsible for 

the implementation of (parts of) the AAQD 
 
Data coverage: proportion of the calendar year for which valid measurement data are available, expressed 

as percentage 
 

Fixed measurements: measurements taken at sampling points, either continuously or by random sampling, 

at constant locations for at least 1 calendar year to determine the levels in accordance with the relevant data 
quality objectives of the AAQD 
 

Indicative measurements: measurements, taken either at regular intervals during a calendar year or by 

random sampling, to determine the levels in accordance with data quality objectives that are less strict than 
those required for fixed measurements in the AAQD  
 

Modelling application: Modelling results obtained with a modelling system over a given modelling domain, 

over a given time period. When we speak about “models” in this report, in reality we refer to “modelling appli-
cations”. 
 

Modelling domain: geographic area covered by a modelling system for assessment  

 

Modelling evaluation: Sum of processes that need to be followed in order to determine and 

quantify a model’s performance capabilities, weaknesses and advantages in relation to the range of 

applications for which it has been designed. Note: The present Guidance document does not 

prescribe a procedure for model evaluation.  

 

Modelling Performance Indicator (MPI): Statistical indicator calculated on the basis of 

measurements and modelling results.  In the context of the present Guidance document, several 

Modelling Performance Indicators are defined. Each of them describes a certain aspect of the 

discrepancy between measurement and modelling results. There are Modelling Performance 

Indicators referring to the three aspects of correlation, bias and normalised mean square deviation. 

 

 

2  Vlãsceanu, L., Grünberg, L., and Pârlea, D., 2004, /Quality Assurance and Accreditation: A Glossary of Basic Terms and 
Definitions /(Bucharest, UNESCO-CEPES) Papers on Higher Education, ISBN 92-9069-178-6. 
https://unesdoc.unesco.org/ark:/48223/pf0000134621 
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Model Performance Indicators are also developed to assess the capability of the model to 

reproduce spatial and temporal variations. See section 3.7 for a description of the MPI’s.  
 

Modelling Performance Criterion: Criterion that a Model Performance Indicator is expected to 

fulfil.  
 

Modelling quality indicator (MQI): statistical indicator for modelling validation calculated on the basis of 

measurement and modelling results  
 
Modelling quality objective (MQO): criterion for modelling validation that values of the MQI should fulfil 

 

Modelling system: chain of models and sub-models, including all necessary input data, and any post-

processing  
 

Modelling validation: comparison of modelling results against measured data, using MQI indicators 

 

Maximum measurement uncertainty: maximum accepted scatter of the measured values around the true 

value that is attributed to the measurement of a pollutant. Note that in this document, we use expanded 
uncertainties expressed at a 95% confidence level. This corresponds to the maximum measurement uncertainty 
as specified in the AAQD. 
 

Maximum modelling uncertainty: maximum accepted scatter of the modelled values around the true value 

of a pollutant.  
  

Reference value (RV): constant value, used to define the relationship between measurement uncertainty and 

concentration level, for each pollutant and time average.  
 

Sampling point: location where sampling of a given pollutant in ambient air takes place; each sampling point 

is location-pollutant-methodology specific. 
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3. Modelling Quality Indicators (MQI) and Modelling Quality 

Objectives (MQO) 

3.1. Why a MQO? 

In general, the quality of models is understood in terms of their 'fitness for purpose'. Therefore, 

evidence is based on the question of whether a model is suitable for the intended application and 

specified objectives. As such, the quality of a model is always relative and is measured against the 

quality objectives for any particular model application. Statistical performance indicators, which 

provide insight on model performance, are generally used to assess the performance of a model 

against measurements for a given application (but usually without providing a threshold that define 

if the model is fit-for-purpose). Indeed, they do not tell whether model results have reached a 

sufficient level of quality for a given application. This is the reason for which modelling quality 

objectives (MQO), defined as the minimum level of quality to be achieved by a model for policy use, 

is here proposed.  

With time, different formulations of the MQI have been proposed. In this document, we follow the 

formulation of the MQI as in the revised AAQD. The “FAIRMODE” formulation is detailed in previous 

versions of this guidance document whereas the CEN/WG43 formulation is summarized in Annex 1. 

Specific tools that include these different formulations are available and described in Annex 2.    

It is important to realise that the selection of an appropriate and fit-for-purpose modelling system 

is essential for an effective and reliable assessment that meets the objectives of the AAQD and 

constitutes a solid basis for air quality management. In that respect, fitness-for-purpose is more 

than only passing the MQO. A careful selection of the appropriate model building blocks constitutes 

an important part of this process. More information can be found in the Technical Support 

document for modelling in the context of the AAQD (EC, 2025) 

3.2. Species and associated time aggregation  

MQO are produced by comparing air quality model results and measurements at sampling points. In 

this document, MQO are defined only for pollutants and temporal scales that are relevant to the 

AAQD. Currently only O3 daily 8h max, O3 seasonal, yearly and hourly NO2, yearly and daily PM10 and 

yearly and daily PM2.5 data covering an entire calendar year are considered. In the context of 

CEN/WG43, a full coverage of all pollutants and time aggregations is being developed. 

3.3. Modelling Quality Indicator (MQI) 

Before the data quality objective for modelling applications can be defined, it is essential to introduce the 

Modelling Quality Indicator (MQI). The MQI is a statistical indicator calculated on the basis of measurements 

and modelling results. The MQI is described in terms of the difference between measurements and modelling 

results, normalised by measurement uncertainty and an empirical scaling factor. Separate MQIs are defined for 

short (e.g. hourly, daily) and long (e.g. annual) time aggregations of pollutant concentrations. This double-ob-

jective is introduced to test modelling capacities at various time averages in relation to the AAQD requirements. 

At a given sampling point, the MQI for time series of short term (hourly/daily) averages is calculated as the 

ratio of the root mean square error(s) (RMSE) between modelling results and measurements (fixed or indicative) 

over the square root of the sum of the squares of the maximum allowed uncertainties for modelling (RMSUM) 

and (fixed or indicative) measurements (RMSUO), over an entire assessment period. In mathematical terms, this 

reads as follows: 
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 𝑀𝑄𝐼𝑠ℎ𝑜𝑟𝑡 =
𝑅𝑀𝑆𝐸

√𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2

 
(1) 

where the different terms are expressed as below. Note that the maximum modelling and (fixed or indicative) 

measurement uncertainties are defined above in terms of the root mean squares of the modelled and measured 

uncertainties and are both defined at the measured concentration levels:  

 

 𝑅𝑀𝑆𝐸 = √
1

𝑁𝑡
∑(𝑂𝑡 − 𝑀𝑡)2

𝑁𝑡

𝑡=1

      𝑅𝑀𝑆𝑈𝑂 = √
1

𝑁𝑡
∑ 𝑈𝑂

2(𝑂𝑡)

𝑁𝑡

𝑡=1

         𝑅𝑀𝑆𝑈𝑀

= √
1

𝑁𝑡
∑ 𝑈𝑀

2 (𝑂𝑡)

𝑁𝑡

𝑡=1

 

(2) 

In these relations, Ot and Mt are the measured and modelled concentration values, respectively, at each time 

step t comprising the time series. UO and UM are the maximum measurement and modelling uncertainties, 

respectively, at each time step. 

For long-term averages, the hourly/daily time series reduces to a single annual value. Consequently, the root 

mean square error reduces to the bias between observation and modelling result, while root mean square 

uncertainty terms in the denominator reduce to single values (the long-term average uncertainties). 

 𝑀𝑄𝐼𝑙𝑜𝑛𝑔 =
|𝐵𝐼𝐴𝑆|

√𝑈𝑂
2(𝑂̅) + 𝑈𝑀

2 (𝑂̅)

 
(3) 

The AAQD sets values for the maximum uncertainty of modelling applications that are equal to the 

uncertainty for fixed measurements 𝑈𝑂,𝑓𝑖𝑥 multiplied by the applicable maximum ratio, here named 

β (see Table 1 for detailed values). 
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Table 1. reference values as from the AAQD. 

Air 

pollutant 

Time 

resolution 

of the data 

used in the 

MQI 

Limit 

value 

(LV) 

Maximum 

uncertainty of 

fixed 

measurements - 

𝑈𝑂𝑟,𝑓𝑖𝑥 (relative 

value) 

Maximum 

uncertainty of 

indicative 

measurements - 

𝑈𝑂𝑟,𝑖𝑛𝑑 (relative 

value) 

βlong Βshort 

PM10 Yearly 20 µg/m3 20% 30% 1.3  

PM2.5 Yearly 10 µg/m3 30% 40% 1.7  

NO2 Yearly 20 µg/m3 30% 40% 1.4  

PM10 Day 45 µg/m3 25% 50%  2.2 

PM2.5 Day 25 µg/m3 25% 35%  2.5 

NO2 Hour 200 

µg/m3 

15% 

 

 

25%  3.2 

O3 Daily 8h 

max 

120 

µg/m3 

15% 25%  2.2 

Source: Ambient Air Quality Directive 2881/2024. 

 

This translates respectively for long and short-term maximum absolute uncertainties into: 

𝑈𝑀(𝑂̅) = 𝛽𝑙𝑜𝑛𝑔𝑈𝑂,𝑓𝑖𝑥(𝑂̅) 

𝑈𝑀(𝑂𝑡) = 𝛽𝑠ℎ𝑜𝑟𝑡𝑈𝑂,𝑓𝑖𝑥(𝑂𝑡) 

The AAQD defines 𝑈𝑂,𝑓𝑖𝑥 as a piecewise function, selected for its simplicity. For concentrations above the limit 

value (LV), 𝑈𝑂,𝑓𝑖𝑥(𝑂) shall be calculated using its relative value at the LV. Note that detailed values of 

𝑈𝑂,𝑓𝑖𝑥(𝐿𝑉) per pollutant are given Table 1. For concentrations below (or equal) the limit value 𝑈𝑂,𝑓𝑖𝑥(𝑂) shall 

decrease linearly from the given absolute value at the limit value, to a threshold at zero concentration 𝑈∅. In 

mathematical terms, this reads for the absolute measurement uncertainty: 

𝑈𝑂,𝑓𝑖𝑥(𝑂) = {
𝑈∅ + 𝑂 ∗ (𝑈𝑂,𝑓𝑖𝑥(𝐿𝑉) − 𝑈∅) 𝐿𝑉⁄ , 𝑂 ≤ 𝐿𝑉 

𝑂 ∗  𝑈𝑂,𝑓𝑖𝑥(𝐿𝑉) 𝐿𝑉⁄ , 𝑂 > 𝐿𝑉 
 

where 𝑂 in the equation above represents both long and short-term concentrations (𝑂̅ or 𝑂𝑡). For both short- 

and long-term and for all pollutants, the value of 𝑈∅ is equal to 𝑈𝑂,𝑓𝑖𝑥(𝐿𝑉), which simplifies the equation to 

𝑈𝑂,𝑓𝑖𝑥(𝑂) =  𝑈∅  for   𝑂 ≤ 𝐿𝑉. For short-term PM10, PM2.5, O3, NO2, SO2 and CO there is an exception and 𝑈∅ is 

set to 4 μg/m3, 3 μg/m3, 10 μg/m3, 3 μg/m3, 5 μg/m3 and 0,5 mg/m3, respectively. The above definition can be 

made clear in a simple graph. The long and short-term PM10 uncertainty as a function of the concentration value 

is given in Figure 1. 

It should be noticed that the MQI can be used for both fixed and indicative measurements but that the modelling 

uncertainty is defined only in terms of the fixed measurement uncertainty.  

The principles described above to calculate the uncertainties associated to the pollutants in Table 1, in terms 

of their absolute and relative uncertainties, remain valid for all the other Ambient Air Quality Directive pollutants 

with their respective uncertainties set in Annex V of the Directive. 



 

11 
 

Figure 1. Long-term (annual mean) and short-term (daily mean) PM10 measurement uncertainty to be used 

as reference for the MQI, as defined in the AAQD. Annual and daily mean limit values of 20 and 45 µg/m³ are 

given by the blue and yellow vertical lines, respectively 

 

Source: JRC elaboration. 

3.4. Modelling Quality Objective 

The MQI as defined above can be calculated for any pair of observed and modelled time series or aggregated 

annual averages. The indicator defines the quality of the modelling results at the location of the sampling point. 

However, the indicator does not express any evaluation or fitness-for-purpose criteria. Therefore, the Modelling 

Quality Objective is defined as: 

 MQO:  𝑀𝑄𝐼90𝑡ℎ ≤ 1 (4) 

where the condition ‘MQI90th is less or equal than 1’ means that MQI is less or equal than 1 for 90% of the 

available sampling points, over the assessment area and period considered. This condition corresponds to an 

evaluation of the 90th percentile of the available MQI values in the MQO formulation.  

The MQI associated with each sampling point is therefore calculated, and ranked in ascending order, 

from which the 90th percentile value is inferred by linear interpolation: 

 𝑀𝑄𝐼90𝑡ℎ = 𝑀𝑄𝐼(𝑁90𝑡ℎ) + (𝑀𝑄𝐼(𝑁90𝑡ℎ + 1) − 𝑀𝑄𝐼(𝑁90𝑡ℎ))𝐷 (5) 

where N90th is the calculated 90th percentile of the number of sampling points defined as the integer 

part of a given real number (e.g. floor(3,9)=3): 

𝑁90𝑡ℎ = floor(0,9𝑁𝑠)    

with Ns the total number of available sampling points. D is the non-integer distance defined as 

𝐷 =  0,9𝑁𝑠 − 𝑁90𝑡ℎ 
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As established in Point A, Annex V of the AAQD, assessments based on hourly or daily values shall fulfil both 

the long- and short-term MQO to guarantee a robust evaluation. For modelling systems only capable to derive 

an annual average value, fulfilment of the long-term MQO is sufficient. 

3.5. Data requirements 

The primary measurement data to be used for modelling validation shall comply with the requirements set by 

the AAQD for fixed and indicative measurements. Note that measurements with lower data coverage than 

required for fixed measurements fall into the indicative measurement category and hence are available for 

validation with the method described here.  

In the context of assessment under the AAQD, a modelling system should be able to capture both the spatial 

and temporal variability of the environmental indicator in the modelling domain. The resolution of the modelling 

system should be such that all measurements can be reproduced, regardless of the classification of the moni-

toring locations. When using a modelling system, the main principle for validation is therefore that the modelling 

results should be validated against all measurement data that meet the requirements defined in this section.  

To reduce the ambiguity of the spatial scale in the fitness-for-purpose definition, FAIRMODE 

proposes, as a general guidance, that the spatial scale(s) of the modelling system should be such 

that all measurements of pollutant concentration levels within the scope of the application can be 

reproduced: 

1. A modelling system application that produces data used as supplementary information to 
measurements should be consistent with the classification of station and pollutant that is 
supplemented. This means that, for rural sampling points, (coarser) regional scale model re-
sults can be sufficient, whereas for traffic sampling points more detailed street level models 
have to be applied. The MQO should be evaluated by making use of all measurements from 
sampling points that are complemented by the modelling application.  

2. A modelling system application that is used to assess the spatial extent of the exceedances 
(area of exceedance, length of road in exceedance, population in the exceedance area), should 
be evaluated using the MQO for all available measurements in the air quality zones of inter-
est. 

3. When a modelling based assessment is performed as a starting point for planning under the 
AAQD, the ambition should be to reproduce what is measured in the atmosphere within the 
air quality zone under investigation. Therefore, it is recommended that all measurements in 
the air quality zone are used in the MQO evaluation of the assessment results. This will ensure 
that the starting point of the plan reproduces (most of) the relevant sources, complex struc-
tures and gradients as present in the real world atmosphere and captured by measurements. 

In exceptional circumstances, validation against all measurement data meeting these requirements 

may not be appropriate. In such cases, the exemptions shall be duly justified and the reasoning 

shall be reported as part of the assessment to the competent authorities. 

The stringency of the MQO, defined by the value of the β coefficient is discussed in Section 5.1. A 

discussion on the minimum number of sampling points required for the calculation of the MQO is 

proposed in 5.2 whereas requirements for the use of data-assimilation and data-fusion are detailed 

in Section 5.3.  
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3.6. Visualisation 

3.6.1. Long-term MQI/MQO 

For the visualization and reporting of yearly averaged model results, a Scatter diagram is used to 

represent the MQO (Figure 2).  

Equation (3) for yearly averaged results (i.e. based on the bias) is used as main model quality 

indicator. In the scatter plot, it is used to represent the distance from the 1:1 line. As mentioned 

above it is expected to be fulfilled (points are in the grey area) by at least 90% of the available 

sampling points and a MQI value representative of the 90th percentile is calculated according to (5). 

The value of MQI90th is displayed in the diagram as well as an indication on whether the MQO is 

fulfilled or not (pass or fail). The uncertainty parameters (βlong, 𝑈𝑂,𝑓𝑖𝑥(𝐿𝑉) and LV) used to produce 

the diagram are plotted as well from a transparency and completeness perspective. 

The Scatter diagram can optionally provide information on performances for single sampling points 

or groups of sampling points (e.g. different geographical regions) by the use of symbols and colours.  

Figure 2. Scatter between measured and modelled values. The grey shaded area indicates where 

the MQO is fulfilled (𝑴𝑸𝑰 ≤ 𝟏). 

 

Source: JRC elaboration. 

 

3.6.2. Short-term MQI/MQO 

The MQI as described by Eq (1) is used as main indicator. In the uncertainty normalised Target 

diagram, the MQI represents the distance between the origin and a given evaluation point, for this 

reason in previous documents the MQI was called also target indicator. The performance criterion 

for the MQI, defined as MQO, is set to unity regardless of spatial scale and pollutant and it is 
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expected to be fulfilled for at least 90% of the available stations. A MQI value representative of the 

90th percentile is calculated according to (5). 

In the Target diagram, Figure 3, the X and Y axis correspond to the BIAS and 𝐶𝑅𝑀𝑆𝐸 which are 

normalised by √𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2  (see Equation (2)). The 𝐶𝑅𝑀𝑆𝐸 is defined as: 

 𝐶𝑅𝑀𝑆𝐸 =  √
1

𝑁
 ∑[(𝑀𝑖 − 𝑀̅) − (𝑂𝑖 − 𝑂̅)]2

𝑁

𝑖=1

 (6) 

and is related to RMSE and BIAS as follows: 

 𝑅𝑀𝑆𝐸2 = 𝐵𝐼𝐴𝑆2 + 𝐶𝑅𝑀𝑆𝐸2 (7) 

and to the standard deviation, σ and correlation, R :  

 C𝑅𝑀𝑆𝐸2 =  𝜎𝑜
2 + 𝜎𝑚

2 − 2𝜎𝑜𝜎𝑚𝑅 (8) 

For each point representing one sampling point on the diagram the ordinate is then 

𝐵𝐼𝐴𝑆 (√𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2 )⁄ , the abscissa is 𝐶𝑅𝑀𝑆𝐸 (√𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2 )⁄  and the radius is 

𝑅𝑀𝑆𝐸 (√𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2 )⁄ . The grey area on the Target plot identifies the area of fulfilment of 

the MQO, i.e. MQI less than or equal to 1. 

Because 𝐶𝑅𝑀𝑆𝐸 is always positive only the right-hand side of the diagram would be needed in the 

Target plot. The negative X axis section can then be used to provide additional information. This 

information is obtained through relation (9) which is used to further investigate the 𝐶𝑅𝑀𝑆𝐸 related 

error and see whether it is dominated by 𝑅 or by σ. The ratio of two 𝐶𝑅𝑀𝑆𝐸, one obtained 

assuming a perfect correlation (𝑅 = 1, numerator), the other assuming a perfect standard deviation 

(𝜎𝑀 = 𝜎𝑂, denominator) is calculated and serves as basis to decide on which side of the Target 

diagram the point will be located:  

 
𝐶𝑅𝑀𝑆𝐸(𝑅 = 1)

𝐶𝑅𝑀𝑆𝐸 (𝜎𝑀 = 𝜎𝑂)
=

|𝜎𝑀−𝜎𝑂|

√2𝜎𝑂𝜎𝑀(1 − 𝑅)
 {

 ≥ 1 ∶  𝜎 𝑑𝑜𝑚𝑖𝑛𝑎𝑡𝑒𝑠 𝑅 ∶ 𝑟𝑖𝑔ℎ𝑡
< 1 ∶  𝑅 𝑑𝑜𝑚𝑖𝑛𝑎𝑡𝑒𝑠 𝜎 ∶ 𝑙𝑒𝑓𝑡

} (9) 

For ratios larger than one the σ error dominates and the station is represented on the right, whereas 

the reverse applies for values smaller than one. 

The MQI associated to the 90th percentile worst sampling point is calculated (see equation 5) and 

indicated in the upper part of the diagram, both for “short” and “long-term averages” applications, 

together with a pass/fail information. Both the MQIshort,90th and MQIlong, 90th should be less or equal to 

unity. The measurement uncertainty parameters (𝛽𝑠ℎ𝑜𝑟𝑡 , 𝑈𝑂𝑟,𝑓𝑖𝑥(𝐿𝑉) and LV) used to produce the 

diagram are given in the plot as well.  

In addition to the information mentioned above the proposed Target diagram also provides the 

following information: 

o A distinction between sampling points according to whether their error is dominated by bias 
(either negative or positive), by correlation or standard deviation. 
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o Identification of performances for single stations or group of sampling points by the use of 
different symbols and colours (optional).  

 

Figure 3. Target diagram. The grey shaded area indicates where the MQO is fulfilled (MQI≤1). 

 

Source: JRC elaboration. 

3.7. Additional performance indicators 

Additional performance validation indicators may be used to complement the MQI/MQO procedure 

with the aim to provide details on the assessment of the temporal and spatial quality and 

consistency of the modelled time series.   

The 𝑀𝑄𝐼 condenses differences in either BIAS, σ and R into a single number. These three different 

statistics are however related as follows: 
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𝑀𝑄𝐼2 =  
𝑅𝑀𝑆𝐸2

√𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2

=  
𝐵𝐼𝐴𝑆2

√𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2

+  
(𝜎𝑀−𝜎𝑂)2

√𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2

+
 2𝜎𝑂𝜎𝑀(1 − 𝑅)

√𝑅𝑀𝑆𝑈𝑂
2 + 𝑅𝑀𝑆𝑈𝑀

2

 

(10) 

We then require that each of the three individual terms on the right hand side of equation 10 be 

less or equal to 1 in order to derive temporal indicators (TI) and spatial indicators (SI) as well as 

their associated objectives. 

3.7.1. Main temporal MPI and MPC 

Table 2. main temporal MPI and MPC. 

Temporal 

Perfor-

mance Indi-

cator (TI) 

Model Performance Indicator (MPI) Model Performance 

Criteria (MPC) 

TIB 
TIB =

𝐵𝐼𝐴𝑆

√1 + βshort
2 RMSUO

 
|TIB|,90𝑡ℎ ≤ 1 

TIR TIR = (1 − R)
2σOσM

(1 + βshort
2 )RMSUO

2
 |TIR|,90𝑡ℎ ≤ 1 

TIσ 
TIσ =

σM − σO

√1 + βshort
2 RMSUO

 
|TIσ|,90𝑡ℎ ≤ 1 

Source: JRC elaboration. 

 

The temporal indicators apply to each single sampling point. It is important to note that the 

modelling performance indicator (MPI) for bias, R, and standard deviation defined here together 

with their modelling performance criteria (MPC) represent necessary but not sufficient conditions to 

ensure that the MQO is fulfilled. One of the main advantages of this approach for deriving separate 

MPI is that it provides a selection of statistical indicators with a consistent set of performance 

criteria based on one single input: the measurement uncertainty U(Oi). While the 𝑀𝑄𝐼, based on the 

RMSE indicator, provides a general overview of the model performance, the associated MPI for 

correlation, standard deviation and bias can be used to highlight which of the model performance 

aspects need to be improved.  

3.7.2. Main spatial MPI and MPC 

To derive the spatial indicators, model results are first averaged temporally at each sampling point. 

In a similar way to the temporal indicators, spatial performance indicators are then calculated for 

this set of averaged values.  
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Table 3. main temporal MPI and MPC. 

Spatial 

Performance 

Indicator 

(SI) 

Model Performance Indicator 

(MPI) 

Model Perfor-

mance Crite-

ria (MPC) 

   

SIRMSE 
SIRMSE =

RMSEsp

√1 + βlong
2 RMSU

O̅

sp
 

SIRMSE ≤ 1 

SIB 
SIB =

BIASsp

√1 + βlong
2 RMSU

O̅

sp
 

|SIB| ≤ 1 

SIR 

SIR

= (1 − Rsp)
2σO̅spσM̅sp

(1 + βlong
2 )RMSU

O̅

sp2 SISR ≤ 1 

SIσ 
SIσ =

σ
M̅
sp

− σ
O̅

sp

√1 + βlong
2 RMSU

O̅

sp
 |SIσ| ≤ 1 

Source: JRC elaboration. 

 

Where the superscript “sp” indicates that indicators are calculated spatially. 

3.7.3. Complementary indicators 

In addition to the indicators already established within the FAIRMODE MQI system approach, we 

propose the inclusion of incremental indicators, to evaluate the model’s ability to reproduce 

concentration gradients—such as those between rural and urban, or traffic and urban stations. This 

is relevant in the context of the Ambient Air Quality Directive (AAQD), because the design of the 

monitoring network aims to capture existing gradients and differences occurring as a result of 

different pollution sources and different dispersion situations and modelling systems should be able 

to reproduce these features. These supplementary spatial indicators can be developed in a manner 

consistent with existing MQIs, for example by normalising them with respect to measurement 

uncertainty. Details on the use of these indicators are provided in De Meij et al., 2025. 

For example, the modelled incremental difference between rural background (RB) and urban 

background (UB) locations is defined as: 

𝐼𝑁𝐶𝑈𝐵−𝑅𝐵
𝑚𝑜𝑑𝑒𝑙 = 𝑀̅𝑈𝐵 − 𝑀̅𝑅𝐵 (11) 

 

where M is the model value and similarly for the measured increment:  
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𝐼𝑁𝐶𝑈𝐵−𝑅𝐵
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑂̅𝑈𝐵 − 𝑂̅𝑅𝐵  (12) 

 

These indicators are then normalised by the measurement uncertainty, see table below:  

Table 4. additional incremental change indicators. 

 Model Performance Indicator (MPI) Model Performance 

Criteria (MPC) 

UB – RB (13) 
MP𝐼 =

1

√1 + 𝛽2
∗

𝐼𝑁𝐶𝑈𝐵−𝑅𝐵
𝑚𝑜𝑑𝑒𝑙 − 𝐼𝑁𝐶𝑈𝐵−𝑅𝐵

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

0.5 ∗ (𝑅𝑀𝑆𝑈𝑈𝐵 + 𝑅𝑀𝑆𝑈𝑅𝐵)
 

MPC: MPI ≤ 1 
UT – UB (14) 

MPI =
1

√1 + 𝛽2
 ∗

𝐼𝑁𝐶𝑈𝐵−𝑈𝑇
𝑚𝑜𝑑𝑒𝑙 − 𝐼𝑁𝐶𝑈𝐵−𝑈𝑇

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

0.5 ∗ (𝑅𝑀𝑆𝑈̅𝑈𝐵 + 𝑅𝑀𝑆𝑈𝑈𝑇)
 

Source: JRC elaboration. 

 

where UT stands for “urban traffic”. Note that these indicators can only be applied with models that 

are designed to simulate the station types that are used in the indicators (e.g. urban-traffic 

incremental indicators cannot be applied to models that only simulate background levels). 

As previously noted, the Model Quality Objective typically applies to averaged values over a defined 

period—currently one year. As such, it does not provide insight into whether the modelling 

application accurately captures temporal variability in air quality. However, since the Ambient Air 

Quality Directives (AAQDs) also require the assessment of exceedances based on specific temporal 

indicators, the ability of a model to reflect temporal fluctuations becomes highly relevant for 

effective air quality management. 

To address this, indicators are introduced to evaluate the temporal coherence of model results 

across various time scales (see table below). These indicators cover patterns such as seasonal 

variations, weekday versus weekend differences, and day versus night changes. Measurement and 

modelling results are aggregated across all stations of a given type (e.g., urban, rural, traffic, 

industrial), and temporal consistency is assessed using the following additional incremental change 

indicators. 

Table 5. Model quality indicators at different frequencies: seasonal, week/week-end or day/night. 

  

Model Performance Indicator (MPI) 

 

Model Perf. 

Criteria 

(MPC) 

Seasonal (15) 

Industry MPI =
𝑆𝑒𝑎𝑠𝐷𝑖𝑓𝑓𝐼𝑛𝑑

𝑚𝑜𝑑 − 𝑆𝑒𝑎𝑠𝐷𝑖𝑓𝑓𝐼𝑛𝑑
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
 

MPC: MPI ≤ 1 

Traffic MPI =
𝑆𝑒𝑎𝑠𝐷𝑖𝑓𝑓𝑡𝑟𝑎𝑓𝑓𝑖𝑐

𝑚𝑜𝑑 − 𝑆𝑒𝑎𝑠𝐷𝑖𝑓𝑓𝑡𝑟𝑎𝑓𝑓𝑖𝑐
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
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Background MPI =
𝑆𝑒𝑎𝑠𝐷𝑖𝑓𝑓𝑏𝑔

𝑚𝑜𝑑 − 𝑆𝑒𝑎𝑠𝐷𝑖𝑓𝑓𝑏𝑔
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
 

Week / 

weekend (16) 

Industry MPI =
𝑊𝑒𝑒𝑘𝐷𝑖𝑓𝑓𝐼𝑛𝑑

𝑚𝑜𝑑 − 𝑊𝑒𝑒𝑘𝐷𝑖𝑓𝑓𝐼𝑛𝑑
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
 

Traffic MPI =
𝑊𝑒𝑒𝑘𝐷𝑖𝑓𝑓𝑡𝑟𝑎𝑓𝑓𝑖𝑐

𝑚𝑜𝑑 − 𝑊𝑒𝑒𝑘𝐷𝑖𝑓𝑓𝑡𝑟𝑎𝑓𝑓𝑖𝑐
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
 

Background MPI =
𝑊𝑒𝑒𝑘𝐷𝑖𝑓𝑓𝑏𝑔

𝑚𝑜𝑑 − 𝑊𝑒𝑒𝑘𝐷𝑖𝑓𝑓𝑏𝑔
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
 

Day/night 
(17) 

Industry MPI =
𝐷𝑎𝑦𝐷𝑖𝑓𝑓𝐼𝑛𝑑

𝑚𝑜𝑑 − 𝐷𝑎𝑦𝐷𝑖𝑓𝑓𝐼𝑛𝑑
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
 

Traffic MPI =
𝐷𝑎𝑦𝐷𝑖𝑓𝑓𝑡𝑟𝑎𝑓𝑓𝑖𝑐

𝑚𝑜𝑑 − 𝐷𝑎𝑦𝐷𝑖𝑓𝑓𝑡𝑟𝑎𝑓𝑓𝑖𝑐
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
 

Background MPI =
𝐷𝑎𝑦𝐷𝑖𝑓𝑓𝑏𝑔

𝑚𝑜𝑑 − 𝐷𝑎𝑦𝐷𝑖𝑓𝑓𝑏𝑔
𝑜𝑏𝑠

√1 + 𝛽2𝑅𝑀𝑆𝑈
 

Source: JRC elaboration. 
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4. Benchmarking 

In this section, we mainly address the benchmarking activities that can be performed with the 

FAIRMODE “concentration composite mapping tools”, and additional indicators that were defined to 

evaluate air quality models. 

4.1. A word of caution 

When we talk about benchmarking, it is normally assumed that the best model is the one that 

produces results closest to measured values. In many cases, this is a reasonable assumption. 

However, it is important to recognise that this is not always the case since measurements have 

their own uncertainty, so one should proceed with caution when interpreting benchmarking results.  

Different situations in EU member states pose different challenges to modelling including among 

others the availability of input data, emission patterns and the complexity of atmospheric flows due 

to topography.  

To avoid drawing unwarranted conclusions from benchmarking results, it is not sufficient to inspect 

benchmarking results. Background information (metadata) on the underlying data is required to 

consider the challenges that are tackled.  

Good benchmarking results are therefore not a guarantee that everything is perfect. Poor 

benchmarking results should be followed by a closer analysis of their causes. This should include 

examination of the underlying data and some exploratory data analysis. 

Benchmarking in the FAIRMODE context is intended as the compilation of different approaches and 

the subsequent development and testing of a standardised evaluation/inter-comparison 

methodology for collecting and reporting model inputs/outputs in a way that enables relevant 

comparisons. The aim is to identify good practices and propose ways to diagnose problems in 

performance. 

More into details, FAIRMODE benchmarking activities are also fostered through the use of the 

“composite mapping platform”, described in the following sections. 

4.2. The Composite Mapping Platform 

The Composite Mapping application is built to facilitate the online comparison of various modelled 
and measured values. After an upload phase, the users can check their modelling results against 
observations, compute MQI on-the-fly, select in an interactive way the stations to be used for valida-
tion, etc… On top of this, the user can check which is the “best” model (with the lower MQI) for a 
certain area, and compare models among each other: i.e. checking if there are inconsistencies in 
modelling results that partly overlap or that connect at regional or country borders. 
 
The application to perform these analyses is created using the Python programming language and is 
deployed as a Voilà dashboard at this address.  Upon launching, the start page (4) presents you with 
a choice of applications to open. On the right side, you'll find three buttons for the "Concentrations 
functions":  

- Concentration App: This tool enables you to compute the Model Quality Objective (MQO) by 
directly comparing model outputs with observed values. It offers flexibility to test different 
MQO definitions, select specific subsets of monitoring stations, and analyze data across var-
ious reference years and pollutants.  

https://jeodpp.jrc.ec.europa.eu/eu/vaas/voila/render/fairmode/fairmode/FAIRMODEConcentrations.ipynb
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- Best Models: This application provides an interactive visualization of the most effective mod-
els for each NUTS2 administrative polygon, including a dynamic, on-the-fly mosaic display of 
these models. The “best” model is defined in terms of lowest MQI computed over the related 
NUTS2 stations.  

- Models Viewer: This is a map-based application where you can interactively overlay different 
model outputs and generate charts showing concentration profiles along custom-drawn 
lines.  

 

Figure 4. landing page for the “composite mapping on concentrations” dashboard. 

 

  

Source: JRC elaboration. 

 
Each of the following subchapters provides a screenshot and a concise description for each of the three appli-

cations.   
 

Concentration App  

The aim of this app is to compare model and observed results, and compute the MQI. 

To begin, one should use the left panel to select the desired reference year and pollutant; this will 

populate a list of all corresponding models available on the platform. Once you choose a 

model from this list, the map on the right will display the monitoring stations that overlap with the 

model's raster image. At the same time, a chart in the central part of the window will dynamically 

show a comparison between the measured and model concentrations at these stations. Below, 

the central-bottom panel offers interface elements that allow to filter stations by type or location. 

The chart interactively updates the Model Quality Index (MQI) calculations while proceeding with 

these filters.  
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Figure 5. Screenshot for the concentration App 

 

Source: JRC elaboration. 

 

   

Best Models  
This app aims to show, on different EU areas, the available models and associated quality (showing at the end 
the “best model” for each area). 
Once a reference year and pollutant are selected, this application presents the best performing model for each 
NUTS2 region across Europe. You have two viewing options:  

- You can see the NUTS2 polygons coloured according to the model that achieved the lowest (best) 

Model Quality Index (MQI) at monitoring stations located within that polygon.  
- Alternatively, you can enable a double-map display. This view includes the "Frankenstein Map," which 

is a dynamic mosaic generated from the most effective local raster models, precisely clipped to the 

boundaries of each polygon.  
By clicking on any specific polygon, you'll be able to see the MQI values for all models that intersect that par-
ticular area.  
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Figure 6. Screenshot for the Best Model App 

Source: JRC elaboration. 

 

Models viewer  
This application serves as a tool for comparing two or more modelling results along a specific linear path (a 
polyline). You start by using the left panel to select your desired reference year and pollutant, which then allows 
you to choose the models you want to compare. Once selected, these models will be overlaid on the main map 
viewer.  
To begin the comparison, simply click the "Draw profile" button located in the top-right corner of the viewer; this 
enables you to interactively draw the linear feature where the comparison will take place. Finally, the linear 
chart at the bottom of the screen will display the concentration values from all your selected models along the 

drawn polyline, facilitating a detailed analysis.   

Figure 7. Screenshot for the Models viewer App 

 

Source: JRC elaboration. 
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5. Open issues 

In this section, some topics are introduced where a full consensus is yet not reached within the 

FAIRMODE community and which merit further consideration.  

5.1. Stringency of the MQI/MQO (β) 

During various FAIRMODE meetings in 2024, the stringency index of the MQI/MQO evaluation has been a topic 

of discussion. It appears that in its current formulation the stringency index for PM2.5 might not be sufficiently 

strict, allowing the modelling results to fulfil the MQO most of the time. On the contrary, this is not happening 

for other pollutants such as PM10 or NO2. Tests performed by Met.No (during 2024, presented during the Dublin 

Technical Meeting, more details at https://knowledge4policy.ec.europa.eu/sites/default/files/fair-

mode/events/20241007_WG2_All_participants.pdf) showed clearly that, while for NO2 and PM10 the strin-

gency index allows to discriminate between “good” and “bad” modelling applications, this was not the case for 

PM2.5. Similar results were obtained by other modelling applications, during the FAIRMODE “composite mapping 

concentrations” testing phase in 2024 and 2025. Further work is required to understand the proper level of 

stringency to be used for PM2.5 and other pollutants, covered by the AAQD. 

5.2. Minimum number of stations 

The reliability of the statistical validation of modelling performance against measurements depends directly on 

the amount of data available. The dependence of the statistical strength of the evaluation on the number of 

available sampling points shows that for a sufficiently robust evaluation of the MQO, a minimum number of 

10 sampling points (fixed and/or indicative measurements) is required. This minimum number of sampling 

points, balances the limited number of sampling points available for validation in practice, with the risk of an 

incorrect evaluation of the modelling performances with the MQO. Below this minimum number, the MQIs for 

all available sampling points shall be provided to and considered by the competent authority to decide on the 

acceptance of the modelling application. When multiple measurements are available for a given pollutant at 

one sampling point, only the measurement with the lowest uncertainty for the given time scale should be 

retained for the evaluation process. 

Some options have been put forward to cope with the situations where fewer sampling points exist. 

The following approaches are recommended: 

• Expansion of the modelling domain with contiguous zones and/or agglomerations, i.e. enlarge 
the modelling domain size to include at least the minimum number of sampling points. 

• Combination of non-contiguous zones and agglomerations that are expected to have similar 
characteristics. Note that the same modelling system should be applied to all zones/agglom-
erations. 

• Expansion of the monitoring network by increasing reference or equivalent sampling points. 
In such cases, the network design should be prioritised based on understanding of significant 
sources. 

An interesting analysis (VITO, 2024) showed how the MQI depends on the number of considered 

stations (figure below). Results show stable MQI when using more than 20 stations. Below that 

number the MQI shows “instability”, with MQI even reaching values < 1 (i.e. passing the test for 

wrong reasons). Similar results are obtained for different pollutants. Further work should be done to 

better understand and analysis this issue. 

 

https://knowledge4policy.ec.europa.eu/sites/default/files/fairmode/events/20241007_WG2_All_participants.pdf
https://knowledge4policy.ec.europa.eu/sites/default/files/fairmode/events/20241007_WG2_All_participants.pdf
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Figure 8. MQI computed using CAMS data on Belgium, for different number of stations 

 

 

Source: VITO elaboration. 

5.3. Independence of the measurement data from the modelling system 

results 

For a robust modelling system validation, independent measurement data should be used.  

The combination of measurement data with modelling results is designated as data fusion or data 

assimilation. So when incorporating measurement data in the modelling approach, independent 

measurements shall be used when validating the modelling system. This independent set of 

sampling points shall meet the data quality criteria set in section 3.5 and the procedure to select it 

shall be accepted by the competent authorities. 

Different approaches found in literature are based on dividing the set of measurement data into 

two groups, one for the data assimilation or data fusion and one for the evaluation of the 

integrated modelling results. Cross-validation approaches consist in repeating this process in an 

iterative manner. 

We recommend the “leaving one out” cross-validation strategy as a methodology for the evaluation 

of data assimilation or data fusion results. For complex data assimilation methodologies such as 4D 

VAR, it is recommended to retain an independent set of measurement sites in the modelling domain 

for evaluation and do the assimilation without considering these measurement sites. The number of 

measurement sites which are retained should be at least 20% of the total number and should be 

randomly selected while ensuring that all the considered scales are represented (stratified random 

selection). However, the modeller should be aware of the fact that this a priori selection of 

validation stations will have an impact on the final result of the evaluation of the model application. 
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If the 20% - criteria is not suitable because of the lack of measurement sites in the modelling 

domain, independent external data should be used for the validation procedure, e.g. from dedicated 

measurement campaigns. Further work on this topic should be done in FAIRMODE in the future. 
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6. Conclusions 

This guidance document describes a procedure for air quality model benchmarking in the context of 

the Ambient Air Quality Directive 2024/2881/EC (AAQD). It defines proper modelling quality 

indicators and criteria to be fulfilled in order to allow sufficient level of quality for a given model 

application under the AAQD.  The document explains and summarises the current concepts of the 

modelling quality objective methodology, elaborated in various papers and documents in the 

FAIRMODE and CEN/WG43 community and now reflected in the AAQD. We also present and explain 

templates for harmonised reporting of modelling results. Furthermore, we present the 

benchmarking activities available through the “concentration benchmarking tool”, additional 

indicator for validation; and finally remaining open issues are discussed to trigger further research 

and discussions. 
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Annexes  

Annex 1. MQO Formulation by CEN TC/264/WG43 

The main differences between the AAQD (see main text) and CEN/WG43 formulations of the MQO 

are: 

• The handling of the measurement uncertainty. While the AAQD relies on simple stepwise 
functions, CEN’s formulation is based on a more detailed relationship between uncertainty 
and concentration level. 

• Stringency factor: While the AAQD formulation uses a single value of beta associated to fixed 
measurements, the CEN formulation distinguishes between indicative and fixed measure-
ments. 

• MQO for long-term ozone is proposed 

• The CEN formulation covers all pollutants and time aggregations referred to in the AAQD. 

• Because MQO are also proposed for a few pollutant/time aggregation combinations that are 
not considered in the AAQD (e.g. seasonal ozone), the term “reference values (RV)” is used in 
the CEN formulation rather than “limit value (LV)”  

Measurement uncertainty 

In practice, measurement values include additional sources of uncertainty on top of the instrument 

uncertainty, such as factors related to spatial representativeness, the influence of the microscale 

location of the sampling point or the inlet situation (e.g. height, distance from source, etc) that lead 

to differences with modelling results. These additional uncertainties are accounted for by the 

proportionality coefficient (or stringency factor) β that determines the stringency of the MQO.  

A simplified and general expression for the maximum measurement uncertainty UO(O(t)) is derived 

here. O(t) are the measured values at each point in time t, where t is a number between 1 and Nt.  

A general expression for the maximum measurement uncertainty is derived by considering that the 

uncertainty UO(O(t)) of a measurement at concentration level O(t), can be decomposed into a 

component that is proportional to the concentration level, UOp(O(t)) and a non-proportional 

component, UOnp(O(t)): 

 𝑈𝑂
2(𝑂(𝑡)) = 𝑈𝑂𝑝

2 (𝑂(𝑡)) + 𝑈𝑂𝑛𝑝
2 (𝑂(𝑡))  (18) 

The non-proportional component UOnp(O(t)) is by definition independent of the concentration and 

is defined as a fraction αshort (ranging between 0 and 1) of the uncertainty at the reference value: 

 𝑈𝑂𝑛𝑝
2 (𝑂(𝑡)) =  𝛼𝑠ℎ𝑜𝑟𝑡

2 𝑈𝑂
2(𝑅𝑉𝑠ℎ𝑜𝑟𝑡) (19) 

Assuming that UO
2(O(t)) behaves sufficiently linearly with concentration level O2(t), Formula (18) 

can be approximated by the equation of a straight line, y = mx + c, with y = UO
2(O(t)), x = O2(t) 

and the intercept c being the non-proportional component UOnp
2 (O(t)).  

The proportional component UOp(O(t)) can then be derived from Formula (18) by solving for the 

gradient term m where O(t) = RVshort and defining the maximum relative uncertainty of 
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measurements around the reference value as UOr(RVshort) = UO(RVshort) RVshort⁄ . This leads to 

𝑚 = (1 − 𝛼𝑠ℎ𝑜𝑟𝑡
2 ) ∙ 𝑈𝑂𝑟

2 (𝑅𝑉𝑠ℎ𝑜𝑟𝑡) and hence:  

 𝑈𝑂𝑝
2 (𝑂(𝑡)) = (1 − 𝛼𝑠ℎ𝑜𝑟𝑡

2 ) (𝑈𝑂𝑟(𝑅𝑉𝑠ℎ𝑜𝑟𝑡) ∙ 𝑂(𝑡))2 (20) 

Combining Formulae (18) to (20), U can be expressed as: 

 𝑈𝑂(𝑂(𝑡)) = 𝑈𝑂𝑟(𝑅𝑉𝑠ℎ𝑜𝑟𝑡)√(1 − 𝛼𝑠ℎ𝑜𝑟𝑡
2 )𝑂2(𝑡) + 𝛼𝑠ℎ𝑜𝑟𝑡

2 𝑅𝑉𝑠ℎ𝑜𝑟𝑡
2  (21) 

From Formula (15) for the maximum measurement uncertainty of a single time step, the following 

expression for the root mean square of the maximum measurement uncertainty (RMSUO) is derived 

for a measurement time series: 

 
𝑅𝑀𝑆𝑈𝑂 =  √

∑ 𝑈𝑂
2(𝑂(𝑡))

𝑁𝑡
𝑡=1  

𝑁𝑡

=  𝑈𝑂𝑟(𝑅𝑉𝑠ℎ𝑜𝑟𝑡)√(1 − 𝛼𝑠ℎ𝑜𝑟𝑡
2 )(𝑂̅2 + 𝜎𝑜

2) + 𝛼𝑠ℎ𝑜𝑟𝑡
2 𝑅𝑉𝑠ℎ𝑜𝑟𝑡

2  

(22) 

in which O̅  and σO are the averaged measured value and the standard deviation of the measured 

time series, respectively. 

For annual or seasonal averaged measurements, the following expression for the maximum 

measurement uncertainty is derived in a similar manner: 

 

𝑈𝑜 (O ̅ ) = UOr (RV𝑙𝑜𝑛𝑔)√(1 − α𝑙𝑜𝑛𝑔
2 ) O ̅2 + α𝑙𝑜𝑛𝑔

2 RV𝑙𝑜𝑛𝑔
2  

 

 

The parameters U_Or (RV_short), U_Or (RV_long), α_short,α_long,RV_short and RV_long for O3 

(maximum 8h daily mean and seasonal), NO2 (hourly and annual), PM10 (daily and annual) and 

PM2.5 (daily and annual) are provided in in the Table 6. indicators for CEN MQI definition. 

 below, together with the associated values of β. Note that the CEN/WG43 process is supported by a 

validation project in which these parameters are being reviewed and additional robustness checks 

are begin performed. And updated set of parameters is expected by the end of 2026. 
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Table 6. indicators for CEN MQI definition. 

Pollutant 
Time 

resolution 

𝑹𝑽  

(µg/m3) 

Fixed measurements Indicative measurements 

𝑈𝑟𝑂(RV) 𝛼𝑙𝑜𝑛𝑔 𝛽𝑙𝑜𝑛𝑔 𝛼𝑠ℎ𝑜𝑟𝑡 𝛽𝑠ℎ𝑜𝑟𝑡 𝑈𝑟𝑂(RV) 𝛼𝑙𝑜𝑛𝑔 𝛽𝑙𝑜𝑛𝑔 𝛼𝑠ℎ𝑜𝑟𝑡 𝛽𝑠ℎ𝑜𝑟𝑡 

NO2 Hourly 200  15%   0.20 3.20 25%   0.90 1.92 

O3 
Daily 8h 

max 
100  15%   0.79 2.20 25%   0.80 1.32 

PM10 Daily 45  25%   0.25 2.20 50%   0.85 1.10 

PM2.5 Daily 25  25%   0.50 2.50 35%   0.83 1.79 

NO2 Yearly 20 30% 0.975 1.40   40% 0.975 1.05   

O3 Yearly 60 15% 0.40 1.70   25% 0.80 2.20   

PM10 Yearly 20 20% 0.60 1.30   30% 0.80 1.30   

PM2.5 Yearly 10 30% 0.80 1.70   40% 0.90 1.70   

Source: JRC 
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Annex 2. Related tools 

The DELTA Tool 

The DELTA tool is an IDL evaluation software developed at EC-JRC, Ispra within the FAIRMODE 

activities. It was built upon the assets of the EuroDelta, CityDelta and POMI tools and was designed 

for rapid diagnostics of air quality modelling applications under the EU Air Quality Directive 2008. 

The tool is based on pairs of measurement and modelled data at given location. It allows the user 

to perform two types of analysis: exploratory, looking at various statistical parameters, diagrams, 

pollutants and time intervals and benchmarking, when preselected model performance indicators 

for some regulated pollutants are compared to model quality objective and model performance 

criteria.  The main concept of the methodology is based on taking into account the measurement 

uncertainty while calculating model performance indicators related to RMSE, Correlation, BIAS and 

standard deviation. The main model performance indicator, called modelling quality indicator (MQI), 

is expected to fulfil a criteria (the model quality objective) easily viewable at the target diagram, 

part of the benchmarking template.  

DELTA is configured with the formulation of the MQI/MQO, based on Pernigotti et al. (2013) and 

Thunis et al. (2012) 

The tool (current version 7.3) is available upon request via the FAIRMODE website, and its 

maintenance is now discontinued.  

 

DELTA-LIGHT tool 

While the DELTA Tool offers extensive features for analyzing air quality model results, its efficiency and batch 
mode are not well developed. The DELTA Tool Light (DTL) prioritizes the calculation and visualization of indica-
tors in multi-model, multi-species, multi-domain, and multi-period studies while considering different ap-
proaches to the modelling quality indicators and objectives (MQO and MQI). In addition to graphical represen-
tations of these indicators, DTL includes some useful supporting graphical options. 

DTL has a general setup, with specific applications defined in an external file. The input formats for air quality 
model results (i.e., model output), observational data, and startup files (i.e., data regarding monitoring stations) 
remain identical to those used in the DELTA Tool. DTL is currently written in IDL, but an R version will be available 
in the near future. The DELTA software is an IDL-based model evaluation software developed in the framework 
of the FAIRMODE procedure for benchmarking of Air Quality Directive (AQD) modelling applications. 

DELTA is configured with the formulation of the MQI/MQO, based on the revised AAQD  

The tool (current version 1.4) is available via the FAIRMODE website, at this link. Soon it will be translated in an 
open source software. 

CEN/WG43 – MQOR tool 

The MQOR tool is an R package built to implement the MQO formulation as defined in the CEN/WG43 Technical 
Specification. It allows to compute MQI and some complementary indicators, following the CEN definition of 
measurement uncertainties. The tool was finalized by end of 2025, and it is available at https://code.eu-
ropa.eu/jrcairqualitymodelling/mqor/ . The MQO parameter set that is begin reviewed in the context of the CEN 
validation project will be integrated in the MQOR tool.

https://knowledge4policy.ec.europa.eu/fairmode/delta-tool_en
https://code.europa.eu/jrcairqualitymodelling/mqor/
https://code.europa.eu/jrcairqualitymodelling/mqor/


 

 
 

Getting in touch with the EU 

In person 

All over the European Union there are hundreds of Europe Direct centres. You can find the ad-
dress of the centre nearest you online (european-union.europa.eu/contact-eu/meet-us_en).  

On the phone or in writing 

Europe Direct is a service that answers your questions about the European Union. You can con-
tact this service: 

— by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls),  
— at the following standard number: +32 22999696,  
— via the following form: european-union.europa.eu/contact-eu/write-us_en. 

Finding information about the EU 

Online 

Information about the European Union in all the official languages of the EU is available on the 
Europa website (europa.eu).  

EU publications  

You can view or order EU publications at op.europa.eu/en/publications. Multiple copies of free 
publications can be obtained by contacting Europe Direct or your local documentation centre 
(european-union.europa.eu/contact-eu/write-us_en).  

EU law and related documents  

For access to legal information from the EU, including all EU law since 1951 in all the official 
language versions, go to EUR-Lex (eur-lex.europa.eu).  

Open data from the EU  

The portal data.europa.eu provides access to open datasets from the EU institutions, bodies and 
agencies. These can be downloaded and reused for free, for both commercial and non-commer-
cial purposes. The portal also provides access to a wealth of datasets from European countries. 

 

https://european-union.europa.eu/contact-eu/meet-us_en
https://european-union.europa.eu/contact-eu/write-us_en
https://european-union.europa.eu/index_en
https://op.europa.eu/en/web/general-publications/publications
https://european-union.europa.eu/contact-eu/write-us_en
https://eur-lex.europa.eu/
https://data.europa.eu/en
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