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Executive summary 
 

This document provides a first overview of questions and recommendations for the modelling 
of ambient particulate matter (PM10 and PM2.5) concentrations in Europe. It is part of the 
activities of FAIRMODE (Forum for Air Quality Modelling in Europe; 
http://fairmode.ew.eea.europa.eu) working group 1 (WG1), which was since the end of 2013 
led by the European Environment Agency (EEA). This review document has been developed 
to help support the needs of the EU Member States in addressing the European Air Quality 
Directive covering PM pollution (EC, 2008). 

In general, the added-value of using models for air quality management can be summarized 
as follows: 
 

- Mapping air pollutant concentrations fields and air pollution patterns: to get an 
overview of air pollutant concentrations over the whole targeted territory, even where 
no measurement data exists. Mapping is necessary for improving communication and 
raising awareness of the general public and competent authorities. It gives the most 
comprehensive representation of air pollution patterns. 

- Forecasting air pollution levels in a near or remote future. Modelling is the only 
way to assess the potential evolution of concentrations in the future according to the 
variation of factors such as meteorology and emissions. Short term forecasting 
(commonly up to two days ahead) has the objective to inform the general public (e.g. 
sensitive population affected by asthma and other respiratory diseases) and 
authorities (e.g. who may also wish to implement short term action plans in case of 
pollution episodes). Long term scenario analysis aims at assessing the impact of 
emission control strategies. Impact assessment studies are necessary for decision 
making, and more generally urban planning.  

- Understanding the air pollution phenomenology: analysing the model 
parameterisations, their sensitivity to changes and the model results in a large 
number of situations increases the capacity of the expert to interpret air pollution and 
to identify the most important drivers with regard to various meteorological situations. 
This is particularly relevant when episodes with persistent exeedances of regulatory 
threshold values occur: understanding the determining factors (local sources, long 
range transport, natural events, etc.) helps in targeting the most efficient emission 
control strategies. 

In 2011, a first guide was published within the FAIRMODE WG1 initiative on “Modeling 
nitrogen dioxide for air quality assessment and planning relevant to the European Air quality 
Directive” (Denby et al., 2011a). This guide aimed at providing accessible guidance and good 
practices in the use of modeling tools to simulate nitrogen dioxide (NO2) concentrations in 
urban areas.  

It was not possible to provide such an operational document for PM issues: considering the 
high complexity that drives PM processes, in a first step, the scope of this document is to 
introduce a number of essential concepts regarding PM modeling and its operational use for 
policy purposes.  

The aim of this document is as follows: 

• To provide accessible information on the application of air quality models in regard to 
the European Air Quality Directive, with emphasis on the modelling of PM; 

• To review questions and sources of information essential to consider before applying 
PM models 

• To propose ‘good practices’ and keys for use of models for air quality assessment 
and planning applications, including needs and limitations. 



5  

 

The document is structured as an analysis of concrete issues with operational answers 
rather than a review of modeling tools.  

- It provides an overview of the questions that can be considered according to the state 
of the art in the field of air quality modeling, 

- As a consequence limitations for policy purposes will be identified and discussed  

- It provides references and links to more detailed and relevant documents when 
required. 

This document is intended to provide background information for authorities and technical 
organizations (such as environment agencies and local air quality monitoring networks) 
carrying out air quality assessment and planning activities in the framework of the European 
Air Quality Directive. 

The document will not cover in detail the model contents, or scientific aspects of the 
methodologies, but it will review the questions that the policy user will have to consider 
before starting to define the best modeling approach considering his objectives. It will present 
data that is essential to gather, to efficiently run models, and concrete examples of 
successful applications. 

Therefore, this document should be accessible to readers with limited experience in the area 
of air quality modelling, but with some experience in air quality monitoring or management. 
Its objective is to propose a methodology to assess “fitness for purpose” of modeling 
approaches to deal with given policy relevant questions over a given domain of interest. 
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How to start with PM modelling for assessment 

and planning relevant to the Air Quality Directives 
 

 
 
1 Introduction  

This document provides a first overview of questions and recommendations for the modelling 
of ambient particulate matter (PM10 and PM2.5) concentrations in Europe. It is part of the 
activities of FAIRMODE (Forum for Air Quality Modelling in Europe; 
http://fairmode.ew.eea.europa.eu) working group 1 (WG1), which was since the end of 2013 
led by the European Environment Agency (EEA). This review document has been developed 
to help support the needs of the EU Member States (MS) in addressing the European Air 
Quality Directive covering PM pollution (EC, 2008), termed ‘AQD’ in this document. 
 

1.1 Scope and aims 

In 2011, a first guide was published within the FAIRMODE WG1 initiative on “Modeling 
nitrogen dioxide for air quality assessment and planning relevant to the European Air quality 
Directive” (Denby et al., 2011a). This guide aimed at providing accessible guidance and good 
practices in the use of modeling tools to simulate nitrogen dioxide (NO2) concentrations in 
urban areas.  
 
It was not possible to provide such an operational document for PM issues: considering the 
high complexity that drives PM processes, in a first step, the scope of this document is to 
introduce a number of essential concepts regarding PM modeling and its operational use for 
policy purposes.  
 
The aim of this document is as follows: 

• To provide accessible information on the application of air quality models in regard to 
the European Air Quality Directive, with emphasis on the modelling of PM; 

• To review questions and sources of information essential to consider before applying 
PM models 

• To propose ‘good practices’ and keys for use of models for air quality assessment 
and planning applications, including needs and limitations. 

 
The document is structured as an analysis of concrete issues with operational answers 
rather than a review of modeling tools.  

- It provides an overview of the questions that can be considered according to the state 
of the art in the field of air quality modeling, 

- As a consequence limitations for policy purposes will be identified and discussed  
- It provides references and links to more detailed and relevant documents when 

required. 
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1.2  Audience 

This document is intended to provide background information for authorities and technical 
organizations (such as environment agencies and local air quality monitoring networks) 
carrying out air quality assessment and planning activities in the framework of the European 
Air Quality Directive. 
 
The document will not cover in detail the model contents, or scientific aspects of the 
methodologies, but it will review the questions that the policy user will have to consider 
before starting to define the best modeling approach considering his objectives. It will present 
data that is essential to gather, to efficiently run models, and concrete examples of 
successful applications. 
 
Therefore, this document should be accessible to readers with limited experience in the area 
of air quality modelling, but with some experience in air quality monitoring or management. 
Its objective is to propose insights to assess “fitness for purpose” of modeling 
approaches to deal with given policy relevant questions over a given domain of interest. 
 

1.3 General overview on air quality modeling issues in the framework of the 
Air Quality Directive 

Air pollution results from the presence of chemical compounds emitted into the air by 
anthropogenic activities and by natural sources (biogenic emissions from vegetation, soil 
erosion, sea salts, volcanic activity, and wild-land fires). Dynamic and chemical processes 
drive changes of the atmospheric composition, especially in the lowest layers of the 
atmosphere. Therefore, air pollutant concentrations and deposition affect air quality and can 
directly impact human health and ecosystems.  
 
Models are just a mathematical representation of the real world. Air quality models aim at 
simulating the concentrations of air pollutants that humans can breathe and that can affect 
ecosystems and the environment. They should be suited to reproduce emissions, transport, 
chemistry and deposition of atmospheric chemical compounds. Models can be based on 
various mathematical approaches:  

• Empirical, using suitable parameters from experimental studies, to fit and tune 
relevant equations describing air pollutant concentrations; 

• Statistical, using extensive historical sets of observations to define relationships 
between concentrations and other relevant parameters; 

• Deterministic, using numerical schemes to solve physical-chemical equations 
discretized on an appropriate grid. 

 
To deal with air quality management issues, model results are supposed to complement 
measurement data from monitoring networks. Air quality legislation sets the main principles 
(number of stations and siting, standards in instrumentation, etc.) of the monitoring strategy 
that should be implemented in the MS depending on the concentration levels of the 
regulatory air pollutants. Particulate matter issues relate to PM10 and PM2.5, (with 
aerodynamic diameter respectively lower than 10 and 2.5 µg/m3), the latter being generally 
named as “fine particles”. Monitoring strategy to be implemented in the MS, and limit values 
as well as quality objectives, are set in the Air Quality Directive (AQD; EC, 2008).  
 
According to the AQD, MS have to divide their territory into a number of air quality (AQ) 
management zones. This is the basis of regulatory reporting.  MS assess whether the air 
pollutant levels in their zones exceed or do not exceed the limit or target values (for an 
overview of what has been part of the official reporting for year 2010 by several MS see de 



11  

 

Smet et al., 2013). Monitoring networks provide routine observations at specific locations, 
using both automatic devices and manual measurements. This is the oldest and the most 
commonly used (and robust) way for air quality evaluation, but information remains restricted 
to the location of the observation sites (point measurements) and the time when the 
measurements are made. 
 
The added-value of using models for AQ management can be summarized as follows: 
 

- Mapping air pollutant concentrations fields and air pollution patterns: to get an 
overview of air pollutant concentrations over the whole targeted territory, even where 
no measurement data exists. Mapping is necessary for improving communication and 
raising awareness of the general public and competent authorities. It gives the most 
comprehensive representation of air pollution patterns. 

- Forecasting air pollution levels in a near or remote future. Modelling is the only 
way to assess the potential evolution of concentrations in the future according to the 
variation of factors such as meteorology and emissions. Short term forecasting 
(commonly up to two days ahead) has the objective to inform the general public (e.g. 
sensitive population affected by asthma and other respiratory diseases) and 
authorities (e.g. who may also wish to implement short term action plans in case of 
pollution episodes). Long term scenario analysis aims at assessing the impact of 
emission control strategies. Impact assessment studies are necessary for decision 
making, and more generally urban planning.  

- Understanding the air pollution phenomenology: analysing the model 
parameterisations, their sensitivity to changes and the model results in a large 
number of situations increases the capacity of the expert to interpret air pollution and 
to identify the most important drivers with regard to various meteorological situations. 
This is particularly relevant when episodes with persistent exeedances of regulatory 
threshold values occur: understanding the determining factors (local sources, long 
range transport, natural events, etc.) helps in targeting the most efficient emission 
control strategies. 

 

1.4 Fitness for purpose  

AQ modelling, used in combination with observations from measurement networks, can be 
used as a management tool, provided that its performance in simulating air pollution 
variables is satisfactory, and its uncertainties are well understood and controlled. However, 
operational implementation of AQ models for decision making support is sometimes 
challenging because of the sensitivity of the results to input data and to model 
parameterisations that depend on the targeted spatio-temporal scale, meaning the size and 
level of detail of the region to be modelled as well as the time resolution required.  
 
Spatio-temporal scale drives the model requirements together with the modelling 
objectives, and consequently, the choice of the kind of model to be used.  
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Figure 1: Schematic representation of air quality management and the connections with modelling and 

monitoring activities. Source: (Denby et al., 2011a) 
 
The concept displayed in Figure 1, and taken from the “NO2 guide on modelling nitrogen 
dioxide” (Denby et al. 2011a), separates various spatial scales of AQ modelling and 
highlights essential inputs and different kinds of applications that relate to them. Air quality is 
driven by physical-chemical phenomena which develop at various scales, depending on the 
considered sources, pollutants and their time of residence in the atmosphere, as well as 
meteorological parameters. Generally, model resolution is determined by the spatial scale, 
and the following notations are usually stated:  
 

• Local/hotspot scale : Resolution: 1 - 100 m2; domain size: < 1 km2 
• Urban/agglomerate scale: Resolution: 1 - 10 km2; domain size: < 100 km2 
• Regional scale: Resolution: 10 - 50 km2; domain size: national and continental. 

 
Processes that drive pollutant formation and transport should be modelled with the correct 
spatial resolution for the targeted area. In the AQ modelling field, three kinds of processes 
are generally considered: 
 

• Dispersion processes: transport and dispersion of pollutants driven by meteorological 
factors; 

• Chemical processes: transformation and formation of chemical compounds due to 
pollutants’ reactivity in the atmosphere; 

• Deposition processes (especially for PM): deposition is a sink for air pollution;  
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Depending on the spatial scale those processes are more or less decisive (local dispersion 
of pollutant emitted by local sources versus long range transport of chemically reactive 
species for instance) and should be modelled with appropriate tools. 
 
Moreover, consistency with the targeted scale is required for input data as well. It is 
important to get consistency between the spatial resolutions of model results and input data, 
which represent “driving forces”. Input data refers to: 
 

• Emissions: anthropogenic and natural sources of air pollutants including 
resuspension due to traffic, soil erosion; 

• Meteorological parameters: temperature, wind fields and turbulence, precipitation, 
relative humidity, atmospheric stability, and cloudiness are the main variables that 
influence atmospheric dispersion and chemistry; 

• Boundary and initial conditions: initial state of the model and concentration levels 
outside the modelling domain (lateral and upper boundaries); 

• Land cover: location and description of urban areas, largest roads, natural and 
agricultural areas, forests. 

Beyond the spatio-temporal scale, suitability of air quality models refers also to the 
applications: assessment and mapping, forecasting and planning are the main ones in 
relation to requirements set by the AQD. Depending on the application, a type of model will 
be preferred to another or will be run in certain conditions (for instance coupled with data 
assimilation techniques for mapping concentration fields). 
 
All these elements are addressed in this guide document. 
 

1.5 Applications of PM modelling for the European Air Quality Directive  

1.5.1 PM objectives in the air quality directive 
 
In the European AQD, PM10 and PM2.5 are considered with various quality objectives: 
 
 For PM10, legally binding limit values are set for both annual and daily averages: the 

yearly average shall not exceed 40 µg/m3 and the number of days when the daily 
average exceeds 50 µg/m3 must not be more than 35. These limit values entered into 
force in January 2005, and the MS could ask to postpone compliance with these limit 
values until 201 (EC, 2014)1. But non attainment areas still exist in Europe in several 
countries. 
 

 For PM2.5 (see Annex XIV of the AQD: EC, 2008), a target value of 25 µg/m3 is set for 
the yearly mean. This target value will, according to the AQD, become an annual limit 
value by the 1st of January 2015, and should be reduced to 20 µg/m3 by the 1st of 
January 2020. Moreover, population exposure is evaluated: an Average Exposure 
Indicator expressed in μg/m3 (AEI) shall be based upon measurements at urban 
background locations in zones and agglomerations and assessed as a three-calendar 
year running annual mean concentration (AEI for 2010 is based on 2008, 2009 and 
2010 measurement). The AQD sets a target reduction for this indicator at the national 
level that should be respected in 2020. The target depends on the baseline AEI 
evaluated for 2010. In parallel, an exposure concentration obligation of 20 µg/m3 is 
set for 2015. 
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As for other pollutants, in areas where PM limit values are exceeded and where objectives 
are not reached, the MS have to establish action plans to ensure compliance (article 23 of 
the AQD) and short term action plans when the risk of exceedance is high (article 24). Annex 
XV of the AQD describes the information required in the action plans: description of the 
episode, origin of the pollution, details of control measures and evaluation of their impact and 
efficiency to reduce pollution.  
 
1.5.2 PM status in Europe 
 
Thanks to the wealth of data gathered within the COST action 633 on “aerosol 
phenomenology” (COST, 2008), Putaud et al. (2010) reported a status of particulate matter 
mean values across Europe. This compilation aims at highlighting similarities and differences 
in aerosol characteristics, beyond considerations on PM mass concentrations, through a 
network of 40 sites selected for the study and distributed over 3 sub-regions: North-Western 
Europe, Southern Europe, Central Europe (Figure 2). 
 
A large range of PM10 concentration levels (5–54 μg m-3 annual average) was observed 
through Europe. In each of the North-Western, Southern and Central areas, an increasing 
gradient in PM10 concentration is generally observed when moving from natural–rural 
background to kerbside sites. Exceptions were, however, observed in all three areas (e.g. 
lower or similar PM10 at urban or kerbside site levels compared to rural sites). As there is no 
reason why impacts of local to urban sources should be significantly smaller at these specific 
urban or kerbside sites, Putaud et al. (2010) assumed that these exceptions are due to local 
influence of regional PM10 background concentrations, and may occur everywhere. Annual 
and 24-h limit values are exceeded in all three areas of Europe, generally (but not solely) at 
urban and kerbside sites. Urban background PM10 annual mean and median values are 
significantly higher in southern Europe (median = 36 μg m−3) compared to North-western and 
Central Europe (medians = 24 and 26 μg m−3, respectively). 
 
The range of the gradient in PM2.5 concentrations observed across the network (3–35 μg m−3 
annual average) is similar to that of PM10. An increasing gradient in PM2.5 is generally 
observed when moving from rural to urban background sites in North-western and Southern 
Europe. In Central Europe, PM2.5 can be as large at rural sites as at urban background sites, 
and concentrations at kerbside sites do generally not appear to be particularly high 
compared to urban background locations. The 2010 EU target value for the annual PM2.5 
mean concentration (25 μg m−3) was exceeded most often at urban background sites. The 
highest PM2.5 concentrations at near-urban area, urban background, and kerbside sites are 
observed in Southern Europe. 
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Figure 2: Annual averages of PM10 and PM2.5 mass concentrations, including the 5, 25, 50 (median), 
75, and 95% percentiles of their 24-h integrated concentrations. Symbol colors indicate the type of site 

(blue: natural background, green: rural background, yellow: near-city, red: urban background, grey: 
industrial, black: kerbside) – Source: Putaud et al. (2010) 

 
Air pollution due to high PM concentrations is considered to have the most adverse health 
impacts in Europe. Many MS still report PM10 exceedances, in particular of the daily limit 
value in many zones and agglomerations, i.e. they do not comply with the requirements of 
the AQD. The definition of efficient and relevant action plans to avoid such situations is often 
a challenge.  
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One reason is the complexity of chemical formation and transport processes leading 
to particulate matter pollution in the air. 
 
Some other key observations related to PM are reported in the EEA’s annual reports on air 
quality in Europe (EEA, 2013e): 

- The small reductions observed in ambient particulate matter (PM) concentrations 
over the period 2001–2011 reflect the slowly declining emissions of primary PM and 
ammonia (NH3) emissions. 

- 33% of the EU urban population lives in areas where the EU air quality 24-hour limit 
value for PM (PM10) was exceeded in 2011. For EEA-321 countries the estimate is 49 
%. 

- EU urban population exposure to PM10 levels exceeding the WHO air quality 
guidelines significantly higher; it comprises 88 % of the total urban population in 
2011. 

 
 
1.5.3 Applications of PM modeling 
 
Because PM issues, in regard to both EU regulations and health, are far from being solved, 
modelling approaches provide an essential tool for addressing a number of questions raised 
by the AQD. The three key advantages of models are that they provide: 

• the causal link between emissions, atmospheric processes and concentrations; 
• the geographical distribution of concentrations; 
• the ability to predict future air pollutant levels. 

 
Therefore, the following applications of PM modelling according to the AQD can be 
considered: 
 
 Assessment and reporting2: 

o Complementing fixed measurements in some areas and use for assessment 
where there is no exceedance.  

o Reporting (mapping) geographical distribution of PM levels and exceedances 
of limit values and long term objectives; 

o Reporting human exposure to exceedances: to assess and describe the 
geographical area and the number of inhabitants exposed. 

 Assessment of source contributions (source apportionment) including long-
range transport of PM 

o Understanding episodes genesis and characterizing the conditions 
(meteorology, emissions, boundary conditions) that favour their occurrence; 

o Contribution of road salting / sanding3; 
o Contribution of natural PM sources (mainly desert dust, sea salt and wild-land 

fires)4; 
o Contribution of “extra-national” (transboundary) PM pollution through long-

range transport processes5. 
 Assessment of the impact of long term action plans6  

o Understanding of past trends of air pollution that allow the assessment of 
effective action plans in the future; 

                                                
1 32 member countries of the EEA (EU-15 + EU-12 + EFTA-4 and Turkey) 
2 articles 6 and 7 of the AQD 2008/50/EC 
3 article 21 of the AQD 2008/50/EC 
4 article 20 of the AQD 2008/50/EC 
5 article 25 of the AQD 2008/50/EC 
6 articles 23 and 24 of the AQD 2008/50/EC 
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o Evaluation of the impact of emission control strategies (long term and short 
term action plans) on ambient PM concentrations. 

 Forecasting : 
o to enhance public information and awareness7; 
o to evaluate the relevance of short term action plans that can be decided few 

days in advance.  
 
In the case of PM10, an interesting feature has been established by scrutinizing the daily and 
annual mean concentrations measured in Europe: A strong correlation exists between the 
annual average concentration and the number of days when the 50 µg/m3 daily limit value is 
exceeded. Figure 3 shows that given the current daily and annual mean limit values for PM10 
in the AQD then the daily mean limit value is almost never exceeded if the annual mean limit 
value is not. This near linear relationship means that it will be sufficient to perform 
assessment of emission reduction strategies (using modelling) on annual mean PM10 
concentrations to address the exceedances of daily and yearly limit values. 
 

 
Figure 3: Relationship between the PM10 annual average and the number of days when the daily limit 

value is exceeded. The graph is established on the basis of urban and traffic sites recorded in the 
AIRBASE database (2009). Source: the EC4MACS project (http://www.ec4macs.eu/) 

1.6 Structure of the report 

This report is structured in separate parts that focus on the use of numerical models for 
calculating particulate matter (PM) concentrations in ambient air. It is intended to provide 
support to authorities and technical organizations which are in charge of air quality 
assessment or planning activities with special emphasis on PM. A large number of generic 
points, especially the description of the various AQ model categories, have been extensively 
covered in the previous guide dedicated to NO2 modeling. Consequently references to that 
guide (Denby et al., 2011a) will be preferred to repetition and the present guide will rather 
provide insights on how to deal with specific PM issues. 
 

                                                
7 Article 26 of the AQD 2008/50/EC 
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The first part (chapters 2 to 4) is dedicated to the review of three major components of the 
particulate matter modeling approach: 

• Emission data;  
• Meteorological data; 
• Quality control and evaluation. 

The other chapters deal with questions that should be carefully considered by users who 
wish to run models at various scales and for different policy purposes in an appropriate way. 
They provide some views on how to interpret the results correctly.  

Chapter 6 focuses on the analysis of PM modeling applications that can be applied in relation 
to requirements under the Air Quality Directives.  
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2 Main issues related to PM modelling 

In this chapter a number of key questions that should be covered when the use of modelling 
is considered for PM issues is reviewed and discussed. It is out of the scope of this 
document to go deeply into scientific details. The objective is to provide the reader with an 
overview of the questions national and local experts and decision makers in the MS should 
be aware of when dealing with the operational use of models, for applications in air quality 
management, information to the general public, for forecasting, and for trend analyses and 
scenario studies. It is also out of the scope of the present document to go into detail of 
generic modelling principles that have already been detailed in (Denby et al., 2011a). In the 
present guide we focus on questions that are specific to PM. They are linked to the specific 
nature of this pollutant driven by specific physical-chemical processes.  

 
The list of issues addressed below may not be exhaustive. However, the objective is to give 
an overview of the most relevant ones. 
 

2.1 What should be modeled from aerosol typology and composition 

There are various aerosol types depending on their sources and the geographical scale. It is 
common to make the distinction between primary and secondary particulate matter. The 
former one is directly emitted by sources while the second one is produced in the air via 
chemical processes (Figure 4). Therefore one could intuitively expect to find primary PM in 
the vicinity of sources, while secondary PM is more influenced by long range transport. 
However it is well-known that some primary particles, especially natural ones like desert 
dusts and sea salt are transported over very large distances. 
 

 
Figure 4: Primary emissions, secondary formation, and atmospheric processing of natural and 

anthropogenic aerosols (from Fuzzi et al., 2006 and Pöschl, 2005 in Monks et al., 2009). 
 
 
Therefore, it is necessary to consider the PM issue at both local and regional scales. 
Some episodes are characterized by their regional typology, involving remote sources and a 
suite of chemical transformations. Others are driven by local sources, especially when 
stagnant meteorological conditions avoid dispersion and favour accumulation of those 
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primary particles, or when re-suspension processes inject deposited particles into the air 
again.  
 
Currently mass is regulated in the EU legislation for PM10 and PM2.5. There is a growing 
interest for very fine particles (PM1.0) and even ultrafine particles (PM0.1; UFP) because they 
might have particularly harmful effects on human health (see e.g. Viana et al., 2012). 
However, for UFP mass is no longer a relevant parameter to measure, and it should be 
replaced by the number of particles. So far particle numbers are regulated at the emission 
exhaust for vehicles (EC, 2007) only and not in the ambient air.  Considering UFP changes 
significantly the modelling concept that has to be applied, and models to simulate 
concentration in number are still under development, we recommend, for policy 
applications, to focus on the use of models to simulate PM mass concentration.  
 
2.1.1 Application guidance (1): 

1.  It is usual to distinguish the following categories to describe and model particulate 
compounds in PM10 and PM2.5: 

• PPM : Primary particulate matter (carbonaceous species, other directly 
emitted mineral compounds) 

• Dust : Desert dust, soil erosion, road traffic particles 
• Sea salt 
• NH4 : Ammonium 
• NO3 : Nitrate 
• SO4 : Sulphate 
• SOA: anthropogenic (ASOA) and biogenic (BSOA) secondary organic 

aerosols 
2.  Some specific components can also be simulated like persistent organic pollutants 

(POP), heavy metals, etc. 
3.  The aerosol size is closely linked to its composition. PM total mass is the indicator 

which is considered for regulatory purposes, with a distinction between PM10 and 
PM2.5 (with reference to the diameter of the particle, measured in µm). Moreover, 
some compounds have characteristic sizes (Figure 5). Mineral dusts can be found in 
the largest bins, while the size of the major part of organic compounds ranges in the 
fine particulate matter range (lower than 2.5 µm) 

 
Note that when going into details concerning the PPM, ASOA and BSOA composition, one 
can distinguish elemental versus organic carbon (EC and OC, respectively). 
 
The particle size distribution is described in aerosol models. One can distinguish three major 
representations of the particle size distribution (PSD) in air quality models: continuous, 
sectional and modal. In the modal representation, the PSD is modelled by several log-normal 
distributions, also called modes (Devilliers et al., 2012). Usually, the modes are: the nuclei 
mode, the accumulation mode and the coarse mode. The accuracy of this approach is limited 
by the number of modes. In the sectional representation the particle size spectrum is divided 
into a finite number of sections (or bins), and the PSD is approximated by the integrated 
number, surface, mass or volume concentrations over each section, depending on the 
particle characteristics of interest. 
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Figure 5: Size and structure of various PM compounds. Source : Cachier et al. (2005) 

 
Modelling correctly ambient PM chemical compounds requires a good knowledge of the 
emissions and the chemical composition of primary PM and gaseous precursors. In particular 
secondary PM results from the presence of nitrogen compounds and volatile organic 
compounds (VOCs). Depending on emissions and meteorology the composition of 
particulate matter can significantly vary with the location and the period of the year.  
 
An extensive study related to the aerosol composition throughout Europe has been carried 
out in 2008 in the framework of the COST action 633: “Aerosol Phenomenology - Physical 
and Chemical Characteristics of Particulate Matter at Rural, Urban and Kerbside sites” 
(COST, 2008). PM data (PM2.5 and PM10 mass concentrations, chemical composition and 
size distribution) recorded at 40 monitoring sites were analysed. 
 
Putaud et al. (2004) proposed an analysis of PM composition across Europe (Figure 6). In 
general, PM10 and PM2.5 levels increase when moving from natural background to kerbside 
sites. It is however interesting to note that in Belgium, both PM10 and PM2.5 concentrations 
are very similar at sites close to cities compared to urban background sites. PM10 and PM2.5 
mass concentrations can also be as high at rural areas or near city sites such as Illmitz 
(Austria) or Ispra (Italy), as at urban background sites such as Zurich and Basel (both 
Switzerland). These data were directly comparable since they were obtained with similar 
sampling and analytical methods run between 1998 and 2001. They highlighted that the PM 
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concentrations inside cities also depend on the background PM of the region where the cities 
are located. Further, the mass concentration of the coarse fraction (i.e. PM10 minus PM2.5) is 
generally higher at urbanized sites compared to rural background. This shows that even 
coarse particles have predominantly anthropogenic sources8. Mineral dust represents 
generally the major single natural component of the coarse PM fraction. It is interesting to 
mention that the mineral dust concentrations observed in Barcelona (Spain), using methods 
similar to those used in Bern (Switzerland), are significant. Possible reasons are the aridness 
of the surroundings as well as frequent occurrence of Saharan dust transport towards Spain.  

                                                
8 As the aerosol coarse fraction mass and components are mostly obtained by difference (PM10–
PM2.5), uncertainties in the coarse fraction concentrations are large. 
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Figure 6: Absolute annual average concentrations of the main aerosol components in (a) PM10, (b) 
PM2.5 and (c) PM10–PM2.5. BC refers to black carbon, OM to Organic matter (Source : Putaud et 

al.,2004). 
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2.1.2 Application guidance (2) 
 

1.  Because of the importance of secondary formation processes, it is important to model 
correctly the aerosol composition (including secondary formation processes) in order 
to get reliable simulations of PM10 and PM2.5 ambient concentrations.  

2.  At the regional scale, the secondary aerosol formation processes and transboundary 
transport are critical, and the model should be able to describe chemical processes. 
Chemistry-transport models are generally used.  

3.  At the local (typically street canyon) and urban scales, local and low height sources 
(traffic, residential heating, industrial diffusive sources) are the main influencing 
factors. Therefore accurate emission data should include a detailed description of 
primary components which are dispersed and transported after their emission. 
Dispersion models, whatever their complexity (see the FAIRMODE NO2 guide for a 
detailed review, Denby et al., 2011a), can be applied provided relevant boundary 
conditions from extra-domain contributions are reliably assessed. Those conditions 
can be provided from regional models or from measurements.  

4.  At the local scale, only transport pathways that impact primary PM need to be 
considered. Secondary particles formation at the local scale is generally neglected. 

 
 
2.1.3 Synthesis and recommendations for modelling 
 
Depending on the geographical scale considered, two kinds of models can be used to 
simulate PM concentrations: 
 

- At the regional scale, chemistry transport models (CTMs) should be used to take 
into account the large number of chemical reactions that are responsible for the 
formation and the transformation of PM compounds. Annex 1 gives an overview of 
the physical-chemical processes that should be considered. Some simplifications and 
assumptions have been introduced by the modellers (especially concerning the 
choice and reactions of precursors to build up modelled chemical species). Current 
models can be applied at the regional down to the urban scale with spatial resolution 
varying from 1 to 100 km2. A number of CTMs are available and fit to simulate PM 
regional concentrations. A review of the available tools can be found in Annex 3. 

- At the local scale (from the urban to the street levels), urban and street canyon 
models are often used. In such approaches, based on analytical equations, chemical 
transformation of particles is generally neglected, and those models are fitted to 
simulate the behaviour of primary compounds whatever their size class is (PM10 or 
PM2.5): only transport and in some cases deposition processes are considered. A 
review of the available tools can be found in Annex 4. 

- Concerning models based on statistical or geostatistical methods, they are 
generally dedicated to mapping and assessment. They are based on available 
observation data, which are processed together with auxiliary variables related to 
emissions, population density, land use, road patterns etc. However those 
approaches need large sets of observation data that are not always available. These 
kriging models are very well-developed for mapping NO2 concentration fields. But the 
situation for PM is very different. Field campaigns based on the implementation of 
numerous and easy-to-use sampling systems (like passive tubes for NO2) to grid the 
domain are much more difficult to set out for PMs, simply because of metrological 
limitations (it is still difficult to implement simple hand-held samplers for multiplication 
of field campaigns).  Therefore such techniques are less developed for modelling PM 
concentration patterns than deterministic approaches. 
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2.2 Uncertainties in PM modelling 

It is well known that PM concentrations at urban and local scales can be underestimated by 
regional chemistry transport models (see uncertainties below). The reasons for this can be 
summarized as follows: 
 
 Uncertainties in emissions: not all possible sources are considered, mainly wood 

burning, wild fires, diffusive emissions from industrial activity, and salting and 
sanding; uncertainties in the emission factors or activity data (particularly for natural 
emissions including sea salts, soil erosion, and wild fires). Significant uncertainties 
are also attached to the vertical distributions of a number of these sources. 

 Uncertainties in some process parameterisations: secondary organic aerosol 
production which involves a large number of VOCs and semi-VOCs is still studied in 
research projects and modelling schemes are not really mature. However, very recent 
research results are moving forward on this issue (Ahmadov, 2012; Zuend et al, 
2012; Bergstrom et al., 2012). Operational use of SOA modules in chemistry 
transport models is still scarce. Another process which is not very well taken into 
account in current models is resuspension of particles from roads; however its 
contribution to local exceedances may be very high. Finally PM modelling is very 
sensitive to dynamical parameterisations that drive PM behaviour in the atmosphere. 
This is particularly true for the vertical diffusion coefficient (so called “Kz”) and the 
deposition velocities. Values attributed to those parameters in the models can change 
significantly the simulated ambient concentration values, and high uncertainties 
remain, especially in urban areas. 

 Numerical uncertainties and particularly the model resolution in both horizontal and 
vertical directions. The resolution of models has an impact on meteorology, emissions 
and on transformation processes.  

 
Ranking or prioritizing sources of uncertainty is not easy, because it strongly depends on the 
characteristics of the modelling exercise. For instance, according to the type of episodes 
studied, the model sensitivity can be driven either by its ability to simulate correctly chemical 
compounds (so the driving factor is the chemical model parameterisation), or by dynamical 
processes (e.g. vertical mixing “Kz”). The location of the model receptor influences 
uncertainty analysis as well. However, it is generally agreed that uncertainties in emissions is 
the main driver, whatever the scale. Improving the modelled values of meteorological 
parameters (mixing height, temperature, wind speed...) over urban areas is also essential.  
 
Very recently a wealth of new modelling results showed the improving performances of the 
PM modelling approaches, especially in chemistry transport models. Enhanced computing 
capacities allow modellers to deal with more and more complex processes and to refine 
spatial resolutions. However, PM model performances are closely linked to the quality of the 
emission inventory used. Therefore encouraging the improvement of PM and PM precursor 
emission inventories and ensuring consistency between city level and national emission 
inventories is essential. When mapping PM background concentrations, data assimilation 
approaches which allow correction of simulated concentration fields with measured PM 
observations where possible and relevant (according to the model resolution) can give 
improved results for use by decision makers and AQ managers. Relevant regional modelling 
results are already available on the European scale provided by the COPERNICUS9 
Atmosphere services developed through the MACC/MACC2 FP7 projects 
(http://www.Copernicus.eu/pages-principales/services/atmosphere-monitoring/ ; for more 
details, please see also section 5 of this report). Other approaches focus on the definition of 
appropriate corrections to be applied over urban areas using statistical analysis, proxies of 

                                                
9 Global monitoring for Environment and Security 

http://www.copernicus.eu/pages-principales/services/atmosphere-monitoring/
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sources (for example population density). The so-called “urban increment” elaborated within 
the EC4MACS10 project is an example. 
 
State of the art: Figure 7 sketches urban modelling issues. Processes within the urban 
sublayer up to the canopy layer have to be well simulated (i) to fit better with the spatial 
representativeness of measurements, and (ii) to better address the human exposure. Figure 
8 based on recent CHIMERE model results (Bessagnet et al, 2012) illustrates the significant 
benefits of improving the horizontal spatial resolution of the model, and very reasonable 
performances in modelling PM. Those results have been confirmed recently by an 
intercomparison modelling exercise set-up under the aegis of the EMEP program 
(www.emep.int) for the Convention on Long Range Transboundary Air Pollution. To assess 
the impact of fine model resolution on air pollutant concentrations a sensitivity study has 
been coordinated by the TNO (NL) in 2012, involving four European chemistry-transport 
models (CTM), run over a whole year with various spatial resolutions ranging from 56 x 56 
km2 to 7 x 7 km2. 
 The results (http://www.unece.org/index.php?id=30313) were assessed comparing model 
concentrations to observations for different site typologies available in the AIRBASE 
database. They clearly showed the added-value and the good performance of the current 
models to reproduce PM concentration fields in Europe. 
 

 
 

Figure 7: Urban modelling issues 
 
Finally, the Copernicus-MACC2 project provides a lot of material to quantify the uncertainties 
of current regional models. Figure 9 and Figure 10 illustrate the statistical indicators daily 
updated and presented on the web site, to address model performances for simulating PM10 
concentrations. It should be noted the good behaviour of the “ensemble” model which is a 
combination (the median) of results calculated by seven individual models..  
 

                                                
10 EC4MACS is a EU LIFE project : European Consortium for Modelling of Air Pollution and Climate 
Strategies (www.ec4macs.eu) 

http://www.emep.int/
http://www.unece.org/index.php?id=30313


27  

 

 
Figure 8: Observed versus modelled PM10 concentrations in 2009. Benefits of the refinement of the 

model spatial resolution. Source: CHIMERE results for the EC4MACS project. 
 
 

 
Figure 9: Evaluation process of the regional chemistry transport models (including the Ensemble) 

involved in the Copernicus/MACC services. The bias for PM10 daily mean concentrations is displayed 
for a 3 month period. Source : http://macc-raq.gmes-atmosphere.eu/   

 

 50 7 
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Figure 10: Evaluation process of the regional chemistry transport models (including the Ensemble) 
involved in the Copernicus/MACC services. The correlation for PM10 daily mean concentrations is 

displayed for a 3 month period. Source : http://macc-raq.gmes-atmosphere.eu/  
 
 

2.3 Linking models of different scales 

2.3.1 Main issue 
 
The general scheme of scale bridging in model suites is depicted in Figure 11. Regional 
models provide boundary conditions to more local models (urban to street models) and are 
fed by global model boundary conditions. Air quality observations can be used to scale the 
model outputs for more accuracy. Air quality observations can be directly used in local 
models to get the background PM concentrations. 
 
As shown in Figure 8, the difference between rural and urban PM10 concentrations is about 7 
µg/m3, this delta drops to only 2 µg/m3 between urban and traffic sites (average values in 
2009).  
 

 
Figure 11: General flowchart of the model “cascade” from global to local scales for the inter-model 
fluxes of meteorological and chemistry data. Dash lines correspond to optional or possible paths. 

Observations can be assimilated in models or used to scale the model outputs. 

http://macc-raq.gmes-atmosphere.eu/
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2.3.2 Subgrid modelling : Incremental view of PM levels in urban environments 
 
The “additive” approach (Figure 12) is a handy way for decision makers to describe and 
understand the origin of PM, but it can be sometimes misinterpreted (Lenschow et al., 2001). 
 

 
Figure 12: Schematic horizontal profile of the ambient PM10 concentration in Berlin according to 

Lenschow et al. (2001) 
 
From a modelling point of view, the former City-Delta project brought together the 17 major 
European urban and regional scale atmospheric dispersion models (Thunis et al., 2007) and 
developed a generalized methodology to describe the increments in PM2.5 concentrations in 
urban background air that originate - on top of the long range transport component - from 
local emission sources. These relationships associate the difference in the annual mean 
PM2.5 concentrations between an urban area and the average concentrations calculated over 
the 50 x 50 km2 grid cell surrounding the city with spatial variations in emission densities of 
low-level sources and city-specific meteorological and topographic factors. This methodology 
has been improved in the frame of ECMACS project (EU LIFE) to be used in the GAINS11 air 
quality integrated assessment model (Amann et al., 2011). 
 
Moussiopoulos et al. (2011) proposed a quite similar simple approach for accurately 
estimating an concentration increment on top of the regional background for urban areas in 
Europe. The method operates by establishing a functional relationship between the 
concentration increment and the local meteorological situation, the city characteristics, the 
urban emissions and background concentrations. This approach builds on earlier attempts to 
provide estimates of the urban increment for various pollutants, by improving key aspects 
concerning the treatment of the meteorological parameters. The method has been carried 
out for PM10 and NO2 based on concentration measurements from 16 cities in order to fix the 
                                                
11 The Greenhouse gas – Air pollution Interactions and Synergies (GAINS) model has been developed 
as a tool to identify emission control strategies that achieve given targets on air quality and 
greenhouse gas emissions at least costs. GAINS considers measures for the full range of precursor 
emissions that cause negative effects on human health via the exposure of fine particles and ground-
level ozone, damage to vegetation via excess deposition of acidifying and eutrophying compounds, as 
well as the six greenhouse gases considered in the Kyoto protocol. In addition, it also considers how 
specific mitigation measures simultaneously influence different pollutants. Thereby, GAINS allows for 
a comprehensive and combined analysis of air pollution and climate change mitigation strategies, 
which reveals important synergies and trade-offs between these policy areas. 
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functional relationship parameters using multiple regression. The functional relationship was 
then validated by estimating urban increments for the same pollutants in 7 additional urban 
conglomerations. The method can be potentially applied to a wider range of pollutants, 
including PM2.5 and CO, depending on the availability of emission and regional background 
concentration data. 
 

2.4 Sensitivity to boundary and initial conditions (Regional models) 

2.4.1 Review of the literature 
 
Regional chemistry transport models are usually initialized and driven at the boundaries (top 
and lateral) by global model outputs or measurements-derived profiles. Usually for PM, 
global model outputs are used in most regional models like CHIMERE (Vautard et al., 2005) 
and EMEP (Simpson et al., 2012). 
 
Very few studies investigated the impact of the long range transport of PM to Europe. The 
hemispheric transport of PM was assessed by Brandt et al. (2012) with a chemistry transport 
model, for particles, the contributions from North America to Europe is around 0.9% (∼0.05 
μg/m3). Liu et al. (2009) proposed a receptor modelling study with a global chemistry 
transport model in order to evaluate domestic versus background origins of PM2.5 
concentrations in several regions of the world (Table 1). Their results show that PM2.5 from 
outside Europe contributed to 30 % of the background PM2.5 concentrations in Europe. The 
main species contributing to the PM2.5 is dust followed by sulphates. Organic matter and 
black carbon concentrations have according to Liu et al. (2009) mainly a domestic origin in 
Europe. 
 

 
 

Table 1: Contributions to annual average area-weighted fine aerosol (PM2.5) surface aerosol 
concentrations (SAC) (units: µg/m3) over each receptor region. ‘Total’ indicates total fine aerosol 

(PM2.5) concentrations including ammonium sulfate, black carbon (BC), organic mass (OM), and fine 
dust; ‘Domestic’ indicates aerosol concentrations resulting from local emissions; Background is the 

difference between ‘Total’ and ‘Domestic’ concentrations. The percent contribution from each aerosol 
species to each category (i.e., ‘Total’, ‘Domestic’, ‘Background’) is also quantified. Note: ‘‘DMS’’ 

represents sulfate aerosols derived from DMS (dimethyl sulphide), while ‘‘Sulfate’’ in the ‘Background’ 
category represents sulfate contributed from ROW (ROW= ships, airplanes, volcanoes, etc.). NA: 

North America, SA : South America, EU : Europe, FSU : Former Soviet Union, AF: Africa, IN: India, 
EA: East Asia, SE: Southeast Asia, AU: Australia, ME: Middle East. (Source: Liu et al., 2009) 
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Regarding the time frequency of PM boundary conditions to be used in models, some studies 
provide some guidance. In the frame of the AQMEII project, Schere et al. (2012) showed that 
for both O3 and PM10, using 3-hourly fields at the boundaries contributes to obtaining a 
slightly larger variability that is more in agreement with the observations for O3 and NO2. The 
time variability is impaired for PM10 showing that the predictability of dust events (intensity 
and occurrence) remains difficult, as demonstrated by Menut et al. (2009).  
 
In Borge et al. (2010) simulations performed with the CMAQ model suggested that model 
performances were affected by spatial and seasonal factors, the results indicated that model-
derived dynamic boundary conditions improved CMAQ predictions when compared to those 
based on static concentrations prescribed in the boundaries. 
 
Concerning the initial boundary conditions, simulation results from Samaali et al. (2009) 
suggested the use of a spin-up period of longer than one week for a large (continental) 
domain and long-term simulation of PM2.5 and O3 rather than the 2–4 days commonly 
assumed in the literature. 
 
2.4.2 Application guidance: 

1. It is important to frame carefully the simulation domain and to account for the 
essential pollution sources. For instance, it is well known that the South-West of 
Russia is affected by frequent agricultural and biomass fires (Witham and Manning, 
2007). If the regional domain encompasses this area and if the fire emissions are not 
accounted for, there will be a lack of PM in this region. A simulation targeting Western 
Europe will account for these phenomena through boundary conditions. 

2. Usually global models account for biomass burning emissions; in that case it is 
suggested to limit the extension to the East in order to benefit from global model 
boundary conditions. This recommendation also applies to the issue of desert dust 
emissions in the southern boundaries. 

3. For regional models, dust and sulphate boundary conditions appear to be very 
important compared to the other aerosol components. Consider material available 
from Copernicus/MACC services or other global models (GOCART http://acd-
ext.gsfc.nasa.gov/People/Chin/gocartinfo.html - Chin et al, 2000) to pick up data for 
providing boundary conditions to regional models. Note that the time variability of dust 
outbreaks is difficult to capture by global models and this feature has a direct impact 
on the quality of the regional simulations. 

 
  

http://acd-ext.gsfc.nasa.gov/People/Chin/gocartinfo.html
http://acd-ext.gsfc.nasa.gov/People/Chin/gocartinfo.html
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3 Emission data 

Specific and extensive review of the state of the art in the description of emission processes 
is needed when starting with PM modelling. Whatever the spatial scale considered, PM 
modelled concentrations are highly sensitive to emissions and their spatio-temporal 
variability. Therefore, emissions are still one of the main sources of uncertainty in PM 
modelling. Actual quantification of those uncertainties is still difficult, but a lot of progress has 
been made during the last five years, both on how to build up an emission inventory and to 
parameterize dynamic emission processes that are at least as important as PM chemistry to 
simulate PM mass concentrations. 
 
From the modelling point of view, two classes of emissions can be distinguished: the usual 
“static” emission data that are usually found in yearly emission inventories as those officially 
reported within the Convention of Long Range Transboundary Air Pollution and under the 
EU’s National Emission Ceiling Directive (NEC, 2001), and the “dynamic” emissions. The 
latter are characterized by large spatial variability as well as temporal variability (yearly, 
weekly and sometimes daily). This variability can be explained by the occurrence of pollution 
episodes that might not always be expected. For example: 

 increasing use of wood for residential heating in very cold periods of the year; 
 intensive use of fertilizers in spring in some parts of Europe leading to an increasing 

release of nitrogen compounds to the atmosphere; 
 biogenic volatile organic compounds (VOC) mainly released by vegetation in summer 

periods; 
 emissions due to sanding and salting in winter in northern European countries. 

 
 

3.1 Sources of emission data: Bottom-up & top-down inventories 

This section describes the usual inventories that are available with basic information on the 
methodologies (EMEP, TNO, national emission inventories). 
 
3.1.1 The EMEP and the NECD emission inventories 
The EMEP emission inventory is a major activity of the EMEP program (Co-operative 
program for monitoring and evaluation of the long-range transmission of air pollutants in 
Europe - www.emep.int) under the Convention on Long Range Transboundary Air Pollution. 
The Parties (countries) who ratified the Convention are asked to to report annually their 
emission totals of nitrogen oxides, sulphur dioxide, volatile organic compounds, ammonia, 
carbon monoxide, particulate matter (PM10, PM2.5, and Total Suspended Particles), heavy 
metals (9) and about 25 persistent organic pollutants (http://www.ceip.at/ceip/). Those are 
official emissions covering the Convention geographical domain (Europe from “the Atlantic to 
Oral mountains”) available through regular processes. Emissions are described by activity 
sectors.  The countries have been encouraged to submit “gridded emissions” better fitted for 
use by modelling teams. So far some countries who submit gridded emissions use a 50 km 
resolution. By 2015, the countries will be invited to report their emissions on a 0.1°*0.1° lat-
long grid, according to the increased resolution of the EMEP simulation provided in support 
to the Convention work, which will also reach 0.1°*0.1°. Consolidation and QA/QC (including 
review, gap filling where no data are reported) of the official EMEP emission inventory is 
ensured by the Center on Emission Inventories and Projections hosted by UBA Vienna 
(http://www.ceip.at/ceip/). 
 

http://www.emep.int/
http://www.ceip.at/ceip/
http://www.ceip.at/ceip/
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The EU as a whole ratified the UNECE's Convention on LRTAP (UNECE, 1979) in 1982. 
Article 2 of the convention states that 'the Contracting Parties, taking due account of the facts 
and problems involved, are determined to protect man and his environment against air 
pollution and shall endeavour to limit and, as far as possible, gradually reduce and prevent 
air pollution including long-range transboundary air pollution'.  

On 4 May 2012, the Executive Body for the LRTAP Convention adopted amendments to the 
Gothenburg Protocol (UNECE, 2013). The new text of the protocol includes national 
emission reduction commitments for the main air pollutants to be achieved in 2020 and 
beyond. Further, the revised protocol will include emission reduction commitments for fine 
PM. Black carbon (a short-lived climate forcer) is included as a component of PM. In 2013, 
parties were requested to report emissions data for NOX, NMVOC, SOX, NH3, CO, HMs, 
POPs and PM, as well as associated activity data. Like last year, the EU also includes 
pollutants that can be reported additionally (As, Cr, Cu, Ni, Se, Zn, BaP, BbF, BkF, IP and 
TSPs; EEA, 2013a). 
 
The NEC Directive requires all 28 EU Member States to report information annually 
concerning emissions for four important air pollutants: nitrogen oxides (NOX), non-methane 
volatile organic compounds (NMVOC), sulphur dioxide (SO2) and ammonia (NH3) (EEA, 
2013b). 
 
3.1.2 The COPERNICUS MACC-TNO emission inventory 
The COPERNICUS EU (www.Copernicus.eu) program aims at developing and maintaining 
operational services for monitoring the European environment. A set of services, developed 
under research FP7 projects called MACC and MACC-II (Monitoring Atmospheric 
composition and Climate) (http://atmosphere.Copernicus.eu/ ), relate to regional (European) 
air quality. Those services provide air quality forecasts and analyses, past re-analyses and 
policy supporting tools to help in management of air pollution at the European scale. They 
are based on both modelling and measurements (in-situ and satellite).  
 
The modelling activities are supported by access to a high resolution emission inventory 
developed under the projects to fulfil MACC modellers’ needs. Air pollutant emissions in 
Europe (including PM) are described throughout Europe on a 6 to 7 km2 resolution grid. The 
totals by countries are consistent with the official emissions reported under the EMEP 
process, but investigations have been carried out to improve spatial and temporal 
distributions of emissions by sector, as expected by the modellers. Annual emission data are 
available so far from 2003 to 2009. 
 
 
3.1.3 The French inventory: an example of a bottom-up approach 
The French “national spatialised inventory” for atmospheric pollutant emissions (INS) project 
was launched under the authority of the French ministry in charge of ecology in 2003. It aims 
at creating a full database of emission sources at high spatial and time resolutions (possibly 
1*1 km2 and 1 hour). The computing platform is fully operational from 2013 onwards. 
Through a dedicated web site, air pollutant maps will be available at various time and spatial 
scales. It will be an input of the PREV’AIR system (daily air quality forecast over Europe and 
France).  
 
The methodology used in INS to evaluate emissions is, in general, bottom-up: emissions are 
evaluated from the product of unit activity data by an emission factor specific to this activity. 
For some activities, energy balances at national level can be made to correct the final 
emissions. INS platform accounts for 41 major pollutants and 549 speciations of these 
pollutants: acidification, eutrophication, photochemistry, greenhouse effect, heavy metals, 
persistent organic pollutants and particulate matter. Each INS emission is characterized by 

http://www.copernicus.eu/
http://atmosphere.copernicus.eu/
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an activity sector using three inputs keys: SNAP12 activity, if necessary a rubric (additional 
information to snap activity) and an associated fuel (napfue). The time frequency ranges from 
hourly to annual bases. 
 
The emissions sources are geographically distributed either as point sources (for some 
industrial sources), surface (residential, commercial and institutional, agricultural, diffuse 
industrial and road emission sources) or as linear (major roads, train, fluvial, aviation or 
maritime emission sources). In the case of ground sources, emissions are evaluated and 
distributed uniformly on low administrative level (municipality). Geographical information 
systems (GIS) are then used to spatially distribute and refine ground emissions: the INS uses 
the European database Corine Land Cover which describes the land use according to 44 
classes (http://www.eea.europa.eu/data-and-maps/figures/corine-land-cover-types-2006). 
The Postgres /Postgis (database system) association is used to compute and distribute the 
emissions. 
 

3.2  Pre-treatment of emissions  

Models generally simulate hourly air pollutant concentration fields on a given modeling grid. 
Therefore they need to be fed by input data consistent with such constrains. Emission data 
issued from available emission inventories generally cannot be directly used by the models. 
A number of pre-processing operations are required to adapt the emission databases to the 
model format and to provide the appropriate input to models. Such operations are briefly 
described below with a focus on issues related to PM modeling. 
 
3.2.1 Temporal disaggregation 
We have noted in previous sections that emission inventories usually provide annual totals 
which generally need to be disaggregated on a relevant temporal scale for use in models 
(both deterministic or statistical ones). An hourly description of emissions might be required 
for running local and regional air quality models. This can be achieved in three steps by 
using (i) monthly profiles (or seasonal profiles), (ii) weekly and (iii) hourly profiles. The 
profiles are usually available by country, activity sectors and pollutants. 
 
However, when local and national data and expertise are lacking, modellers can use for the 
diurnal profile a unique profile (Menut et al., 2012) for all compounds and countries (Figure 
13). This might be inappropriate and further investigations on the temporal profiles may be 
necessary to improve model inputs. 
 

                                                
12 Selected Nomenclature for Air Pollution 
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Figure 13: Emissions hourly factors of the 10 SNAP13 anthropogenic activities sectors (Monday) 

traditionally used in chemistry transport models (from Menut et al., 2012) 
 
For example, Menut et al. (2012) proposed a set of new profiles for the traffic emissions 
calculated from NO2 traffic measurements. NO2 is a good proxy to reallocate in time the road 
traffic gas and PM emissions. The emission factors are separately estimated for each 
weekday as presented in Figure 14. To distinguish between days is crucial since the traffic 
intensity is different on working days compared to weekends. For example, the morning 
traffic is very low for Saturdays and Sundays, compared to the other days of the week. 
Figure 15 presents some examples of these new hourly diurnal profiles of NO2 
concentrations for several cities in Europe. It is assumed that this variable is a good indicator 
of the road traffic activity in the cities. The difference between cities is large, highlighting the 
fact that traffic emissions do not have the same variability in time from one country to 
another. However, the profiles for two cities in the same country show roughly the same 
profile, confirming that the emission profile of mobile sources depends on the lifestyle and 
customs in a given country. 
 
 

                                                
13 SNAP : Selected Nomenclature for air pollution 
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Figure 14: Hourly factors estimated in Barcelona for all weekdays and week-end – Source : Menut et 

al. (2012) 
 

 
Figure 15: Hourly factors estimated with NO2 measurements for different cities in various countries, for 

a given week-day (Monday here) – Source : Menut et al. (2012) 
 
3.2.2 Spatial distribution of emissions 
The emission inventories given in the example in section 3.1 have various spatial resolutions 
that may be inconsistent with the model resolution grid. Generally, available emissions are 
distributed over coarse grids, which have to be refined. Therefore the first step to build up 
emission inventories well-suited for modelling consists in re-gridding the anthropogenic 
emissions available at coarse resolution onto the high resolved target grid using adequate 
proxies. Databases of proxies are usually freely available on websites. Some commonly 
used examples are: 

- USGS14  : Land use data at 1 km2 resolution (global) 
- GLCF15  : Land use data at 1 km2 resolution (global) 
- GLOBCOVER16 : Land use data at 300 m2 resolution (global) 
- CORINE17  : Land use data at 300 m2 resolution (Europe) 
- GRUMP18  : Population data 1 km2 resolution (global) 
- EEA database19 : Population data 100 m2 resolution (Europe), Gallego (2010) 

                                                
14 http://landcover.usgs.gov/  
15 http://glcf.umiacs.umd.edu/  
16 http://postel.mediasfrance.org/en/PROJECTS/Preoperational-GMES/GLOBCOVER/  
17 http://www.eea.europa.eu/themes/landuse/interactive/clc-download 
18 http://sedac.ciesin.columbia.edu/gpw/  

http://landcover.usgs.gov/
http://glcf.umiacs.umd.edu/
http://postel.mediasfrance.org/en/PROJECTS/Preoperational-GMES/GLOBCOVER/
http://www.eea.europa.eu/themes/landuse/interactive/clc-download
http://sedac.ciesin.columbia.edu/gpw/
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- EPER20   : Large Source Point database (Europe) 
 
For the land use data, usually ten to thirty (or more) categories can be identified and can be 
used to re-grid the emissions. A minimum of 1x1 km2 resolution assures that the spatial scale 
of emissions is addressed with accuracy. As a first approach, an activity sector is associated 
to a land use category or a proxy (Table 2). 
 
Emission sector or type Landuse category or Proxy 
Agriculture “crops” and “grass land” 
Road Traffic Population and roads 
Industry “Artificial areas” 
Residential heating population 
Forest fires “forests” and “shrubs” 
Industry Large Source Points 

Table 2: Landuse and associated proxy 

3.3 Residential sector emissions (static and dynamic) 

This sector is the most important sector for PM emissions in wintertime in suburban and rural 
areas. The high sensitivity of emission spatial patterns to account correctly for this 
contribution has been demonstrated in the EC4MACS project (www.ec4macs.eu), where a 
new spatial distribution of the SNAP221 emissions has been proposed from the EMEP 
reported data for the whole of Europe according to the population density distribution 
(http://www.ec4macs.eu/content/report/EC4MACS_Publications/MR_Final%20in%20pdf/Chi
mere_Methodologies_Final.pdf). PM2.5 is mainly emitted by wood burning. As shown in 
Figure 16, a relationship can be drawn to reallocate PM2.5 emissions not only in city centres 
but also over remote areas where wood burning is developed. Figure 17 represents the 
annual PM2.5 SNAP2 emissions for 2009. 
 

                                                                                                                                                   
19 http://dataservice.eea.europa.eu/  
20http://www.eea.europa.eu/data-and-maps/data/member-states-reporting-art-7-under-the-european-
pollutant-release-and-transfer-register-e-prtr-regulation-8 
21 According to the SNAP nomenclature for air pollutant emissions SNPA2 refers to “Non industrial 
combustion plants” www.eea.europa.eu/publications/EMEPCORINAIR/partb.pdf  

http://www.ec4macs.eu/
http://www.ec4macs.eu/content/report/EC4MACS_Publications/MR_Final%20in%20pdf/Chimere_Methodologies_Final.pdf
http://www.ec4macs.eu/content/report/EC4MACS_Publications/MR_Final%20in%20pdf/Chimere_Methodologies_Final.pdf
http://dataservice.eea.europa.eu/
http://www.eea.europa.eu/publications/EMEPCORINAIR/partb.pdf
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Figure 16: PM2.5 emission per inhabitant (issued from the French bottom-up emission inventory) as a 

function of population density. Source : 
http://www.ec4macs.eu/content/report/EC4MACS_Publications/MR_Final%20in%20pdf/Chimere_Met

hodologies_Final.pdf  
 
 
During cold spells, particularly wood burning is an important supplementary way of heating 
widely used in Europe. The activity is difficult to estimate, but it is possible to reallocate the 
emissions over cold spells with the “degree day” concept. This correction allows episode 
modelling and forecasting, or at least significant events can be considered when stagnant 
meteorological conditions avoid pollutant dispersion. The degree day is an indicator used as 
a proxy variable to express the daily energy demand for heating. The degree day for a day j 
is defined as:  

Dj = max(0, 20-TD) where TD is the daily mean 2m air temperature. The daily modulation 
factor (Fj) is therefore defined as: 𝐹𝑗 = 𝐷′𝑗/𝐷′���. Where 𝐷′𝑗 = 𝐷𝑗 + 𝐴.𝐷� and 𝐷′��� = (1 + 𝐴).𝐷� where A 
is a user defined modulation factor accounting for other kind of emissions (e.g. production of 
hot tap water). 𝐷� is the yearly mean degree day. The factor Fj is applied to each hourly 
emission flux. 

 

 

http://www.ec4macs.eu/content/report/EC4MACS_Publications/MR_Final%20in%20pdf/Chimere_Methodologies_Final.pdf
http://www.ec4macs.eu/content/report/EC4MACS_Publications/MR_Final%20in%20pdf/Chimere_Methodologies_Final.pdf
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Figure 17: Annual PM2.5 emissions for residential heating as Log(Emission) regridded with population 
data and rural/urban share ratio based on bottom-up approaches (source: INERIS for EC4MACS EU 

LIFE  
 

3.4 Traffic emissions (direct and indirect) 

3.4.1 Direct emissions 
Because they represent a large part of anthropogenic emissions, road traffic emissions are 
carefully described in available emission inventories. Direct emissions (from vehicle exhaust) 
result from the product of emission factors (which depend on fuel used and vehicles 
categories according to EURO standards) and activity data (which depend on the number of 
vehicles for a given period on the target road segment). A detailed description of road traffic 
emission cannot be provided at the national scale. Only city-scale inventories can have a 
chance to describe with certain accuracy the fleet of vehicles and their number. They are 
based on models of traffic suited to describe the distribution of road traffic in the city 
regarding its road typology, the day and the time of the day etc. 
Some cities have made large efforts to improve their inventory of road traffic direct emissions 
(Berlin, London, Paris, Vienna...) and several initiatives have been launched to support local 
and national authorities in improving their inventory methodologies (see for example EEA, 
2013c; EEA 2013d) and the FAIRMODE (Forum for Air Quality Modelling in Europe) initiative 
itself (http://fairmode.ew.eea.europa.eu/emissions-projections-sg3). But improving direct 
traffic emissions both at local and regional/national scales remains an important challenge for 
PM modelling (Figure 18).  
 

http://fairmode.ew.eea.europa.eu/emissions-projections-sg3
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Figure 18: Annual PM2.5 emissions for road traffic as Log (Emission) regridded with road data. Source 

INERIS for EC4MACS EU-LIFE and MACC EU FP7 with input data from TNO 
 
3.4.2 Indirect traffic emissions: a major PM source 
Road dusts can be defined as particulate matter (PM) generated from the road surface due 
to road surface wear. Tyre and brake wear may also be important “non-exhaust” emission 
sources. Particles generated by these frictional processes may be emitted directly to the air 
or deposit on the road surface and road shoulder and be re-suspended later due to vehicle 
induced turbulence and/or interaction between the tyres and the surface. Moreover, dust 
emitted in the vicinity of for example cities can be deposited on urban roads.  Finally, the 
available mass for re-suspension may also be increased by the addition of sand or salt to the 
road surface, particularly important in countries where traction control methods such as 
traction sand and/or de-icing material are applied. This phenomenon results in enhanced 
production of road dust and salt that deposits on snow piles on the roadside during winter. 
When the snow melts in spring and the surface dries up, traffic induced turbulence causes 
the particles to be suspended into the air, and hence the PM10 (particulate matter with a 
diameter of 10 µm or less) concentrations increase significantly. 
 
It has been estimated that at least 40% of total PM10 traffic emissions are due to road traffic 
re-suspension (Luhana et al., 2004). This ratio can reach up to 90% in springtime as reported 
by Folsberg et al. (2005) in Stockholm. So far, only few chemistry transport models or local 
Gaussian or street canyon models host re-suspension modules in an operational way. 
However the Swedish model SIMAIR has such capacities and is used in operational policy 
applications (Omstedt et al 2005)  
 
As written in the Air Quality Directive “Contributions to exceedances of particulate matter 
PM10 limit values attributable to winter-sanding or –salting of roads may also be subtracted 
when assessing compliance with air quality limit values provided that reasonable measures 
have been taken to lower concentrations” (EC, 2008). 
 
Therefore some European countries are interested in considering PM emissions from re-
suspension, particularly in wintertime. Some modelling tools exist to assess the road traffic 
emissions by re-suspension. Currently, operational road dust emission models (EPA, 2006), 
the Tønnesen model (Tønnesen, 2000), the Omstedt model (Omstedt et al., 2005), the 
EMEP CORINAIR method (EMEP CORINAIR, 2013) are site-specific and highly empirical as 
they are based on local measurements. In particular, they include empirical constants (US 
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EPA, the Tønnesen model) or reference emission factors (the Omstedt model) applicable to 
only one or very few road environments. 
 
Recently, Berger and Denby (2011) proposed a new and generalised road dust emission 
model. They based the emissions on road, tyre and brake wear rates and used the mass 
balance concept to describe the build-up of road dust on the road surface and road shoulder, 
depending on soil moisture. The model separates the emissions into a direct part and a re-
suspension part, and treats the road surface and road shoulder as two different sources. The 
model was tested under idealized conditions as well as on two datasets in and just outside of 
Oslo in Norway during the studded tyre season. The model has been further developed by 
Denby et al, 2013 and applied over long past periods in Stockholm and Copenhagen. 
 
In Spain, Pay et al. (2011) describe the inclusion of the re-suspension of particulate matter 
within the HERMES emission model (operationally implemented in the CALIOPE forecasting 
system) and the improvements obtained in the simulations of the PM10 mass over a domain 
covering Spain for a whole year of simulation (2004). The results indicate a remarkable 
improvement of the PM10 predictions, reducing the biases and errors by around 15-18% (2.6 
µg/m3 for the average bias in Spain). The emissions have strong local effects on the 
modelled particle concentration in or near the largest urban zones (up to 7 µg/m3 as the 
annual average), albeit those positive effects are more limited in background areas, since the 
deposition mechanism was found to be a significant sink for these re-suspended particles in 
the chemistry transport model. 
 
Even if these models offer the possibility to evaluate at local and urban scale the emission of 
road dust fraction of PM2.5 concentrations, it is not yet possible to obtain the fraction of PM 
attributable to sanding and salting. 
 

3.5 Wind blown dust emissions  

Mineral dust is a natural compound in the atmosphere known to affect air quality in several 
regions of the world. An extensive overview of the dust contribution to PM concentrations in 
Europe is presented in (EEA, 2012).  
 
Mineral dust emissions, transport, deposition and their impact on the radiative properties of 
the atmosphere have been particularly studied for the two main emitters in the world, 
Western Africa and China (Andreae and Crutzen, 1997; Sokolik et al., 2001). Worldwide 
measurement networks in Europe, North-America and elsewhere have been used, such as 
AERONET (Holben et al., 2001).  Models such as the global model GOCART (Ginoux et al., 
2004) and regional models such as, CHIMERE-DUST (Forêt et al., 2006;Menut et al., 2007) 
and DREAM (Nickovic et al., 2001; Perez et al., 2006, Park et al., 2007) or LOTOS-EUROS 
(Schaap et al., 2010) among others, integrate a specific module to account for dust 
emissions.  
 
However, open scientific questions remain. The direct transport of mineral dust originated 
from arid areas toward large industrialized and urbanized areas has rarely been studied. 
Some studies report how the Taklamakan desert in north-western China directly impacts 
megacities (Sun et al., 2001; Zhang et al., 2003), and studies were also done for dust 
transport from Africa toward Europe (Ansmann et al., 2003; Perez et al., 2006). In Europe, 
most natural dust contributions to PM concentrations originate from the West African Sahara. 
However, the net contribution remains relatively low: it is rare to record a dust contribution of 
more than 20% of the total PM mass, as an averaged value over the year, even if sporadic 
episodes led to a massive contribution of dust during short periods (Simpson et al., 1999; 
Querol et al., 2004a, 2004b; Moreno et al., 2005; Escudero et al., 2007a). Figure 19 shows 
the main areas emitting dust from global MODIS observational data (Monks et al., 2009). 
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However, such episodes can contribute to exceedances of the daily limit value for PM10 as 
set in the EU’s AQ Directive (EC, 2008). This issue is also discussed in the EEA Technical 
Report “ Particulate matter from natural sources and related reporting under the EU Air 
Quality Directive in 2008 and 2009” (EEA, 2012). 
 

 
Figure 19: Distribution of occurrence of AOD (Aerosol Optical Thickness) from MODIS greater than 

0.5: isocolor lines represent occurrences of 10, 25, 50 and 75% per year (source : Monks et al., 2009) 
 
This natural contribution of mineral dust to European air quality has been particularly studied 
in countries frequently affected by Saharan dust outbreaks: Spain (Artinano et al., 2003; 
Alastuey et al., 2005; Escudero et al., 2007b; Querol et al., 2007), Portugal (Petzold et al., 
2006), Italy (Kishcha et al., 2005), and more generally for the whole of  Europe in studies for 
example Simpson et al. (1999), Querol et al. (2004b), and Viana et al. (2007). In the 
countries mentioned above, a large number of experimental field campaigns (Clairborn et al., 
1998; Gomes et al., 2003), routine measurements of particle concentrations and speciation 
analyses (Putaud et al., 2004), were carried out to provide estimations of the relative 
contribution of natural dust particles to the total airborne PM budget in cities. According to 
Van Dingenen et al. (2004) the observed background annual average mass concentration of 
PM10 for the continental Europe is 7.0 ± 4.1 µg/m3..  
 
 
Issues and challenges 
The Saharan dust outbreaks are sporadic and intense. Forecasting their emissions and 
transport aggregates a large number of uncertainties. Their predictability is very uncertain as 
estimated in Menut et al. (2009). To improve the modelling tools the first step will be to 
merge already existing large-scale modelling systems (such as hemispheric dust models) 
and regional CTMs. A second challenge is to avoid risks of false air quality alerts due to an 
overestimation of events producing and transporting natural dust. For a large part of CTMs 
currently applied for forecasts, boundary conditions are global monthly climatology from 
model outputs. This may be sufficient for some aerosols species, relatively constant in time 
and space. In the case of mineral dust, nor the mean nor the median values are able to 
accurately describe the temporal variability. 
 
Wind-blown dust emissions inside Europe also remain poorly estimated. The strong 
dependency on meteorological variables like the wind speed and the soil moisture is a very 
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tricky issue. Dust emissions in Europe further depend on the evolution of natural vegetation 
and agricultural crops. Establishing a robust parameterization in CTMs remains a challenge. 

3.6 Natural marine emissions 

The ocean is a source of both primary aerosols, in the form of sea salt aerosols, and gas-
phase species such as DMS (dimethyl sulphide) that can contribute to secondary aerosol 
production. The size distribution of aerosols though can be affected by pollution and weather 
patterns such as the stability of the mixing layer, precipitation and fog (Seguin et al., 2011). 
Sulfate aerosols over the oceans in the northern hemisphere originate from biogenic, 
anthropogenic, sea spray and lithogenic sources. DMS, a gas emitted as a result of the 
breakdown of the cell walls of biogenic matter in the ocean, can oxidize to form SO2. SO2 can 
oxidize further to form sulfuric acid, be taken up into existing aerosols or can be removed via 
dry deposition. Gaseous sulfuric acid will either add to the growth of existing aerosols or 
nucleate to form new aerosols which may be able to act as cloud condensation nuclei. Sea 
spray, containing sulfate, generally is found in larger aerosol diameters but can also act as 
cloud condensation nuclei in smaller aerosols (de Leeuw et al., 2011).  
 
Aerosol sulfate can be introduced in the environment by anthropogenic sources, either 
directly or by the oxidation of SO2. Distinguishing between anthropogenic and biogenic 
components in aerosols is important for determining anthropogenic impacts on aerosol 
sulfate burdens. As already mentioned, this issue is also discussed in an EEA Technical 
Report focussing on reporting natural contribution to PM limit value exceedances (EEA, 
2012a). As chloride and sodium are the major components of the sea salt composition (Table 
3) their direct emission in the atmosphere can affect the PM10 and PM2.5 concentrations in 
coastal regions (Figure 20).  
 

Element Percent by weight 
Cl 55.04 
Na 30.61 
SO4 7.68 
Mg 3.69 
Ca 1.16 
K 1.1 

Table 3: Composition of sea salt, based on the composition of sea water (Seinfeld and Pandis 1998), 
for components that contribute more than 1% to the sea salt mass 
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Figure 20: Sodium concentrations in Europe (source : Manders et al., 2009) 

 
One difficulty arises for the implementation of sea salt emissions parameterization. There is 
an issue on horizontal scale and resolution. These parameterizations are very sensitive to 
wind speed and land cover, thus emissions sharply decrease until zero from the seaside to 
inland areas. This kind of gradient leads to large discrepancies between various model 
configurations. Manders et al (2010) recommend to use observations to help in deriving 
“bias-corrected modelled distributions [which] serves a s a best estimate of the sea salt 
distribution across Europe”. 
 

3.7 Ammonia emissions 

According to official reporting, the agricultural sector represents 95% of anthropogenic 
ammonia emissions (e.g. EEA, 2013b). Ammonia is emitted from livestock housing and by 
volatilization in the atmosphere after manure and fertilizer applications. The natural fraction 
of ammonia emissions is difficult to estimate. It comes from the decomposition or breakdown 
of organic waste matter, animal waste, and the discharge of ammonia by biota. This fraction 
is most probably below 10% (Sapek, 2013). 
 
Ammonia is an important PM precursor of ammonium nitrate in the air. In a “real world”, 
ammonia emissions depend on the type of cattle, manures and fertilizers, spreading 
practices, meteorological and soil parameters (Sutton et al., 2011). 
 
The usual time profiles for ammonia currently available are not accurate enough to catch the 
real instantaneous emission when a parameter (temperature, soil humidity and spreading 
practices) largely deviates from its average value. Moreover, if annual quantities are not 
available for the studied year, the closest documented year is chosen assuming that inter-
annual variations of emissions are small. In order to better estimate large ammonia 
emissions during specific meteorological conditions, lately developed emission models allow 
to better account for ammonia emissions (Diaz Goebez et al., 2003) and the dynamical 
approach used in Skjoth et al. (2005) shows improved results in retrieving ammonia 
concentrations. Beuning et al. (2008) have developed ammonia emission models able to 
predict ammonia emissions peaks in Canada. In Europe, an inter-comparison exercise 
shows that ammonia emission models provided similar emission factors (Reidy, 2008). 
Therefore, a dynamical approach for the treatment of ammonia emissions needs to be 
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implemented in chemistry transport models to obtain better model predictions of high 
particulate matter episodes (Zhang et al., 2008). 
 
At the French scale, Hamaoui et al. (2012) developed a dynamical emission module (Figure 
21). This module accounts for soil moisture, temperature, wind speed and agricultural 
practices. The spatial distribution of ammonia emissions is rather different in spring. The 
ammonia emissions tend to be overestimated in Brittany compared to those computed in a 
“dynamical way” that attribute more emissions by crops. 
 

  
Figure 21: Differences in ammonia emissions between the EMEP emissions (right panel) and the 

VOLT’AIR model embedded in CHIMERE in spring 2007 over France. 
 
However, ammonia in urban areas could be mainly emitted by other kinds of sources. As 
observed in Barcelona in summertime by Reche et al. (2012), values were significantly 
higher at urban background than at traffic sites, probably indicating the impact of emissions 
from biological sources, such as humans, sewage systems and garbage containers. Thus, 
the volatilization of NH3 from the aerosol phase seems to be significant enough during 
summer to dominate over NH3 emissions from traffic. Conversely, in winter levels were 
higher at traffic sites, suggesting a contribution from vehicle emissions. Indeed, NH3 levels 
decreased by 55% with increasing distance (50 m) to the direct emissions from traffic. A 
significant correlation between NH3 concentrations averaged for the different districts of the 
city and the number of waste containers per hour and m2 was also obtained, highlighting the 
necessity for controlling and reducing the emissions from garbage collection systems. 
 

3.8 Biogenic NO and VOC emissions 

Biogenic emissions from vegetation and soils are a major source of PM precursors. 
Terrestrial ecosystems produce a diverse array of chemicals including many volatile and 
semi-volatile compounds that are emitted into the atmosphere. Some of these have an 
important role in atmospheric chemistry including reactive volatile organic compounds (VOC) 
for which terrestrial ecosystems are by far the biggest contributors to the global annual flux 
(Guenther et al., 2012). It is now widely recognized that these chemicals can influence 
atmospheric composition and quantitative estimates of their emissions into the atmosphere 
are needed for numerical assessments of past, present and future air quality and climate. A 
few biogenic compounds are now routinely included in air quality and earth system numerical 
models but the magnitude and variability of these emissions are not well known. Many other 
compounds are simply omitted from these models because they are thought to be 
unimportant or because their contribution is assumed to be accounted for by increasing the 
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emission of the compounds that are included in the models or because so little is known 
about the emission of these compounds.  
 
Nitric oxide (NO) in the soil is produced by the microbial processes of nitrification and 
denitrification. NO emission originates from a natural pool of nitrogen and a fraction from 
fertilizer application. NO from soils can also be calculated in a dynamical way by models. An 
issue arises concerning the nitrous oxide (NO) emissions issued from the agricultural sector 
(SNAP10) that are reported in emission in emission inventories. As shown in Figure 22, NO 
emitted from soils is partially reported in Europe (EU 27) and unrealistic jumps are observed 
at the borders. Thus, there are two options to account for NO emissions in models, (1) either 
these unrealistic emissions are kept as input data and NO calculated by dynamic emission 
modules must not be used to avoid double counting, or (2) the official NO emissions are 
removed and NO calculated by emission modules must be used. 
 
 
An example of a model to simulate biogenic emissions: the MEGAN system (Guenther 
et al., 2012) 
The Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1) is a 
modelling framework for estimating fluxes of 147 biogenic compounds between terrestrial 
ecosystems and the atmosphere using simple mechanistic algorithms to account for the 
major known processes controlling biogenic emissions. It is available as an offline code and 
has also been coupled into land surface models and atmospheric chemistry models. 
MEGAN2.1 is an update from the previous versions including MEGAN2.0 for isoprene 
emissions and MEGAN2.04, which estimates emissions of 138 compounds. Isoprene 
comprises about half of the estimated total global biogenic volatile organic compound 
(BVOC) emission of 1 Pg (1000 Tg or 1015 g). Another 10 compounds including methanol, 
ethanol, acetaldehyde, acetone, α-pinene, β-pinene, t−β-ocimene, limonene, ethene, and 
propene together contribute another 30% of the estimated emission. An additional 20 
compounds (mostly terpenoids) are associated with another 17% of the total emission with 
the remaining 3% distributed among 125 compounds. Emissions of 41 monoterpenes and 32 
sesquiterpenes together comprise about 15% and 3%, respectively, of the total global BVOC 
emission. Tropical trees cover about 18% of the global land surface and are estimated to be 
responsible for 60% of terpenoid emissions and 48% of other VOC emissions. Other trees 
cover about the same area but are estimated to contribute only about 10% of total emissions. 
The magnitude of the emissions estimated with MEGAN2.1 are within the range of estimates 
reported using other approaches and much of the differences between reported values can 
be attributed to landcover and meteorological driving variables. The offline version of 
MEGAN2.1 source code and driving variables is available from 
http://acd.ucar.edu/~guenther/MEGAN/MEGAN.htm and the version integrated into the 
Community Land Model version 4 (CLM4) can be downloaded from 
http://www.cesm.ucar.edu/. 
 
 
 

http://www.cesm.ucar.edu/


  

47  

 

 
Figure 22: 2010 Emissions of NOx in Mg (emissions as used in EMEP models) for the agriculture 

activity sector in EU27. Several countries do not report NO emissions. 
 

3.9 Fire emissions:  

3.9.1 Background 
The importance of fire activity on global atmospheric composition has been recognised since 
the late 1970s (Seiler and Crutzen, 1980). Its dramatic impact on air quality during extreme 
events became obvious during extended fires and smoke haze episodes in Indonesia in 
1997, resulting in increased hospital admission and mortality (Heil and Goldammer, 2001). 
This particular event stressed the need for a better monitoring of exposure, implying 
improved quantification of fire emissions and of their impact on local and regional scales. 
Large efforts have been dedicated to the analysis of the chemical composition of fire plumes 
over recent decades, allowing the compilation of comprehensive reviews of emission factors 
for the observed species (Andreae and Merlet, 2001). These reviews, coupled to the 
availability of satellite observations of fire location since the mid1990s, have greatly 
facilitated the emergence of research on the large-scale variability and impacts of fires. 
Wildfire emissions are composed of large amounts of trace gases and aerosols. Among the 
trace gases emitted, the most abundant (90-95%) are carbon dioxide (CO2) and carbon 
monoxide (CO), but also methane (CH4), a series of volatile organic carbon compounds 
(VOCs) and inorganic species. In addition to primary species, emitted directly into the 
atmosphere, secondary species may be formed by chemical reactions within the plumes, in 
particular ozone. 
 
To assess the impact of forest fires on air quality, Martins et al. (2012) applied the LOTOS-
EUROS model and found an up to 20% contribution of fires to PM concentrations during 
specific periods in 2003-2005. 
 
This issue is also discussed in a recent EEA Technical Report with focus on reporting natural 
contribution to PM10 limit value exceedances (EEA, 2012a).  
 
3.9.2 Wild fire emission estimates 
Ideally, the compilation of emission inventories requires knowledge of the quantity and type 
of vegetation burnt. Information on the fire type is also needed since plumes emitted by fires 
in difference combustion phases (flaming or smouldering) have very different compositions. 
However, except for the study of specific fires that were fully monitored (for example in the 
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case of prescribed fires) such information is missing and needs to be estimated. For this, 
scientists rely on a variety of information for instance: 

• Observations of the fire characteristics: location, extent, energy 
• Databases constructed from a set of measurements in fire plumes (in situ or 

laboratory experiments) 
• Cartography of the vegetation, often based on satellite observations 
• Modelling of the carbon cycle and vegetation dynamics 

The classic formulation for calculating the emissions is based on the original work of Seiler 
and Crutzen (1980): 

𝐸𝑖 = �𝐴𝑓𝐹𝐿𝑓𝐸𝐹𝑖,𝑓
𝑓

 

where Ei is the emission (kg) for a given species i, A is the area burned (m2), FLf is the fuel 
load available for burning (kg dry matter per m-2) for a fuel type f and EFi,f is the emission 
factor (g/kg dry matter). Inventories are generally constructed for large regions (for a specific 
country or globally) and fire and/or vegetation characteristics need to rely on approximations, 
leading to large uncertainties on the final estimates.  
 
As also shown by Langmann et al. (2009), wild fires represent an important input of gaseous 
and aerosol compounds in the atmosphere. While domestic wood burning emissions can be 
included in common inventories (usually as residential sector contributions) vegetation fires 
emissions are difficult to estimate for past periods and a fortiori to predict in a forecast mode. 
Since vegetation fires strongly depend on meteorological factors and the biomass availability, 
they have a great inter-annual variability (Langenfelds et al., 2002). In Europe, the 
Mediterranean Basin and the Portugal (Miranda et al., 1994; Hodzic et al., 2007) are often 
affected by fires in summertime. During the 2003 fire outbreaks the modelled wildfire 
emissions caused an increase in average PM2.5 ground concentrations from 20 to 200% 
(Hodzic et al., 2007) in some part of Europe.  
 
 
3.9.3 Forecasting fires available in COPERNICUS/ MACC 
 
Within the Copernicus/MACC-II project (EU FP7) Kaiser et al., (2012) developed a fire 
emissions model based on satellite observations (http://www.gmes-
atmosphere.eu/about/project_structure/input_data/d_fire/).  
 
The Global Fire Assimilation System (GFASv1.0) calculates biomass burning emissions by 
assimilating Fire Radiative Power (FRP) observations from the MODIS22 instruments 
embedded on the Terra and Aqua NASA satellites. It corrects gaps in the observations, 
which are mostly due to cloud cover, and filters spurious FRP observations of volcanoes, gas 
flares and other industrial activity. The combustion rate is subsequently calculated with land 
cover-specific conversion factors. Emission factors for 40 gas-phase and aerosol trace 
species have been compiled from a literature survey. The corresponding daily emissions 
have been calculated on a global 0.5×0.5 grid from 2003 to the present. General consistency 
with the Global Fire Emission Database version 3.1 (GFED3.1) within its accuracy is 
achieved while maintaining the advantages of an FRP-based approach: GFASv1.0 makes 
use of the quantitative information on the combustion rate that is contained in the FRP 
observations, and it detects fires in real time at high spatial and temporal resolution. 
 
GFASv1.0 indicates omission errors in GFED3.1 due to undetected small fires. It also 
exhibits slightly longer fire seasons in South America and North Africa and a slightly shorter 
                                                
22 MODIS (or Moderate Resolution Imaging Spectroradiometer) is a key instrument aboard the Terra 
(EOS AM) and Aqua (EOS PM) satellites http://modis.gsfc.nasa.gov/data/  

http://www.gmes-atmosphere.eu/about/project_structure/input_data/d_fire/
http://www.gmes-atmosphere.eu/about/project_structure/input_data/d_fire/
http://modis.gsfc.nasa.gov/data/
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fire season in Southeast Asia. GFASv1.0 has already been used for atmospheric reactive 
gas simulations in an independent study, which found good agreement with atmospheric 
observations. We have performed simulations of the atmospheric aerosol distribution with 
and without the assimilation of MODIS aerosol optical depth (AOD). They indicate that the 
emissions of particulate matter need to be boosted by a factor of 2–4 to reproduce the global 
distribution of organic matter and black carbon. This discrepancy is also evident in the 
comparison of previously published top-down and bottom-up estimates. For the time being, a 
global enhancement of the particulate matter emissions by a factor of 3.4 is recommended. 
Validation with independent AOD and PM10 observations recorded during the Russian fires in 
summer 2010 showed that the global Monitoring Atmospheric Composition and Change 
(MACC) aerosol model with GFASv1.0 aerosol emissions captured the smoke plume 
evolution well when organic matter and black carbon are enhanced by the recommended 
factor. In conjunction with the assimilation of MODIS AOD, the use of GFASv1.0 with 
enhanced emission factors quantitatively improves the forecast of the aerosol load near the 
surface sufficiently to allow air quality warnings with a lead time of up to four days. 
 

3.10 Primary organic aerosol (POA) emissions 

POA has been traditionally assumed to be non-volatile and nonreactive in atmospheric 
aerosol models. Even if these assumptions are used today by the great majority of Chemical 
Transport Models, and are integral parts of most mental models of the system, it has been 
clear for decades that neither they are not  correct in many cases (Donahue et al., 2009). 
Most measurements of ambient organic PM concentrations were accompanied by serious 
negative (particle evaporation after collection on the filter) and/or positive artefacts (vapor 
adsorption on the filter), providing strong hints about the semi-volatile nature of organic 
aerosol (Turpin et al., 2000). 
 
For more than twenty years, dilution samplers have been used to measure POA emission 
factors. Development of these samplers was motivated by the semi-volatile character of 
primary emissions. Although some primary emissions are clearly semi-volatile, models 
generally treat them as non volatile. The implicit assumption is that the partitioning measured 
using a dilution sampler is representative over the full range of atmospheric conditions 
simulated by the model, and that the semi-volatile primary mass is a small fraction of the total 
POA.  
 
POA components that evaporate after dilution as they move away from their sources react in 
the gas phase, forming products with lower volatility that can condense back in the 
particulate phase (Robinson et al., 2007; Weitkamp et al., 2007). Both of these pathways 
oxidize primary emissions, forming OOA (oxidised organic aerosols). Even if some progress 
has been recently made to account for such processes in chemistry-transport models (see 
the VBS approach - volatilily basis set- in Bergstrom et al, 2012) they are not implemented 
yet in current PM models. This point will not be developed furthermore in the present 
document.   
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4  Meteorological data  

4.1 Meteorology in air quality models 

Predicted air pollutant concentrations are very sensitive to physical variables such as wind, 
temperature and specific humidity and diagnosed turbulent parameters (friction velocity, 
boundary layer height). A direct error concerning the meteorological fields used has a more 
or less direct and linear impact on concentrations (Menut, 2003; Minguzzi et al., 2005), 
whatever the model used. In addition, the selected horizontal resolution of the meteorological 
data has a large impact on results (Valari and Menut, 2008). In the 1990s, the global scale 
meteorological forecast system outputs, such as NCEP (National Centers for Environmental 
Prediction, Kalnay et al., 1996) and ECMWF (European Centre for Medium-Range Weather 
Forecasts, Bechtold et al., 2008) were used, mainly applying interpolations to re-grid the 
meso-scale data fields. In recent years, the forecast systems have evolved further and they 
now use meso-scale models, driven by global meteorological fields. These models are more 
adapted to fine resolutions and use more relevant land cover data and turbulence 
parameterizations. 
 

4.2 Meteorological drivers – downscaling 

In Europe, the American meso-scale meteorological models MM5 (Grell et al., 1994) and 
WRF (Skamarock et al., 2007) are the most widely used because they are easy to implement 
and to change. For forecasts, new systems are under development, which are based on the 
Integrated Forecast System (IFS) operated in ECMWF 23. 
 
Figure 23 illustrates the impact of using a meso-scale model to refine the resolution of a 
meteorological re-analysis (Menut et al., 2012). The daily gridded observational dataset for 
precipitation, temperature and sea level pressure in Europe is called E-OBS24, ERAi is the 
ERA-interim global ECMWF reanalysis, IPSLcm is the IPSL global coupled climate model 
(From Institut Pierre-Simon Laplace). The downscaling with a meso-scale model strongly 
affects the meteorological simulations. The Weather Research and Forecasting (WRF) 
model tends to increase the temperature cold bias (by -2K) and the precipitation positive bias 
by +1 mm/day. Over land, WRF tends to increases the wind speed by ±1 to 2 m/s, 
independently of the global model used. 

                                                
23 http://www.ecmwf.int/ 
24 http://eca.knmi.nl/download/ensembles/download.php 

http://eca.knmi.nl/download/ensembles/download.php
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Figure 23: Diurnal cycles of 2m temperature (K) and 10m wind speed (m/s) for the periods DJA and 

JJA. Calculations are done over the western/central Europe modelled domain for the 1989-2005 
period. E-OBS is the observational dataset, ERAi is the ERA-interim global ECMWF reanalysis, 
IPSLcm is the IPSL global coupled climate model, WRF is the mesoscale meterological model. 

 
The temperature cold bias problem was addressed in Jimenez and Dudhia (2012). They 
proposed a correction, i.e. a parameterization that is based on the concept of a momentum 
sink term and makes use of the standard deviation of the subgrid-scale orography as well as 
the characteristics of the topographic field. Both the drag generated by the unresolved terrain 
and the possibility of an increase in the speed of the flow over mountains and hills. It could 
be shown that WRF presents a low wind speed bias, which is considered in the corrected 
scheme. The surface wind simulation over a complex-terrain region that is located in the 
northeast of the Iberian Peninsula has been improved with the inclusion of the new 
parameterization. In particular, the underestimation of the wind speed spatial variability 
resulting from the mentioned biases can be corrected. The importance of selecting 
appropriate grid points to compare with observations was also examined. The wind speed 
from the nearest grid point is not always the most appropriate one for this comparison, 
nearby ones can be more representative. The new scheme not only improves the 
climatological winds but also the intra-diurnal variations in the mountains, where the default 
WRF shows limitations in reproducing the observed wind behaviour. 
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4.3 Urban meteorology 

In dispersion models at the urban scale, the lower part of the boundary layer is often 
represented by parameterizations derived from the theory of similarity of the surface layer25. 
The urban effects are then considered by changes in surface roughness and heat flux. 
Nevertheless, these formulations should only be used in the inertial sub-layer (ISL) which is 
well above the tops of buildings, i.e. in an average height of several tens meters. Indeed, in 
the sub-rough layer (RSL), i.e. the layer in the immediate vicinity of the urban canopy 
elements, the flow has a rather complex structure (Raupach, 1980) and the similarity theory 
cannot be applied.  

This first layer of CTM used at urban scales may be under two times the average of the 
buildings height in big cities. It can be assumed that the corresponding Reynolds stress at 
this level has not yet reached its maximum value and the corresponding value of vertical 
diffusion coefficient, named Kz is overestimated even if we can also assume that Kz might be 
underestimated at the second level. A limit of the Kz methods that are using the theory of 
similarity is identified here. 

To improve models at low levels over urban area, CTM modellers have to learn from what 
already exists in urban meteorology modelling: TEB (Town Balance Energy), SM2-U (Soil 
Model for Sub-Meso scale Urbanised version), MOSES (UM Surface Exchange scheme), 
BEP (Building Effect parameterization, AHF+R+A (Anthropogenic heat flux), MRF-Urb 
(Medium-Range Forecast Urban scheme), PALM-Urb (Parallelized Atmospheric Large-eddy 
Model). A summary of references to respective modules, modelling results, and discussions 
can be found in Mahura and Baklanov (2010). 
 
Several studies deal with the so-called “urbanization” of meso-scale meteorological models 
(e.g., Martilli et al. 2002; Dupont et al. 2004; Lee and Park 2008; Solazzo et al., 2010).Those 
models are based on a comprehensive set of equations linking the synoptic to the street 
scale circulation. Further, they include parameterisations for the turbulent exchange 
processes of momentum and mass. Solazzo et al. (2010) proposed a simple scheme for 
estimating spatially-averaged mean wind speed and the urban heat island over a selected 
neighbourhood area in Lisbon, Portugal. The results show the capability of the urban model 
to provide more accurate mean wind and temperature profiles. Moreover, the urban model 
has the advantage of being cost effective, as it requires small computational resources. 
 

4.4 Expected impact of meteorological drivers on PM modelling 

Various types of uncertainty studies on aerosol predictions have been performed: 

• The impact of orography on meteorological parameters (Carvalho et al., 2006)  
• The impact of horizontal resolution of meteorology on model calculations (Baertsch-

Ritter et al., 2004; Menut et al., 2005) 
• The impact of meteorological parameters on aerosols formation temperature, 

humidity and vertical mixing (Haywood and Ramaswamy, 1998; Penner et al., 1998; 
Easter and Peters, 1994) 

• The impact of meteorology on gas/particle partitioning and the dry deposition of SOA 
(Bessagnet et al., 2010) 

• The relationship between meteorological variables and PM concentrations (Mues et 
al., 2012) 

                                                
25Similarity theory starts with the identification of the relevant physical parameters that characterize atmospheric 
processes; then dimensionless groups are formed from these parameters, and finally experimental data is used to 
find functional relations between dimensionless groups. Those functional relationships are used as simplified 
model parametrisations 
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• The impact of model MM5 configuration on aerosol predictions (Meij et al., 2009 ; 
Pernigotti et al., 2012) 

The formation of ammonium nitrate (NH4NO3) is very sensitive to temperature while primary 
pollutants will be strongly dependent on stability conditions. As discussed in section 3.5, dust 
particles emissions will be very sensitive to wind speed and soil moisture. Soil moisture is a 
critical parameter very different from model to model and leads to large differences in 
emissions fluxes. The way to diagnose the vertical diffusion coefficient Kz strongly impacts 
the concentrations of primary pollutants. Vertical turbulent mixing takes place only in the 
boundary layer. Often, in the formulation of Kz, a minimal Kz is assumed, with a value about 
0.01 m2/s. The change of this value directly affects PM concentrations. 

 
 
All the above-mentioned studies show a strong impact of the meteorology on 
modelled PM concentrations, whatever the kind of model used. 
 
 
5 Quality control and evaluation  

5.1 Model quality objectives in the AQD 

The model quality objective described in the Air Quality Directive (AQD) along with the 
monitoring quality objectives, are given as a relative uncertainty (%). The AQD defines the 
modelling uncertainty as “the maximum deviation of the measured and calculated 
concentration levels for 90 % of individual monitoring points, over the period considered, by 
the limit value (or target value in the case of ozone), without taking into account the timing of 
the events. The uncertainty for modelling shall be interpreted as being applicable in the 
region of the appropriate limit value (or target value in the case of ozone). The fixed 
measurements that have to be selected for comparison with modelling results shall be 
representative of the scale covered by the model.” 
 
According to this definition, the AQD states that the uncertainty will be determined from the 
maximum of 90% of the available monitoring stations. Furthermore, it will be computed 
“without considering the timing of the event”, which means that any temporal correspondence 
between modelled and observed values will be disregarded. The statistical indicator currently 
recommended for estimating modelling uncertainty is the Relative Directive Error (RDE) 
(Denby, 2010). It is mathematically defined at a single station as follows: 
 

𝑅𝐷𝐸 =
|𝑂𝐿𝑉 −𝑀𝐿𝑉|

𝐿𝑉
 

 
where OLV is the observed concentration closest to the limit value concentration (LV) and 
MLV is the correspondingly ranked modelled concentration. The maximum of this value found 
at 90% of the available stations is then the Maximum Relative Directive Error (MRDE). This 
formulation is similar to the one recommended (Stern and Flemming, 2004) called the 
Relative Percentile Error (RPE), which is defined at a single station as: 
 

𝑅𝑃𝐸 =
|𝑂𝑃 −𝑀𝑃|

𝑃
 

 
where OP and MP are the observed and modelled concentrations at the percentile (P), used 
to define the exceedance percentile. 
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5.2 Evaluation of PM models 

In the literature, several intercomparison and evaluation exercises are reported for PM 
models : McKeen et al., 2007; Smyth et al., 2009; Stern et al., 2008; Hayami et al., 2008, 
Solazzo et al., 2012, Vautard et al, 2009 ; Vautard et al., 2007 ; Pernigotti, et al., 2013. Most 
of these model intercomparison exercises were performed at the regional scale with 
chemistry transport models. 
 
In the most recent exercise, AQMEII (Solazzo et al., 2012), there was a clear tendency for 
models to underestimate PM10 concentrations in US and EU regions for background stations. 
Model results for PM2.5 concentrations showed better performances but large uncertainty 
remains in the simulation of secondary organic aerosols schemes. Usually, the error 
statistics reported in Table 4 are classically used to assess the models. Discrepancies were 
attributed to meteorology and emissions. 
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Table 4: Usual error statistics to evaluate models (M and O refers respectively with Model and 
observations data, and N is the number of observations) 

 
In the last decades, the so called Taylor diagrams have been used to summarize various 
statistical parameters as shown in Figure 24 in the AQMEII intercomparison exercise. 
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Figure 24: Example of Taylor plots of PM2.5 for EU sub-regions (triangles, circles, and squares for sub-

regions 1, 2, and 3, respectively) at a) urban and b) rural sites. Horizontal and vertical axes indicate 
the variance (µg/m3) and the arcs represent the curves of ideal variance for each sub-region (from 

Solazzo et al., 2012) 
 
Since 2003, the EURODELTA exercises launched under the EMEP program, propose an on-
going evaluation of model performances of chemistry transport models involved in the policy 
making process (Vautard et al., 2009). The current phase of EURODELTA provides an 
overview of PM model performances (with PM components) over four 1-month campaigns 
with common input datasets (emissions, meteorology and boundary conditions), model grids. 
The performance of the meteorology was also assessed. We can observe in Figure 25 the 
large variability of model results for PM10 even with common input data. This variability is 
mainly driven by the way natural emissions of PM (dust and sea salts) are handled in the 
models. 
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Figure 25: Mean PM10 model concentrations for seven models in the EURODELTA exercise for the 

25/02 – 26/03/2009 periods (Observations are the coloured circles). In these results, MODEL1, 2, 4, 5, 
6 uses the same input data. 

 
In this exercise, the DELTA TOOL (Thunis et al., 2013, Thunis et al., 2012a, b; Pernigotti, et 
al., 2013) was used to assess the model performances with new criteria developed in the 
frame of the FAIRMODE Sub Group 4 (“model benchmarking”). One of the last 
improvements is the use of observation uncertainties as a new parameter in the criteria 
calculation for the evaluation. 
 

5.3 The DELTA tool 

DELTA is an Interactive Data Language (IDL) based model evaluation software using paired 
data of modelled and observed surface data (Thunis et al., 2012b: 
http://aqm.jrc.ec.europa.eu/DELTA/). It is designed for a rapid diagnostic of model 
performances in applications related to the implementation of the EU’s AQD (EC, 2008). It 
therefore focuses on annual air quality assessments, dealing with three main pollutants (O3, 
NO2 and PM) for which EU Member States have the obligation of reporting. Planning 
activities (evaluation of emission scenarios) aimed at reducing air pollution will also be 
considered in the future26. The analysis module allows various statistical indicators to be 
generated, and their graphical visualisation in a variety of diagrams (bar plots, scatter plots, 
time series, Taylor, Target, Bugle, Soccer etc). The graphic user interface in DELTA 
facilitates the application of the tool even by less experienced modellers. DELTA offers two 
modes of use: exploration and benchmarking. In the exploration mode the user is free to 
select various time averaging, different pollutants, a selection of stations and the time period 
                                                
26 See FAIRMODE initiative: http://fairmode.ew.eea.europa.eu/. 

http://aqm.jrc.ec.europa.eu/DELTA/
http://fairmode.ew.eea.europa.eu/
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on which model performances are evaluated. All these choices are performed through a 
user-friendly graphical interface, which allows switching straightforwardly from one diagram 
representation to another while keeping the same data selection. The tool offers the 
possibility of performing comparisons between model versions and/or between parameters 
and/or between monitoring stations (Figure 26). Various combinations of input selection 
options (parameters, stations, models etc.) could be used on the same diagram. Although 
the current version of DELTA does not make use of gridded model data, some conclusions 
on the spatial variability of the statistical indicators can be drawn from the comparison of 
station statistics grouped in categories (e.g. urban versus rural or belonging to different 
administrative region). The user can freely define the categories in which stations must be 
organized. In the benchmarking mode, DELTA produces performance reports in a 
standardized format structured around a set of selected statistical indicators. This should 
lead to a more harmonised way of looking at performances when this tool becomes more 
widely used. As the model uses pairs of model and observation, all model types can be 
assessed by this tool. 
 

 
Figure 26: Examples of multi-dimensional diagrams for annual PM10 concentration obtained with 

DELTA by selecting 5 models results (MINNI, CHIMERE, TCAM, CAMX and RCG) and 61 monitoring 
sites in the Po Valley (Italy). Top left: scatter plot; top right: Taylor diagram; bottom left: Target 

diagram; bottom right: Bugle plot (from Thunis et al., 2012b). 
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6 PM modelling applications for the AQ Directive (AQD) 

As previously mentioned, many zones and agglomerations in EU MS have been in 
exceedance of the limit values for PM10. Pursuant to Article 22 of the AQD, MS had the 
possibility to notify the Commission when, in their opinion, the conditions were met in a given 
zone or agglomeration for being exempt from the limit values for PM10 (in force from the 1st 
January 2005). A time extension for compliance until the 1st June 2011 could be requested 
by MS provided they proved that: 

• all appropriate measures were taken at national, regional and local levels to meet the 
deadline for the limit values, i.e. 1 January 2005, and that limit values had not been 
achieved because of the presence of one or more of the following elements: site-
specific dispersion characteristics, adverse climatic conditions or transboundary 
contributions; 

• Compliance with the limit values will be achieved at the expiry of the exemption 
period. 

 
All the MS submitted a notification for exemption regarding the PM limit values to the 
European Commission (EC), and all, except the Netherlands, received some objections from 
the Commission: 
 (http://ec.europa.eu/environment/air/quality/legislation/time_extensions.htm).  
 
Objections were related to insufficient information about: 

• the measures taken at the initial attainment date,  
• the measures to be taken for future compliance at the end of the time extension, 
• the justification of the role played by the specific conditions for the exemption, i.e. 

site-specific dispersion characteristics, adverse climatic conditions or transboundary 
contributions. 

 
In this legally binding process, negotiations between the concerned MS and the EC still 
continue. Modelling has been used by a large number of countries to apply for these time 
extensions, covering most of the relevant model applications for the AQD including: 

 
• air quality and PM exceedance assessment,  
• source apportionment studies, and  
• planning and emission scenario analyses (see also de Smet et al., 2013).  

 
These applications still remain a major activity for the problematic AQ management zones. 
Both national and local authorities in the countries still improve their action plans and the 
associated evaluation they provide to the EC. In this perspective modelling has played, and 
continues to play, a decisive role. This possible use of modelling, in policy application areas, 
was discussed in section 3, and practical recommendations are given below. 
 

6.1 Modelling requirements for assessment  

6.1.1 The AQ Directive requirements 
According to the AQD, and whether they are engaged in the extension process discussed 
above or not, the EU MS have to report on the state of AQ in assessment zones that cover 
the country area, and they have to describe precisely the exceedances of limit and target 
values. The MS have to provide the EC with a good description of these situations, which 
includes at least a quantification of the area and population exposed. In the FAIRMODE 

http://ec.europa.eu/environment/air/quality/legislation/time_extensions.htm
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technical reference guide for AQ modelling (EEA, 2011) most of the aspects in regard to 
assessment and reporting of exceedances are presented and discussed. 
 
In the current AQD (EC, 2008) modelling tools alone can only be used for reporting non-
exceedance situations. This is when the concentrations are below the lower assessment 
thresholds, as defined in the AQD (EC, 2008, Appendix II). When concentrations are above 
the lower assessment threshold, but below the upper assessment threshold, then modelling 
alone is not sufficient and fixed measurements are also required (even if the number of 
measurement sites can be decreased where reliable modelling techniques are implemented). 
Above the upper threshold fixed measurements must be used as basis for the assessment 
and modelling may be used as supplementary material. Threshold values for PM are 
summarised below. 
 
Lower assessment thresholds:  

- For 24-hours average PM10 concentrations: 50% of the limit value (25 µg/m3 must not 
be exceeded more than 35 times a year) 

- For annual average PM10: 50% of the limit value (20 µg/m3) 
- For annual PM2.5 average: 50% of the limit value (12 µg/m3) 

 
Upper assessment thresholds: 

- For 24-hours average PM10 concentrations: 70% of the limit value (35 µg/m3 must not 
be exceeded more than 35 times a year) 

- For annual average PM10: 50% of the limit value (28 µg/m3) 
- For annual PM2.5 average: 50% of the limit value (17 µg/m3) 

 
6.1.2 Use of models for assessment 
When models are implemented for the assessment, a quality objective (regarding the results) 
is set to control uncertainty. For annual averages model uncertainty cannot exceed 50%. 
Current models are more and more reliable. Several regional model intercomparisons and 
evaluation exercises (Cuvelier, 2007 ; Vautard, 2007) and more recent results from the new 
EURODELTA3 and COPERNICUS/MACC projects (see section 5) showed progress to reach 
this objective. Current regional models give satisfactory responses except in some areas with 
complex geographical terrain and the annual quality objective is generally fulfilled. At the 
smaller scale (city, street) model results are mainly driven by the emission inventory. 
Therefore where high resolution emissions inventories are available the objective is generally 
reached as well.  
 
For hourly values and exceedances, no quality objective is set yet. It is acknowledged 
that 50% can be challenging in many situations, especially because PM concentrations are 
highly sensitive to fluctuations in emissions (see chapter 4). Such difficulties can be 
overcome implementing data assimilation processes that help in correcting simulations with 
observations. Even simple procedures based on optimal interpolation and krigging give 
impressive and reliable results for assessment (see also de Smet et al., 2013). 
 
The data assimilation processes for regional AQ assessment and their performances are 
extensively addressed within the Copernicus/MACC project that aims at developing the 
future Copernicus atmosphere services (http://atmosphere.Copernicus.eu/ ). In particular the 
yearly AQ assessment reports published by the project for the years 2007 to 2010 (2011 to 
be published by end of 2013) present the satisfactory performances of chemistry-transport 
models used together with data assimilation processes to map PM background 
concentrations in the European countries. The added-value of the Copernicus/MACC project 
is to bear the implementation of sophisticated and complex data assimilation chains that can 

http://atmosphere.copernicus.eu/
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take advantage of various kinds of observation data (in-situ and satellite) to improve 
assessment27 (e.g. Schneider et al., 2013) 
 
For country-wide assessments, approaches based on kriging techniques and geostatistical 
analyses that have been largely evaluated by the EEA’s European Topic Center on Air 
Pollution and Climate Change Mitigation (de Smet et al, 2009; de Smet et al, 2010); (Denby 
et al, 2011a);  (Denby et al, 2011b) (Malherbe et al, 2009), are definitively efficient and 
relevant. Annex 4 gives an overview of the basic principles of such techniques and of the 
state of the art. 
 
For determining limit value exceedances and their geographical distribution at both regional 
and urban scales, it is recommended to use deterministic models that will help to catch air 
pollution patterns. In that perspective, data assimilation or statistical approaches based on 
the analysis of historical datasets and systematic model biases are essential to correct the 
PM10 maps that have been derived from models. Note that to be consistent between the site 
representativeness area and the model resolution, traffic sites exceedances can only be 
considered by local and urban scale models. Ancillary data describing the station 
environment can be assimilated to improve locally the results (Denby et al, 2008). As a last 
point, the gradient between PM concentrations in regional background areas and at urban or 
traffic sites is generally much lower than for NO2 concentrations. Therefore a good 
representation of background concentration levels is determinant whatever the scale, to 
provide good assessment maps.  
 
Local situations where high daily values are recorded compared to background urban 
concentrations, are generally characterized by high contributions of re-suspension (the so-
called “indirect traffic emissions”) or construction/demolition work emissions (Amato, 2009), 
(Martuzevicius, 2011). Identification of areas where this kind of emissions can influence 
significantly PM levels is essential, and methodologies to assess emission levels continue to 
be developed (see for instance guidance provided by some US cities 
http://www.airquality.org/ceqa/index.shtml, http://www.dec.ny.gov/chemical/8912.html). Local 
measurements can help for the evaluation of the process. 
 
For assessment and reporting PM values, recommendations are listed in section 6.1.3. 
 
6.1.3 Application guidance for mapping and air quality assessment 

1.  Air AQ modelling requires a well-established and comprehensive emissions 
inventory, fitted to the geographical domain covered and the model (deterministic, 
geostatistical, or statistical) resolution. 

2.  The use of regional air quality model results combined with monitoring (with data 
assimilation or kriging approaches) is recommended to produce maps of background 
PM concentrations and exceedances. Kriging methods and/or optimal interpolation 
generally give very satisfactory results for a reduced computational cost. 

3.  A relevant set of monitoring stations must be used for data assimilation to correct 
model results and for mapping. This set should be representative of the targeted 
geographical scale, should provide significant historical data, and the associated 
metadata must be well-documented. 

4.  Improve assessment at the urban and local scales using appropriate models (see 
Annex 4) with accurate emission data; systematic biases of those models detected in 
step 1 can be corrected using statistical approaches28.  

                                                
27 One should note that data results related to background concentrations are freely available from the 
service 
28 Generally those methods are based on an in-depth analysis of the historical behavior of the model to reproduce 
PM levels. Systematic biases when compared to the observations are established and corrected on the modeling 
results. Such approaches are successfully used in forecasting sciences.   

http://www.airquality.org/ceqa/index.shtml
http://www.dec.ny.gov/chemical/8912.html
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5.  Some indication of the uncertainty in the simulations (whatever the scale and the type 
of model) should be given. If necessary multiple runs reflecting the emission and 
model uncertainties may be made to indicate these uncertainties. 

 
 

6.2 Modelling requirements for reporting exceedances of limit and target 
values  

The mapping techniques described in the previous section apply for reporting exceedances 
of limit and target values. In the next sections, specific topics that relate to the occurrence of 
PM episodes when the PM limit values are likely to be exceeded are discussed. 
 
6.2.1 Explaining exceedances due to natural events 
According to the article 20 of the AQD Directive (EC, 2008), MS can transmit to the 
Commission the list of zones and agglomerations where some exceedances of the PM10 limit 
values are attributable to natural events. The most common situations relate to PM 
concentrations that can be influenced by dust events and sea-salt contributions in coastal 
areas. The EEA published in 2012 a Technical Report (EEA, 2012a) devoted to how to 
account for natural sources under the AQD. A number of data sources and methodological 
recommendations are reported in this document with an analysis of the practises in the 
concerned MS. 
 
Mircea et al. (2008) and Mitsakou et al. (2008) presented two relevant examples where 
models were used to help identify and quantify the contribution of wind-blown dust from the 
Sahara. For dust emissions inside Europe, Vautard et al., (2005) showed that when applying 
a simplified approach towards wind-blown dust emissions within a chemistry-transport model 
the underestimation of modelled background PM concentrations compared to measurement 
results can partly be explained and corrected. The approach, statistically validated, uses 
meteorological parameters such as surface humidity and wind speed to give a more realistic 
picture of particulate matter levels in Europe. 
 
By using a similar approach, Bessagnet et al. (2008) predicted a sudden and extensive dust 
event observed in Central Europe at the end of March 2007 (Birmili et al., 2008). PM peaks 
observed in Europe during this event could be attributed to long-range natural dust transport 
from the Ukrainian agricultural soils (Bessagnet et al, 2008) up to Western Europe (Figure 
27). 
 

 
Figure 27: Contribution of dust in Harwell (rural station in UK) during the Ukraine dust studied in 

Bessagnet et al. (2008) and Birmili et al. (2008) 
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However, dust events and natural contributions to PM episodes remain difficult to predict and 
simulate because annual emission inventories cannot include them a priori. Observation and 
especially Earth observation are essential to monitor dust plumes and to adapt a posterior 
emission inventories to the episode period.  
 
The Copernicus/MACC project proposes as well a service targeted to the evaluation and 
prediction of dust contribution thanks to the interpretation of satellite measurements 
(http://www.gmes-
atmosphere.eu/d/services/gac/nrt/nrt_opticaldepth!36!Dust!Global!macc!od!enfo!nrt_opticald
epth!2013020400!!/). This is a valuable data source for boundary conditions that can improve 
regional or urban model results accounting for long range transport of desert dust. 
Generally catching natural contribution in modelled PM concentrations requests use of 
observation data to correct emission inventories that cannot reproduce the spatio-temporal 
variability of such contributions. This step is clearly integrated in an application guidance 
given in section 6.2.2 below. 
 
6.2.2 Application guidance to account for natural contribution in exceedances: 

1.  Assessing the natural contribution for reporting exceedance of the PM limit values 
requires regional modelling results (generally they result from long range transport), 
in combination with measurement data; 

2.  A systematic analysis of discrepancies between measurement data and modelling 
results should be conducted together with the analysis of meteorological data and 
backward trajectories to confirm the potential contribution of natural sources; 

3.  Satellite information might be used to support the evaluation, e.g. by checking daily 
the information available from the Copernicus/MACC services; 

4.  If a MS implements stations where mineral compounds are measured, they should be 
considered to quantify natural contribution to PM (rather PM10) concentrations; 

5.  Correction of the model results can be performed using data assimilation or statistical 
techniques, using observed PM10 mass concentrations. 

 
Within the continent, sea salt concentrations are usually below 0.5 µg/m3. They can reach 2 
to 3 µg/m3 with highest values in wintertime. For cities located in coastal regions subtracting 
such values can have an impact on exceedances of the PM limit values set in the AQD (EC, 
2008; EEA, 2012a). For the Netherlands, Manders et al. (2009) suggests that most of the 
exceedances of the daily PM limit value in Rotterdam would be below the limit value after 
subtracting sea salt contributions. 
 
6.2.3 Reporting exceedance of PM limit values by winter sanding or salting of roads 
According to the article 21 of the AQD (EC, 2008), MS can transmit to the Commission the 
list of zones and agglomerations where some exceedances of the limit values are attributable 
to sanding or salting road operations in winter.. Reporting on such situations requires an 
assessment of the associated emissions. This issue is discussed in the ‘Emissions’ chapter 
(see sections 3.4.2 and 3.5). 
 
6.2.4 Explaining exceedances due to transboudary pollution 
According to the article 25 of the AQD (EC, 2008), MS “where any alert threshold, limit value 
or target value plus any relevant margin of tolerance or long-term objective is exceeded due 
to significant transboundary transport of air pollutants or their precursors, the Member States 
concerned shall cooperate (…)”.  
 
Assessing transboundary contributions to PM exceedances that occur in European cities is a 
difficult task because they are not only driven by foreign emissions but also by atmospheric 
chemistry. A large part of PM issued from long range transport results from chemical 
transformation. Therefore, regional chemistry-transport models are the best fitted for the 

http://www.gmes-atmosphere.eu/d/services/gac/nrt/nrt_opticaldepth!36!Dust!Global!macc!od!enfo!nrt_opticaldepth!2013020400!!/
http://www.gmes-atmosphere.eu/d/services/gac/nrt/nrt_opticaldepth!36!Dust!Global!macc!od!enfo!nrt_opticaldepth!2013020400!!/
http://www.gmes-atmosphere.eu/d/services/gac/nrt/nrt_opticaldepth!36!Dust!Global!macc!od!enfo!nrt_opticaldepth!2013020400!!/
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purpose of transboundary fluxes analysis. A straightforward approach consists of running the 
models cancelling emissions from the target area country. It requires operational runs of 
CTM and can be computationally expensive. However, within the development of the 
Copernicus/MACC services, new products which assess foreign contributions during PM 
episodes situations will be developed and proposed to the MS by the end of 2014 
(http://www.gmes-atmosphere.eu/services/aqac/policy_interface/source_allocation/?op=get).  

6.3 Modelling requirements for source apportionment 

One of the key issues for the decision maker is: on which sectors should one decide 
stringent control measures to avoid exceedances and to reduce population exposure? 
PM and their precursors’ sources are multiple and their relative contribution in a given 
situation can vary with the period of the year and the location.  
 
Aerosol particles are produced both by direct emissions of primary particulate matter as well 
as through the chemical transformation of several gas phase precursors, related to a 
considerable number of both anthropogenic and natural sources extending over regional 
scale areas (Seinfeld and Pandis, 2006). As a consequence, assessing the contribution of 
the different emission sources to the particulate matter concentration (the so-called source 
apportionment) is undoubtedly a crucial issue, needing robust and suitable approaches.  
 
Source apportionment evaluations can be based on the analysis of observed data by means 
of several approaches such as: chemical balance modelling, statistical analysis (Larsen et 
al., 2012; Perrone et al., 2012) and tracer methods (Lukács et al., 2007; Querol et al., 2004) 
as well as by the application of modelling techniques.  
 
Widely-applied modelling techniques are usually based on two possible approaches: Brute 
Force, or Direct Method and Zero-Out Modelling (Yarwood et al. 2004). Both techniques are, 
actually, more sensitivity analysis methods than source apportionment algorithms; however 
both of them can be applied to evaluate source contributions. Particularly, the Brute Force 
Zero-out method (Burr et al, 2011; Koo et al, 2009) estimates first-order sensitivity 
coefficients of the concentration variation as a response to small changes in emission values. 
Repeating such analysis to all the interested sources allows the relative weight of each 
emitting source to be quantified. The second and probably most applied approach is based 
on removing (i.e. setting to 0) the source of interest from the input set and then rerunning the 
model. The contribution of the source is then computed as a difference from the base case 
(i.e. with all sources). 
 
Both methods are easy to implement but they feature two relevant limitations: 
  

a) they are computationally expensive as they require a new simulation for each source 
to be evaluated; 

b) in the case of non-linear systems (e.g. secondary pollutants) they do not conserve the 
mass, that is to say the sum of the computed impacts over all sources does not equal 
the total mass concentration. 

 
To overcome these problems that can seriously undermine the effectiveness of the 
performed analysis, a different approach can be considered, usually referred as Reactive 
Tracers (or Tagged Species) method (Dunker et al., 2002; Zhang et al., 2005). The basic 
idea underlying this approach is the introduction of additional species (particularly, a set of 
species for each source to be apportioned) able to track the contribution of specific sources 
from the emission to final PM concentration, taking into account the same physical and 
chemical processes of the usual modelled variables. The approach relies on the information 
being available to split the original emission inventory. In general, a single tracer can track 
primary PM species whereas secondary particulate species require several tracers to track 

http://www.gmes-atmosphere.eu/services/aqac/policy_interface/source_allocation/?op=get
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the relationship between gaseous precursors and the resulting PM. A key point in this 
approach is that adopted algorithms for reactive tracers should ensure that mass is properly 
conserved but, at the same time, limiting as much as possible the additional request of 
computational resources.  
 
In Annex 5 examples of source apportionment methodologies and results are given for Italy 
and the Lombardia region, and the UK.  

6.4 Modelling requirements for planning and emission scenarios 

6.4.1 General concepts 
This is an obvious goal of modelling. Once the model is considered as reliable enough to 
reproduce current and past situations or has learnt enough from past situations (in case of 
statistical models) it can be applied to simulate future ones. Decision makers need to know 
the potential impact of the emission control strategies that they decide at the European or the 
local scales. Indeed, given information on emission factors and activities of various emission 
sectors it is possible to adapt and alter the total emissions through a range of assumed policy 
measures, that either affect the emission factors themselves (technological) or the activities 
(structural).  A policy maker may come with a range of possible strategies that will need to be 
quantifiably assessed using air quality models. Or an AQ modeller may come with an 
emission requirement for which a policy maker will need to find a way of implementing it. In 
either case, the AQ model is applied, usually through multiple model runs, calculating the 
sensitivity of the modelled concentrations to a range of emission scenarios. How this is 
carried out depends on the requirements for any particular application.  
 
Some applications are straight forward and related generally to primary PM compounds that 
are only transported through dispersion processes. They generally apply to local situations. 
In these cases dispersion models based on transport and diffusion equations can reproduce 
changes in concentrations due to changes in emissions. Street canyon models that target 
local exceedances, or Gaussian approaches adapted to the city scale or even Lagrangian or 
Eulerian models (see Annex 4) can be run with “appropriate” (in the sense that they are 
accurate enough) local emission inventories. Such inventories should discriminate properly 
the activity data from various sectors. Modelling uncertainty is directly correlated to emission 
uncertainties. 
 
Other applications are more complex because the PM concentrations result from chemical 
processes that involve a large number of precursors and complex chemical relationships 
depending on meteorological parameters. PM pollution at regional scales or over large 
agglomerations relates to such phenomena and should be predicted with appropriate 
chemistry transport models (see Annex 3). As for ozone, those models should be able to 
simulate correctly the chemical regimes that stand in the targeted areas to ensure that 
relevant responses to emission reductions are calculated.  
 
Modelling responses to emission reduction scenarios are strongly dependant on the 
meteorological fields that drive the simulation. Focussing on a given year can limit the 
assessment neclecting the effect of the meteorological variability. Therefore, it is 
recommended to simulate average concentrations over several years. The computational 
need can be high. If only one year is chosen for limiting costs, special care will be accorded 
to this choice: whether a “mean” year or an “extreme” one should be preferred will depend on 
the application. The following section 6.4.2 suggests some guidance.  
 
6.4.2 Application guidance 

1.  Scenario calculations should be preferably carried out for a range of meteorological 
years, which also reflect the variability in PM background concentrations, rather than 
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just one single year. This will also provide information on the variability and 
uncertainty in the impact of the emission scenario. 

2.  If the geographical domain can be influenced by chemical processes it is essential to 
run chemistry transport models with appropriate chemical schemes. 

3.  In relation to the chemical schemes, special attention should be given to the emission 
inventory that feeds the model, to the description and quantification of the emission of 
precursor compounds and of their spatio-temporal variability. 

4.  Some indication of the uncertainty in the predictions should be given, e.g.. multiple 
runs reflecting the emission and model uncertainties may be made to indicate these 
uncertainties. 

 

6.5 Modelling requirements for information and forecasting 

6.5.1 General overview 
Short term forecasting by applying models is a capacity that can be used by a Member State 
or local authorities to deal with their information duty. According to article 26 of the AQD (EC, 
2008) and Annex XVI of the directive, they have to inform the general public about the 
occurrence of an air pollution episode and its evolution. Article 24 stipulates as well that short 
term action plans should be implemented if the risk that an episode develops is high. 
Forecasting capacities should be developed to facilitate access to such information and can 
help in raising public awareness. It should facilitate the management of an air pollution 
situation as well, anticipating future evolution. Forecasts are, by definition, delivered by 
modelling systems (deterministic or statistical) that should be sufficiently robust and reliable. 
Currently a number of PM forecasting systems are run throughout Europe at the national and 
urban scales.  
 
Two types of forecast systems exist, both based on the use of meteorological data and 
chemistry models. They are built on “statistical” or “deterministic” methods. They can apply to 
both the local and regional scales. Essentially because of computer efficiency reasons and 
lack of maturity of deterministic models, efforts first focussed on the development and use of 
statistical models during the past decades (Karatzas et al, 2002; (Sun et al, 2008; Neto et al, 
2009). Since they were easy to use and implement, simplified physics and chemistry 
equations systems were developed and tuned in order to estimate the probability of a 
pollution event. This is achieved by using only meteorological parameters such as mean 
wind speed, solar radiation and temperature (Hrust et al., 2009).  
 
Using only a few equations or statistical relationships, statistical models allowed a fast 
computation (a major constraint for forecast systems). They were widely used for many years 
and showed satisfactory results, at least for ozone daily maxima (Zeldin and Thomas, 1975; 
Simpson and Layton, 1983; Robeson and Steyn, 1990). On the other hand they were rather 
crude and uncertain (no boundary conditions for example). are meanwhile used for air quality 
short term forecasts (Kolehmainen et al., 2001; Chaloulakou et al., 2003; Ibarra-Berastegi et 
al., 2008; Pfeiffer et al., 2009) and health impacts (Schlink et al., 2006). All these approaches 
are well-suited for urban issues because generally this kind of area is well-covered by 
measurement networks. These approaches are reviewed in a guidance which the US-EPA 
published in 2003 (http://www.epa.gov/airnow/aq_forecasting_guidance-1016.pdf ) on 
forecasting approaches for predicting ozone and PM2.5 concentrations.  
 
Nowadays, deterministic models are available at both urban and regional scales for air 
quality forecasting applications (see e.g. the FUMAPEX project, Baklanov et al, 2007). At the 
urban scale, Gaussian, Lagrangian or even Eulerian approaches were developed. 
Considering PM concentrations, they generally focus on the transport of primary PM, what 
can be acceptable at the urban scale. For the regional scale chemical processes drive the 
formation of secondary aerosols that contribute significantly to PM mass concentrations. 

http://www.epa.gov/airnow/aq_forecasting_guidance-1016.pdf
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Therefore it is no longer possible to ignore the complex chemistry that influences PM 
background concentrations and chemistry-transport models should be run. 
 
Many air quality forecasting platforms can be found in Europe, some being national 
institutional systems (PREV’AIR, CALIOPE). The others are operated in research 
laboratories without operational constraints (7/24h). The PREV’AIR (www.prevair.org) 
system is a French national initiative (Honore et al., 2008; Rouïl et al., 2009) which is based 
on a partnership between French research institutes (CNRS and INERIS), and the national 
meteorological centre (Météo-France), acting under the aegis of the French ministry in 
charge of Ecology. PREV’AIR produces and provides forecast results every day of the year 
up to two days ahead, as an operational meteorological centre. The CALIOPE administrative 
structure (http://www.bsc.es/caliope ) merges universities and governmental authorities: The 
Barcelona Supercomputing Center (BSC), the Spanish National Research Centre for Energy, 
Environment and Technology (CIEMAT), the Earth Sciences Institute “Jaume Almera” (IJA-
CSIC) and the Mediterranean Center for Environmental Studies Foundation (CEAM) 
CALIOPE are on their way of becoming operational.  
 
Table 5 below lists some of the forecasting systems currently running in Europe.  
 
System (URL) Country METEO/CTM References 

CALIOPE (www.bsc.es/caliope) Spain WRF/CMAQ Pay et al. (2012) 

OPANA (artico.lma.fi.upm.es) Spain MM5/CMAQ Cooter and Hutzell (2002) 

(forecast.uoa.gr) Greece NCEP/SKIRON-
CAMx 

Kallos et al. (2007) 

FARM (www.aria-net.eu/QualeAria) Italy RAMS/FARM Zanini et al. (2005) 

CETEMPS (pumpkin.aquila.infn.it/forechem/) Italy MM5/CHIMERE Curci et al. (2008) 

CHIMERE-DUST 
(www.lmd.polytechnique.fr/dust) 

France MM5/CHIMERE Menut et al. (2009) 

PREV’AIR (www.prevair.org) France MM5/CHIMERE-
ARPEGE/MOGAG
E 

Rouïl et al. (2009) 

(http://cerea.enpc.fr/en/prevision.html) France WRF/Polair3D Garaud et al (2010) 

COSY (www.lmd.polytechnique.fr/cosy) France WRF/CHIMERE Vautard et al. (2001) 

PREVISAO-QAR (www.dao.ua.pt/gemac/previsao 
qar) 

Portugal MM5/CHIMERE Monteiro et al. (2005) 

TRUMF (www.trumf.de) Germany COSMOS/RCG Stern et al. (2003) 

(www.lml.rivm.nl) Netherlands LOTOS-EUROS Schaap et al. (2008) 

THOR (thor.dmu.dk) Denmark ETA-MM5/DEHM Frohn and Brandt (2006) 

UK AQ forecast (http://uk-
air.defra.gov.uk/forecasting/) 

UK WRF/CMAQ http://uk-air.defra.gov.uk/library/ 

MACC II (http://www.gmes-
atmosphere.eu/services/raq/raq_nrt/) 

EU IFS/CHIMERE-
EMEP-EURAD-
MATCH-
LOTOS/EUROS-
MOCAGE-SILAM 

 

Table 5: List of forecasting system in Europe 
 
 

http://www.prevair.org/
http://www.bsc.es/caliope


  

67  

 

6.5.2 Forecasting products “PM oriented” in Copernicus/MACC 
 
The Copernicus/MACC-II project has the overall functional objective of delivering reliable 
operational air quality forecasting products and information services at the European scale 
that support research, European environmental policy and the ongoing development of user-
specific local services, like zooms over cities or parts of cities, smartphone alerts etc.. 
Copernicus/MACC-II promises to supply “aerosol” products (http://www.gmes-
atmosphere.eu/services/aqac/) inter alia: 
 

- Monitoring of the global distributions of greenhouse gases, reactive gases and 
aerosols through assimilations of satellite and in situ observations, using NRT, 
delayed-mode and reanalysis; 

- Twice-daily forecasts of the global distributions of reactive gases and aerosols for 
several days ahead; 

- Boundary values for regional modelling of troposphere and stratospheric chemistry, 
and local and urban modelling for air quality (gases and aerosols); 

- Analyses and forecasts for the European domain based on an ensemble approach 
using multiple regional air-quality models; 

- Air quality re-analyses for the European domain based on an ensemble approach 
using multiple regional air-quality models; 

- Global fire analyses and estimates of emissions from fires for use in the global and 
European regional monitoring and forecasting systems; 

- Surface fluxes of carbon dioxide, methane and aerosols produced using inverse 
methods; 

 
In addition, Copernicus/MACC-II intends to respond promptly when needed to supply specific 
products related to major events involving atmospheric constituents such as volcanic ash 
and pollutants from major fires, especially in cases of particular importance to the European 
Union.  
 
For air quality issues (forecasts, analyses and re-analyses of ozone, PM10, PM2.5 and 
nitrogen dioxide concentration fields), the MACC-II services will focus on the European scale 
with the provision of simulations with a 10 km2 resolution in 2014 (the current resolution of 
the involved models ranges from 15 to 25 km2). The ensemble approach is very promising 
with regard to reducing and controlling uncertainties and offers the most advanced air quality 
forecasts over Europe. With a 10 km2 resolution, the MS which do not develop their own air 
quality forecasting system are encouraged to use those predictions to get an overview of 
expected air pollutant concentrations and to develop activities related to short term action 
plans or public awareness.  

http://www.gmes-atmosphere.eu/services/aqac/
http://www.gmes-atmosphere.eu/services/aqac/


  

68  

 

  



  

69  

 

 
 
7 References 

Alastuey, A., et al. (2005), Characterisation of TSP and PM2.5 at Izana and Sta. Cruz de 
Tenerife (Canary Islands, Spain) during a Saharan dust episode (July 2002), Atmos. 
Environ., 39, 4715– 4728. 
 
Ahmadov, R., et al. (2012), A volatility basis set model for summertime secondary organic 
aerosols over the eastern United States in 2006, J. Geophys. Res., 117, D06301, 
doi:10.1029/2011JD016831. 
 
Alfaro, S. C., and L. Gomes (2001), Modelling mineral aerosol production by wind erosion: 
Emission intensities and aerosol size distribution in source areas, J. Geophys. Res., 106, 
18,075– 18,084. 
 
Amann, M., Imrich Bertok, Jens Borken-Kleefeld, Janusz Cofala, Chris Heyes, Lena 
Höglund-Isaksson, Zbigniew Klimont, Binh Nguyen, Maximilian Posch, Peter Rafaj, Robert 
Sandler, Wolfgang Schöpp, Fabian Wagner, Wilfried Winiwarter (2011) Cost-effective control 
of air quality and greenhouse gases in Europe: Modeling and policy applications, 
Environmental Modelling &amp; Software, Volume 26, Issue 12, December 2011, Pages 
1489-1501, ISSN 1364-8152, 10.1016/j.envsoft.2011.07.012. 
 
F. Amato , M. Pandolfi , A. Escrig , X. Querol , A. Alastuey , J. Pey, N. Perez , P.K. Hopke 
(2009), Quantifying road dust resuspension in urban environment by Multilinear Engine: A 
comparison with PMF2, Atm.Env. Vol43, pp 2770-2780 
 
Andreae, M., and P. Crutzen (1997), Atmospheric aerosols: Biogeochemical sources and 
role in atmospheric chemistry, Science, 276, 1052–1058. 
 
Ansmann, A., et al. (2003), Long-range transport of Saharan dust to northern Europe: The 11 
– 16 October 2001 outbreak observed with EARLINET, J. Geophys. Res., 108(D24), 4783, 
doi:10.1029/2003JD003757. 
 
Artinano, B., P. Salvador, G. A. Diana, X. Querol, and A. Alastuey (2003), Anthropogenic and 
natural influence on the PM10 and PM2.5 aerosol in Madrid (Spain), analysis of high 
concentration episodes, Environ. Pollut., 125, 453–465. 
 
Baertsch-Ritter, N., Keller, J., Dommen, J., and Prevot, A. S. H. (2004) Effects of various 
meteorological conditions and spatial emission resolutions on the ozone concentration and 
ROG/NOx limitationin the Milan area (I), Atmos. Chem. Phys., 4, 423–438, http://www.atmos-
chem-phys.net/4/423/2004/. 
 
Bagnold, R. (1941), The Physics of Blown Sand and Desert Dunes, Methuen and Co. Ltd., 
London, U. K. 
 
Baklanov A., O. H¨anninen, L. H. Slørdal, J. Kukkonen, N. Bjergene, B. Fay, S. Finardi, S. C. 
Hoe, M. Jantunen, A. Karppinen, A. Rasmussen, A. Skouloudi, R. S. Sokhi, J. H. Sørensen, 
and V. Ødegaard, (2007), Integrated systems for forecasting urban meteorology, air 
pollutionand population exposure, Atmos. Chem. Phys., 7, 855–874. 
 
Balzarini A., Pirovano G., Riva G.M., Toppetti A. (2011) Sensitivity to spatial resolution of the 
source apportionment analysis over Italy. Presented at “Air Quality and Climate Change: 

http://www.atmos-chem-phys.net/4/423/2004/
http://www.atmos-chem-phys.net/4/423/2004/


  

70  

 

Interactions and Feedbacks. ACCENT-Plus Symposium”, Urbino (Italy) 13 -16 September 
2011. 
 
Bechtold, P., Kohler, M., Jung, T., Leutbecher, M., Rodwell, M., and Vitart, F. (2008) 
Advances in simulating atmospheric variability with IFS cycle 32r3, ECMWF Newsletter, 114, 
29–38. 
 
Bessagnet, B., A. Hodzic, R. Vautard, M. Beekmann, S. Cheinet, C. Honoré, C. Liousse, and 
L. Rouı¨l (2004), Aerosol modelling with CHIMERE: Preliminary evaluation at the continental 
scale, Atmos. Environ., 38, 2803–2817. 
 
Bessagnet B.,  A. Hodzic,  R. Vautard,  M. Beekmann,  S. Cheinet,  C. Honoré, C. Liousse, 
L. Rouil (2004), Aerosol modelling with CHIMERE—preliminary evaluation at the continental 
scale, Atm.Env. Vol 38, issue 18, pp 28013-2817 
 
Bessagnet, B., L. Menut, G. Aymoz, H. Chepfer, and R. Vautard (2008), Modelling dust 
emissions and transport within Europe: The Ukraine March 2007 event, J. Geophys. Res., 
113, D15202, doi:10.1029/2007JD009541. 
 
Bessagnet, B., Seigneur, C., Menut, L. (2010) Impact of dry deposition of semi-volatile 
organic compounds on secondary organic aerosols, Atmospheric Environment, Volume 44, 
Issue 14, May 2010, Pages 1781-1787, ISSN 1352-2310, 10.1016/j.atmosenv.2010.01.027. 
 
Benson, P.E., (1984) CALINE 4—A Dispersion Model for Predicting Air Pollutant 
Concentrations near Roadways. FHWA User Guide. U. Trinity Consultants Inc. 
 
Bergström, R., Denier van der Gon, H. A. C., Prévôt, A. S. H., Yttri, K. E., and Simpson, D. 
(2012) Modelling of organic aerosols over Europe (2002–2007) using a volatility basis set 
(VBS) framework: application of different assumptions regarding the formation of secondary 
organic aerosol, Atmos. Chem. Phys., 12, 8499-8527, doi:10.5194/acp-12-8499-2012, 2012. 
 
Berger, J., Denby, D. (2011), A generalised model for traffic induced road dust emissions. 
Model description and evaluation, Atmospheric Environment, Volume 45, Issue 22, July 
2011, Pages 3692-3703, ISSN 1352-2310, 10.1016/j.atmosenv.2011.04.021. 
 
Beuning, J., Pattey, E., Edwards, G., and Heyst, B. V. (2008) Improved temporal resolution in 
process-based modelling of agricultural soil ammonia emissions, Atmos. Environ., 42, 3253–
3265, doi: 10.1016/j.atmosenv.2007.04.057. 
 
Binkowski, F., Shankar, U. (1995) The regional particulate matter model : Model description 
and preliminary results. J. Geophys. Res. 100 (26), 191–209. 
 
Birmili, W., et al. (2008), A case of extreme particulate matter concentrations over Central 
Europe caused by dust emitted over the southern Ukraine, Atmos. Chem. Phys., 8, 997– 
1016. 
 
Borge, R., Javier López, Julio Lumbreras, Adolfo Narros, Encarnación Rodríguez (2010) 
Influence of boundary conditions on CMAQ simulations over the Iberian Peninsula, 
Atmospheric Environment, Volume 44, Issue 23, Pages 2681-2695, ISSN 1352-2310, 
10.1016/j.atmosenv.2010.04.044. 
 
Brandt, J., J.D. Silver, L.M. Frohn, C. Geels, A. Gross, A.B. Hansen, K.M. Hansen, G.B. 
Hedegaard, C.A. Skjøth, H. Villadsen, A. Zare, J.H. Christensen (2012) An integrated model 
study for Europe and North America using the Danish Eulerian Hemispheric Model with focus 



  

71  

 

on intercontinental transport of air pollution, Atmospheric Environment, Volume 53, Pages 
156-176, ISSN 1352-2310, 10.1016/j.atmosenv.2012.01.011. 
 
Brookes, D. M., Stedman, J. R., Grice, S. E., Kent, A. J., Walker, H. L., Cooke, S. L., Vincent, 
K. J., Lingard, J. J. N., Bush, T. J. and Abbott, J. (2012). UK air quality modelling under the 
Air Quality Directive (2008/50/EC) for 2010 covering the following air quality pollutants: SO2, 
NOx, NO2, PM10, PM2.5, lead, benzene, CO, and ozone. Report for The Department for 
Environment, Food and Rural Affairs, Welsh Government, the Scottish Government and the 
Department of the Environment for Northern Ireland. AEA report. AEAT/ENV/R/3215. Issue 
1. http://cdr.eionet.europa.eu/gb/eu/annualair/envt416qa 
 
Burr M.J., Zhang Y., (2011) Source apportionment of fine particulate matter over the Eastern 
U.S. Part I: source sensitivity simulations using CMAQ with the Brute Force method, Atm. 
Poll. Res., Vol 2, pp 300-317 
 
Caputo, G. et al. (2003) Intercomparison of atmospheric dispersion models, Atmospheric 
Environment, 37 (18) (2003), pp. 2435–2449. 
 
Carvalho, A. C., Carvalho, A., Gelpi, I., Barreiro, M., Borrego, C., Miranda, A. I., and Pérez-
Muñuzuri, V.(2006) Influence of topography and land use on pollutants dispersion in the 
Atlantic coast of Iberian Peninsula, Atmos. Environ., 40, 3969–3982. 
 
Chaloulakou, A., Saisana, M., and Spyrellis, N. (2003) Comparative assessment of neural 
networks and regression models for forecasting summertime ozone in Athens, The Sci. Tot. 
Environ., 313, 1–13, doi:10.1016/S0048-9697(03)00335-8. 
 
Chin, M., R. B. Rood, S.-J. Lin, J. F. Muller, and A. M. Thomspon (2000) Atmospheric sulfur 
cycle in the global model GOCART:  Model description and global properties, J. Geophys. 
Res., 105, 24,671-24,687. 
 
Clairborn, C., B. Lamb, A. Miller, J. Beseda, B. Clode, J. Vaughan, L. Kang, and C. Newvine 
(1998), Regional measurements and modelling of windblown agricultural dust: The Columbia 
Plateau PM10 program, J. Geophys. Res., 103, 753– 767. 
 
COST (2008) Aerosol Phenomenology - Physical and Chemical Characteristics of Particulate 
Matter at Rural, Urban and Kerbside sites, report of the COST Action 633, 
http://publications.jrc.ec.europa.eu/repository/handle/111111111/460  
 
Cuvelier C., Thunis P., Vautard R., Amann M., Bessagnet B., Bedogni M., Berkowicz R., 
Brandt J., Brocheton F., Builtjes P., Carnavale C., Copalle A., Denby B., Douros J., Graf A., 
Hellmuth O., Honoré C., Hodzic A., Jonson J., Kerschbaumer A., de Leeuw F., Minguzzi E., 
Moussiopoulos N., Pertot C., Peuch V.H., Pirovano G., Rouil L., Sauter F., Schaap M., Stern 
R., Tarrason L., Vignati E., Volta M., White L., Wind P., Zuber A. (2007), CityDelta: A model 
intercomparison study to explore the impact of emission reductions in European cities in 
2010, Atmospheric Environment 41, issue 1, 189-207. 
 
de Leeuw, G., E. L. Andreas, M. D. Anguelova, C. W. Fairall, E. R. Lewis, C. O'Dowd, M. 
Schulz, and S. E. Schwartz (2011), Production flux of sea spray aerosol, Rev. Geophys., 49, 
RG2001, doi:10.1029/2010RG000349. 
 
de Meij, A., Gzella, A., Cuvelier, C., Thunis, P., Bessagnet, B., Vinuesa, J. F., Menut, L., and 
Kelder, H. M. (2009) The impact of MM5 and WRF meteorology over complex terrain on 
CHIMERE model calculations, Atmos. Chem. Phys., 9, 6611-6632, doi:10.5194/acp-9-6611-
2009. 
 

http://publications.jrc.ec.europa.eu/repository/handle/111111111/460


  

72  

 

de Smet, P., Horálek, J., Conková, M., Kurfürst, P., de Leeuw, F., and Denby, B. (2010) 
European air quality maps of ozone and PM10 for 2008 and their uncertainty analysis. 
ETC/ACC Technical Paper 2010/10, European Topic Centre on Air and Climate Change, 
Bilthoven, Netherlands. 
 
de Smet, P., Horálek, J., Conková, M., Kurfürst, P., Leeuw, F. D., and Denby, B. (2009). 
European air quality maps of ozone and PM 10 for 2006 and their uncertainty analysis. 
ETC/ACC Technical Paper 2008/8. 
 
de Smet, P., de Leeuw, F., Horálek, J., and Kurfürst, P. (2013)  A European compilation of 

national air quality maps based on modelling ETC/ACM Technical Paper 2013/xy (in 

preparation). 

Debry, E., Sportisse, B. (2007) Numerical simulation of the General Dynamics Equation 
(GDE) for aerosols with two collocation methods. Appl. Numer. Math. 57, 885–898. 
 
Denby B., M. Schaap, A. Sengers, P. Builtjes, I. Horalek, (2008), Comparison of two data 
assimilation methods for assessing PM10 exceedances on the European scale, Atm. Env. 
42, pp 7122-7134. 
 
Denby et al. (2011a) Guide on modelling Nitrogen Dioxide (NO2) for air quality assessment 
and planning relevant to the European Air Quality Directive, ETC/ACC Technical Paper 
2011/15, 
http://acm.eionet.europa.eu/reports/docs/ETCACM_TP_2011_15_FAIRMODE_guide_modell
ing_NO2.pdf 

Denby, B., Gola, G., de Leeuw, F., de Smet, P., and Horálek, J. (2011b). Calculation of 
pseudo PM2.5 annual mean concentrations in Europe based on annual mean PM10 
concentrations and other supplementary data. ETC/ACC Technical Paper 2010/9, European 
Topic Centre on Air and Climate Change, Bilthoven, Netherlands. 
 
Denby B., Horolek J., de Smet, P., de Leeuw, F., (2011c), Mapping annual PM2.5 
concentrations in Europe: application of pseudo PM2.5 station data, ETC/ACC Technical 
Paper 2011/5, European Topic Centre on Air and Climate Change, Bilthoven, Netherlands.  
 
Denby B.R., I. Sundvor, C. Johansson, L. Pirjola, M. Ketzel, M. Norman, K. Kupiainen, M. 
Gustafsson, G. Bolmqvist, G. Omstedt, 2013, A coupled road dust and surface moisture 
model to predict non-exhaust road traffic induced particles emissions (NORTRIP). Part 1: 
road dist loading and suspension modelling, Atm.Env. 77, 283-300 
 
Devilliers, M., Debry, E., Sartelet, K., Seigneur, C., 2012, A New Algorithm to Solve 
Condensation/Evaporation for Ultra Fine, Fine, and Coarse Particles; Journal of Aerosol 
Sciences, 10.1016/j.jaerosci.2012.08.005. 
 
Donahue, N., M., Robinson, A., L., Pandis, S., N. Atmospheric organic particulate matter: 
From smoke to secondary organic aerosol, Atmospheric Environment, Volume 43, Issue 1, 
January 2009, Pages 94-106, ISSN 1352-2310, 10.1016/j.atmosenv.2008.09.055. 
 
Diaz Goebez, M., Strader, R., and Davidson, C. (2003) An ammonia emission inventory for 
fertilizer application in the United States, Atmos. Environ., 37, 2539–2550. 
 
Dunker, A.M., Yarwood, G., Ortmann, J.P., Wilson, G.M. (2002) Comparison of source 
apportionment and source sensitivity of ozone in a three-dimensional air quality model. 
Environmental Science & Technology, 36, 2953-2964. 
 

http://acm.eionet.europa.eu/reports/docs/ETCACM_TP_2011_15_FAIRMODE_guide_modelling_NO2.pdf
http://acm.eionet.europa.eu/reports/docs/ETCACM_TP_2011_15_FAIRMODE_guide_modelling_NO2.pdf


  

73  

 

Dupont S, Otte TL, Ching JKS (2004) Simulation of meteorological fields within and above 
urban and rural canopies with a mesoscale model (MM5). Boundary Layer Meteorol 
113:111–158 
 
Easter, R. C. and Peters, L. K. (1994) Binary Homogeneous Nucleation: Temperature and 
Relative Humidity Fluctuations, Nonlinearity, and Aspects of New Particle Production in the 
Atmosphere, J. Appl. Meteorol., 33, 775–784. 
 
EC (2007) European Commission, Regulation (EC) No 715/2007 of the European Parliament 
and of the Council of 20 June 2007 on type approval of motor vehicles with respect to 
emissions from light passenger and commercial vehicles (Euro 5 and Euro 6) and on access 
to vehicle repair and maintenance information. 
 
EC (2008) European Commission, Directive 2008/50/EC of the European Parliament and of 
the Council of 21 May 2008 on ambient air quality and cleaner air for Europe. Official Journal 
L 152, 11.6.2008, p. 1–44 
 http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:152:0001:0044:EN:PDF. 
 
EC (2014) European Commission, Time Extensions for PM10, Nitrogen Dioxide and 
Benzene, http://ec.europa.eu/environment/air/quality/legislation/time_extensions.htm. 
 
EEA (2011) European Environment Agency, The application of models under the European 
Union's Air Quality Directive: A technical reference guide. Copenhagen, European 
Environment Agency (EEA Technical Report, 10/2011), 
http://www.eea.europa.eu/publications/fairmode. 
 
EEA (2012a) European Environment Agency, Particulate matter from natural sources and 
related reporting under the EU Air Quality Directive in 2008 and 2009, EEA Technical Report 
10/2012,  http://www.eea.europa.eu/publications/particulate-matter-from-natural-sources  
 
 
EEA (2013a) European Environment Agency, NEC Directive status report 2012, Reporting 
by the Member States under Directive 2001/81/EC of the European Parliament and of the 
Council of 23 October 2001 on national emission ceilings for certain atmospheric pollutants, 
EEA Technical Report No 6/2013, http://www.eea.europa.eu/publications/nec-directive-
status-report-2012. 
 
EEA (2013b) European Environment Agency , European Union emission inventory report 
1990–2011 under the UNECE Convention on Long-range Transboundary Air Pollution 
(LRTAP), EEA Technical Report No 10/2013, http://www.eea.europa.eu/publications/eu-
emission-inventory-report-lrtap. 
 
EEA (2013c): European Environment Agency, Understanding pollutant emissions from 
Europe's cities, Brochure No 3/2013, http://www.eea.europa.eu/publications/understanding-
pollutants-emissions-from-europes. 
 
EEA (2013d): European Environment Agency, Air Implementation Pilot - Lessons learnt from 
the implementation of air quality legislation at urban level, EEA Report No 7/2013, 
http://www.eea.europa.eu/publications/air-implementation-pilot-2013. 
  
EEA (2013e) European Environment Agency, Air quality in Europe, EEA Report 9/2012, 
http://www.eea.europa.eu/publications/air-quality-in-europe-2013. 
 
EMEP (2012) EMEP Status Report 1/2012, "Transboundary acidification, eutrophication and 
ground level ozone in Europe in 2010", Joint MSC-W & CCC & CEIP Report. 

http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:152:0001:0044:EN:PDF
http://www.eea.europa.eu/publications/fairmode
http://www.eea.europa.eu/publications/particulate-matter-from-natural-sources
http://www.eea.europa.eu/publications/nec-directive-status-report-2012
http://www.eea.europa.eu/publications/nec-directive-status-report-2012
http://www.eea.europa.eu/publications/eu-emission-inventory-report-lrtap
http://www.eea.europa.eu/publications/eu-emission-inventory-report-lrtap
http://www.eea.europa.eu/publications/understanding-pollutants-emissions-from-europes
http://www.eea.europa.eu/publications/understanding-pollutants-emissions-from-europes
http://www.eea.europa.eu/publications/air-implementation-pilot-2013
http://www.eea.europa.eu/publications/air-quality-in-europe-2013


  

74  

 

 
EMEP, (2013) EMEP CORINAIR Emission Inventory Guidebook 2013, Technical Report No 
12/2013. , http://www.eea.europa.eu/publications/emep-eea-guidebook-2013. 
 
ENVIRON Corporation (2008) User’s guide to the Comprehensive Air quality Model with 
extension (CAMx) version 4.50. Technical report. 
 
ETC/ACM, (2011a), The state of the air quality in 2009 and European exchange of 
monitoring information in 2010, ETC/ACM Technical Paper  2011/1, 
http://acm.eionet.europa.eu/docs/ETCACM_TP_2011_1_eoi2010_2009aqdata.pdf  
 
ETC/ACM (2011b), Guide on modelling nitrogen dioxide (NO2) for air quality assessment 
and planning relevant to the European Air quality Directive, ETC/ACM Technical Paper 2011-
15. 
http://acm.eionet.europa.eu/reports/docs/ETCACM_TP_2011_15_FAIRMODE_guide_modell
ing_NO2.pdf  
 
Escudero, M., X. Querol, A. Avila, and E. Cuevas (2007a), Origin of the exceedances of the 
European daily PM limit value in regional background areas of Spain, Atmos. Environ., 41, 
730–744. 
 
Escudero, M., X. Querol, J. Pey, A. Alastuey, N. Perez, F. Ferreira, S. Alonso, S. Rodriguez, 
and E. Cuevas (2007b), A methodology for the quantification of the net African dust load in 
air quality monitoring networks, Atmos. Environ., 41, 5516–5524. 
 
Fecan, F., B. Marticorena, and G. Bergametti (1999), Parameterization of the increase of 
aeolian erosion threshold wind friction velocity due to soil moisture for arid and semi-arid 
areas, Ann. Geophys., 17, 149– 157. 
 
Forsberg, B., Hansson, H.C., Johansson, C., Areskoug, H., Persson, K., Järvholm, B. (2005) 
Comparative health impact assessment of local and regional particulate air pollutants in 
Scandinavia. Ambio 34, 11e19. 
 
Forêt, G., G. Bergametti, F. Dulac, and L. Menut (2006), An optimized particle size bin 
scheme for modelling mineral dust aerosol, J. Geophys. Res., 111, D17310, 
doi:10.1029/2005JD006797. 
 
Fuzzi, S., Andreae, M., Huebert, B.J., Kulmula, M., Bind, T.C., Doherty, S.J., Guenther, A., 
Kanakidou, M., Kawamura, K., Kerminen, V.-M., Lohmann, U., Po¨ schl, U., Russell, L.M. 
(2006) Critical assessment of the current state of scientific knowledge, terminology, and 
research needs concerning the role of organic aerosols in the atmosphere, climate, and 
global change. Atmospheric Chemistry and Physics 6, 2017–2038. 
 
Gallego, F. G. (2010), A population density grid of the European Union, Population & 
Environment, 2010, Volume 31, Number 6, Pages 460-473. 
 
Garaud D., V. Mallet, (2010), Automatic generation of large ensemble for air quality 
forecasting using the POLYPHEMUS system, Geoscience Mod. Dev., Vol. 3, pp 69-85. 
 
Gelbard, F., Tambour, Y., Seinfeld, J. (1980) Sectional representations for simulating aerosol 
dynamics. J. Colloid Interface Sci. 76 (2), 541–556. 
 
Gifford, Jr, 1976 Consequences of effluent releases, Nuclear Safety, 17 (1) (1976), pp. 68–
86. 
 

http://acm.eionet.europa.eu/docs/ETCACM_TP_2011_1_eoi2010_2009aqdata.pdf
http://acm.eionet.europa.eu/reports/docs/ETCACM_TP_2011_15_FAIRMODE_guide_modelling_NO2.pdf
http://acm.eionet.europa.eu/reports/docs/ETCACM_TP_2011_15_FAIRMODE_guide_modelling_NO2.pdf


  

75  

 

Ginoux, P., J. M. Prospero, O. Torres, and M. Chin (2004), Long term simulation of global 
dust distribution with the GOCART model: Correlation with North Atlantic oscillation, Environ. 
Modell. Software, 19, 113– 128. 
 
Gobbi, G., F. Barnaba, and L. Ammannato (2004), The vertical distribution of aerosols, 
Saharan dust and cirrus clouds in Rome (Italy) in the year 2001, Atmos. Chem. Phys., 4, 
351– 359. 
 
Gomes, L., J. L. Rajot, S. C. Alfaro, and A. Gaudichet (2003), Validation of a dust production 
model from measurements performed in semi-arid agricultural areas of Spain and Niger, 
Catena, 52, 257– 271. 
 
Gong S.L., L.A. Barrie e M. Lazare (2002) Canadian Aerosol Module (CAM): A size-
segregated simulation of atmospheric aerosol processes for climate and air quality models 2. 
Global sea-salt aerosol and its budgets, J. Geophys. Res., 107(D24), 4779. 
 
Guenther A., T. Karl, P. Harley, C. Wiedinmyer, P. Palmer, and C. Geron (2006) Estimates of 
global terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and 
Aerosols from Nature), Atmos. Chem. Phys., 6, 3181-3210 
 
Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T., Duhl, T., Emmons, L. K., and 
Wang, X. (2012) The Model of Emissions of Gases and Aerosols from Nature version 2.1 
(MEGAN2.1): an extended and updated framework for modeling biogenic emissions, Geosci. 
Model Dev. Discuss., 5, 1503-1560, doi:10.5194/gmdd-5-1503-2012, 2012.  
 
Grell, G., Dudhia, J., and Stauffer, D. (1994) A description of the fifthgeneration Penn 
State/NCAR mesoscale model (MM5), NCAR Tech. Note, pp. TN–398+STR. 
 
Hamaoui-Laguel, L, Meleux, F., Beekmann, M., Bessagnet, B., Génermont, S., Cellier, P., 
Létinois, L. (2012) Improving ammonia emissions in air quality modelling for France, 
Atmospheric Environment, Available online 14 August 2012, ISSN 1352-2310, 
10.1016/j.atmosenv.2012.08.002. 
 
Hayami, H., Sakurai, T., Han, Z., Ueda, H., Carmichael, G.R., Streets, D., Holloway, T., 
Wang, Z., Thongboonchoo, N., Engardt, M., Bennet, C., Fung, C., Chang, A., Park, S.U., 
Kajino, M., Sartelet, K., Matsuda, K., Amann, M. (2008) MICS-Asia II: model intercomparison 
and evaluation of particulate sulfate, nitrate and ammonium. Atmospheric Environment 42, 
3510e3527 
 
Haywood, J. M. and Ramaswamy, V. (1998) Global sensitivity studies of the direct radiative 
forcing due to anthropogenic sulfate and black carbon aerosols, J. Geophys. Res., 103, 
6043–6058. 
 
Heil, A., and J. Goldammer (2001) Smoke-haze pollution: a review of the 1997 episode in 
Southeast Asia, Regional Environmental Change, 2, 1, 24-37, doi: 10.1007/s101130100021. 
 
Hodzic, A., Madronich, S., Bohn, B., Massie, S., Menut, L., and Wiedinmyer, C. (2007) 
Wildfire particulate matter in Europe during summer 2003: meso-scale modelling of smoke 
emissions, transport and radiative effects, Atmos. Chem. Phys., 7, 4043–4064. 
 
Hildemann, L.M., Cass, G.R., Markowski, G.R. (1989) A dilution stack sampler for collection 
of organic aerosol emissions - design, characterization and field-tests. Aerosol Sci. Tech 10, 
193–204. 
 



  

76  

 

Holben, B., et al. (2001), An emerging ground-based aerosol climatology: Aerosol optical 
depth from AERONET, J. Geophys. Res., 106, 12,067– 12,097. 
 
Hong, S.-Y., and H.-L. Pan (1996), Non local boundary layer vertical diffusion in a medium-
range forecast model, Mon. Weather Rev., 124, 2322–2339. 
 
Hrust, L., Klaic, Z. B., Krizan, J., Antonic, O., and Hercog, P. (2009) Neural network 
forecasting of air pollutants hourly concentrations using optimised temporal averages of 
meteorological variables and pollutant concentrations, Atmos. Environ., 43, 5588–5596, 
doi:10.1016/j.atmosenv.2009.07.048, 2009. 
 
Ibarra-Berastegi, G., Elias, A., Barona, A., Saenz, J., Ezcurra, A., and de Argandona, J. D. 
(2008) From diagnosis to prognosis for forecasting air pollution using neural networks: Air 
pollution monitoring in Bilbao, Environ. Modelling and Software, 23, 622–637, 
doi:10.1016/j.envsoft.2007.09.003. 
 
Jacobson, M., Turco, R. (1995) Simulating condensational growth, evaporation and 
coagulation of aerosols using a combined moving and stationary size grid. Aerosol Sci. and 
Technol. 22, 73–92. 
 
Jacobson, M. (1997a) Development and application of a new air pollution modelling system - 
part 2: aerosol module structure and design. Atmos. Env. 31 (2), 131–144. 
 
Jacobson, M. (1997b) Development and application of a new air pollution modelling system - 
part 3: aerosol-phase simulations. Atmos. Env. 31 (4), 587–608. 
 
Jiménez, P. A., Dudhia, J. (2012) Improving the Representation of Resolved and Unresolved 
Topographic Effects on Surface Wind in the WRF Model. J. Appl. Meteor. Climatol., 51, 300–
316. 
 
Koo B, G.M. Wilson, R.E. Morris, A.M. Dunker, G. Yarhood (2009), Comparison of Source 
Apportionment and Sensitivity Analysis in a Particulate Matter Air Quality Model, Env. Sc. 
Tech. Vol 43, pp. 6669-6675. 
 
Kaiser, J. W., Heil, A., Andreae, M. O., Benedetti, A., Chubarova, N., Jones, L., Morcrette, J.-
J., Razinger, M., Schultz, M. G., Suttie, M., and van der Werf, G. R. (2012) Biomass burning 
emissions estimated with a global fire assimilation system based on observed fire radiative 
power, Biogeosciences, 9, 527-554, doi:10.5194/bg-9-527-2012. 
 
Kallos, G., V. Kotroni, K. Lagouvardos, and A. Papadopoulos (1998), On the long-range 
transport of air pollutants from Europe to Africa, Geophys. Res. Lett., 25(5), 619–622. 
 
Kallos, G., A. Papadopoulos, P. Katsafados, and S. Nickovic (2006), Transatlantic Saharan 
dust transport: Model simulation and results, J. Geophys. Res., 111, D09204, 
doi:10.1029/2005JD006207. 
 
Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M., Saha, 
S., White, G.,Woollen, J., Zhu, Y., Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, 
K., Ropelewski, C., Wang, J., Leetmaa, A., Reynolds, R., Jenne, R., and Joseph, D. (1996) 
The NCEP/NCAR 40-year reanalysis project, B. Am. Meteorol. Soc., pp. 437–471. 
 
Kishcha, P., F. Barnaba, G. P. Gobbi, P. Alpert, A. Shtivelman, S. O. Krichak, and J. H. 
Joseph (2005), Vertical distribution of Saharan dust over Rome (Italy): Comparison between 
3-year model predictions and lidar soundings, J. Geophys. Res., 110, D06208, 
doi:10.1029/2004JD005480. 



  

77  

 

 
Kolehmainen, M., Martikainen, H., and Ruuskanen, J. (2001) Neural networks and periodic 
components used in air quality forecasting, Atmos. Environ., 35, 815–825, 
doi:10.1016/S1352-2310(00) 00385-X. 
 
Langenfelds, R. L., Francey, R. J., Pak, B. C., Steele, L. P., Lloyd, J., Trudinger, C. M., and 
Allison, C. E. (2002) Interannual growth rate variations of atmospheric CO2 and its 13C, H2, 
CH4 and CO, between 1992 and 1999 linked to biomass burning, Global Biogeochem. 
Cycles, 16, 1048, doi:10.1029/2001GB001466. 
 
Langmann, B., Duncan, B., Textor, C., Trentmann, J., and van der Werf, G. (2009) 
Vegetation fire emissions and their impact on air pollution and climate, Atmos. Environ., 43, 
107–116, doi:10.1016/j.atmosenv.2008.09.047. 
 
Larsen B.R., Gilardoni S., Stenström K., Niedzialek J., Jimenez J., Belis C.A. (2012) Sources 
for PM air pollution in the Po Plain, Italy: II. Probabilistic uncertainty characterization and 
sensitivity analysis of secondary and primary sources, Atmospheric Environment, Volume 50, 
April 2012, Pages 203-213, ISSN 1352-2310, 10.1016/j.atmosenv.2011.12.038. 
 
Lee S-H, Park S-U (2008) A vegetated urban canopy model for meteorological and 
environmental modelling. Boundary-Layer Meteorol 126:73–102. 
 
Lenschow, P., H.-J. Abraham, K. Kutzner, M. Lutz, J.-D. Preuß, W. Reichenbächer (2001) 
Some ideas about the sources of PM10, Atmospheric Environment, Volume 35, Supplement 
1, Pages S23-S33, ISSN 1352-2310, 10.1016/S1352-2310(01)00122-4. 
 
Lipsky, E.M., Robinson, A.L. (2006) Effects of dilution on fine particle mass and partitioning 
of semivolatile organics in diesel exhaust and wood smoke. Environ. Sci. Technol. 40, 155–
162. 
 
Liu, J., Denise L. Mauzerall, Larry W. Horowitz, Paul Ginoux, Arlene M. Fiore (2009) 
Evaluating inter-continental transport of fine aerosols: (1) Methodology, global aerosol 
distribution and optical depth, Atmospheric Environment, Volume 43, Issue 28, Pages 4327-
4338, ISSN 1352-2310, 10.1016/j.atmosenv.2009.03.054. 
 
Luhana, L., Sokhi, R., Lynne, W., Mao, H., Boulter, P., McCrae, I., Wright, J., Osborn, D., 
(2004) Measurement of Non-exhaust Particulate Matter. Deliverable 8 from EU Project 
PARTICULATES e Characterization of Exhaust Particulate Emissions from Road Vehicles, 
European Commision 5th Framework Programme 96 p. 
 
Lukács, H., Gelencsér, A., Hammer, S., Puxbaum, H., Pio, C., Legrand, M., Kasper-Giebl, A., 
Handler, M., Limbeck, A., Simpson, D., Preunkert, S. (2007) Seasonal trends and possible 
sources of brown carbon based on 2-year aerosol measurements at six sites in Europe. 
Journal of Geophysical Research, 112, D23S18, doi:10.1029/2006JD008151. 
 
Mahura A., Baklanov A. (Eds.) (2010): Hierarchy of Urban Canopy Parameterisations for 
Different. Scale Models. Deliverable D2.2, MEGAPOLI Scientific Report. 
 
Malherbe L, Beauchamp M, de Fouquet Ch, Létinois L, Ung A (2011) Estimation of the areas 
of air quality limit value exceedances on national and local scales. A geostatistical approach. 
Proceedings of the Spatial2 Conference: Spatial Data Methods for Environmental and 
Ecological Processes, Foggia, Italy, 1-2 September 2011. Available at http://dspace-
unibg.cilea.it/handle/10446/898/?locale=en 
 

http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en
http://dspace-unibg.cilea.it/handle/10446/898/?locale=en


  

78  

 

Manders, A.M.M., M. Schaap,, X. Querol, M.F.M.A Albert, J. Vercauteren, J.A.J Kulbusch, R. 
Hoogerbrugge, (2010), Sea Salt concentrations across the European Continent, Atm.Env., 
44, 2434-2442 
 
Manders, A.M.M., M. Schaap, M. Jozwicka, ; F. van Arkel ; E.P. Weijers,; J. Matthijsen, 
(2009) The contribution of sea salt to PM10 and PM2.5 in the Netherlands, BOP report. 
 
Marticorena, B., and G. Bergametti (1995), Modelling the atmospheric dust cycle. 1: Design 
of a soil derived dust production scheme, J. Geophys. Res., 100, 16, 415– 16,430. 
 
Martilli A, Cappier A, RotachMW (2002) An urban surface exchange parameterisation for 
mesoscale models. Boundary-Layer Meteorol 104:261–304 
 
Martins, V., A.I. Miranda, A. Carvalho, M. Schaap, C. Borrego, E. Sá (2012) Impact of forest 
fires on particulate matter and ozone levels during the 2003, 2004 and 2005 fire seasons in 
Portugal, Science of The Total Environment, Volume 414, Pages 53-62, ISSN 0048-9697, 
10.1016/j.scitotenv.2011.10.007. 
 
Martuzevicius D., L. Kliucininkas , T. Prasauskas, E. Krugly, V. Kauneliene, B. Strandberg, 
(2011), Resuspension of particulate matter and PAHs from street dust, Atm.Env., Vol 45, 
pp310-317 
 
McKeen, S., Chung, S.H., Wilczak, J., Grell, G., Djalalova, I., Peckham, S., Gong, W., 
Bouchet, V., Moffet, R., Tang, Y., Carmichael, G.R., Mathur, R., Yu, S. (2007) Evaluation of 
several real-time PM2.5 forecast models using data collected during the ICARTT/NEAQS 
2004 field study. Journal of Geophysical Research 112 (D10S20), 20. 
doi:10.1029/2006JD007608 
 
MEGAPOLI (2011) Scientific Report 11-16: Evaluation of Links between Secondary VOCs 
and Secondary Organic Aerosols of Anthropogenic and Biogenic Origin. A. Borbon 
(LISA/CNRS), E. Freney (LaMP/CNRS), N. Marchand (LCP-IRA), M. Beekmann 
(LISA/CNRS). 
 
Menut, L., Coll, I., and Cautenet, S. (2005) Impact of meteorological data resolution on the 
forecasted ozone concentrations during the ESCOMPTE IOP 2a and 2b, Atmos. Res. – 
ESCOMPTE Special Issue, 74, 139–159. 
 
Menut L., I. Chiapello and C. Moulin (2009) Previsibility of mineral dust concentrations: The 
CHIMERE-DUST forecast during the first AMMA experiment dry season , Journal of 
Geophysical Research - Atmospheres, 114, D07202, doi:10.1029/2008JD010523  
 
Menut, L., G. Foret, and G. Bergametti (2007), Sensitivity of mineral dust concentrations to 
the model size distribution accuracy, J. Geophys. Res., 112, D10210, 
doi:10.1029/2006JD007766. 
 
Menut L., O.P. Tripathi, A. Colette, R. Vautard, E. Flaounas, B. Bessagnet (2012) Evaluation 
of regional climate simulations for air quality modelling purposes, Climate Dynamics, in 
press. 
 
Menut, L., Arnaud Goussebaile, Bertrand Bessagnet, Dmitry Khvorostiyanov, Anthony Ung, 
(2012) Impact of realistic hourly emissions profiles on air pollutants concentrations modelled 
with CHIMERE, Atmospheric Environment, Volume 49, Pages 233-244, ISSN 1352-2310, 
10.1016/j.atmosenv.2011.11.057. 
 



  

79  

 

Millan, M., et al. (2005), Climatic feedbacks and desertification: The Mediterranean model, J. 
Clim., 18, 684– 701. 
 
Minguzzi, E., Bedogni, M., Carnevale, C., and Pirovano, G. (2005) Sensitivity of CTM 
simulations to meteorological input, Int. J. Environ. Pollut., 24, 36–50. 
 
Miranda, A., Coutinho, M., and Borrego, C. (1994) Forest fire emissions in Portugal: A 
contribution to global warming?, Environ. Pollut., 83, 121–123, doi:10.1016/0269-
7491(94)90029-9, 1994. 
 
Mircea, M., D'Isidoro, M., Maurizi, A., Tampieri, F., Facchini, M. C., Decesari, S. and Fuzzi, 
S. (2008) 'Saharan dust over Italy: simulations with regional air quality model BOLCHEM', in: 
Borrego, C. and Miranda, A. I. (eds), Modelling and its application, XIX, Springer Nederland 
(www.springerlink.com/ content/g1h2122721t0jvp3/) accessed 20 April 2012. 
 
Mitsakou, C., Kallos, G., Papantoniou, N., Spyrou, C., Solomos, S., Astitha, M. and 
Housiadas, C. (2008) 'Saharan dust levels in Greece and received inhalation doses', 
Atmospheric Chemistry and Physics, 8, 7 181–7 192. 
 
Monahan, E.C., Spiel, D.E., Davidson, K.L. (1986). A model of marine aerosol generation via 
whitecaps and wave disruption. In Oceanic Whitecaps and Their Role in Air-Sea exchange, 
eds. E.C. Monahan and G. Mac Niocaill. 
 
Monks, P., S., C. Granier, S. Fuzzi, A. Stohl, M.L. Williams, H. Akimoto, M. Amann, A. 
Baklanov, U. Baltensperger, I. Bey, N. Blake, R.S. Blake, K. Carslaw, O.R. Cooper, F. 
Dentener, D. Fowler, E. Fragkou, G.J. Frost, S. Generoso, P. Ginoux, V. Grewe, A. 
Guenther, H.C. Hansson, S. Henne, J. Hjorth, A. Hofzumahaus, H. Huntrieser, I.S.A. 
Isaksen, M.E. Jenkin, J. Kaiser, M. Kanakidou, Z. Klimont, M. Kulmala, P. Laj, M.G. 
Lawrence, J.D. Lee, C. Liousse, M. Maione, G. McFiggans, A. Metzger, A. Mieville, N. 
Moussiopoulos, J.J. Orlando, C.D. O'Dowd, P.I. Palmer, D.D. Parrish, A. Petzold, U. Platt, U. 
Pöschl, A.S.H. Prévôt, C.E. Reeves, S. Reimann, Y. Rudich, K. Sellegri, R. Steinbrecher, D. 
Simpson, H. ten Brink, J. Theloke, G.R. van der Werf, R. Vautard, V. Vestreng, Ch. 
Vlachokostas, R. von Glasow (2009) Atmospheric composition change – global and regional 
air quality, Atmospheric Environment, Volume 43, Issue 33, Pages 5268-5350, ISSN 1352-
2310, 10.1016/j.atmosenv.2009.08.021. 
 
Moussafir J., Oldrini O., Tinarelli G, Sontowski J, Dougherty C., (2004) A new operational 
approach to deal with dispersion around obstacles: the MSS (Micro-Swift-Spray) software 
suite. Proc. 9th Int. Conf. on Harmonisation within Atmospheric Dispersion Modelling for 
Regulatory Purposes, vol. 2, 114-118 
 
Moussafir J., Buty D., Olry C., Nibart M., Albergel A., Tinarelli G., Anfossi D., Oldrini O., 
Harris T. and Dougherty C. (2007) SWIFT and MSS Current Developments. 11th Annual 
George Mason University Conference on Atmospheric Transport and Dispersion Modelling. 
Fairfax, VA (USA), July 10-12, 2007 
 
Moussiopoulos, N., Douros, J., Tsegas, G., Chourdakis, E. and Ortiz, S. T. (2011) An 
approach for determining urban increment, 14th Conference on Harmonisation within 
Atmospheric Dispersion Modelling for Regulatory Purposes – 2-6 October 2011, Kos, Greece 
 
Mues, A., A. Manders, M. Schaap, A. Kerschbaumer, R. Stern, P. Builtjes (2012) Impact of 
the extreme meteorological conditions during the summer 2003 in Europe on particulate 
matter concentrations, Atmospheric Environment, Volume 55, Pages 377-391, ISSN 1352-
2310, 10.1016/j.atmosenv.2012.03.002. 
 

http://www.springerlink.com/


  

80  

 

Moreno, T., X. Querol, A. Alastuey, M. Viana, and W. Gibbons (2005), Exotic dust incursions 
into central Spain: Implications for legislative controls on atmospheric particulates, Atmos. 
Environ., 39, 6109– 6120. 
 
Neto J., Francisco Ferreira, Pedro M. Torres, F. Boavida (2009), Lisbon air quality forecast 
using statistical methods, Int. J. of Environment and Pollution, Vol.39, No.3/4, pp.333 - 339 
 
Nickovic, S., G. Kallos, A. Papadopoulos, and O. Kakaliagou (2001), A model for prediction 
of desert dust cycle in the atmosphere, J. Geophys. Res., 106, 113–129. 
 
Omstedt, G., Bringfelt, B., Johansson, C., 2005. A model for vehicle-induced non tailpipe 
emissions of particles along Swedish roads. Atmos. Env.,  39, 6088- 6097. 
 
Park, S. H., et al. (2007) Simulation of entrainment and transport of dust particles within 
North America in April 2001—red dust episode, J. Geophys. Res., 112, D20209, 
doi:10.1029/2007JD008443. 
 
Pasquill F. (1961) The estimation of the dispersion of windborne material, Meteorology 
Magazine, 90 (1063) (1961), pp. 33–40. 
 
Pay, M. T., Pedro Jiménez-Guerrero, José M. Baldasano (2011) Implementation of 
resuspension from paved roads for the improvement of CALIOPE air quality system in Spain, 
Atmospheric Environment, Volume 45, Issue 3, Pages 802-807, ISSN 1352-2310, 
10.1016/j.atmosenv.2010.10.032. 
 
Pay, M. T., P. Jiménez-Guerrero; O. Jorba; S. Basart; X. Querol; M. Pandolfi; J.M. 
Baldasano (2012) Spatio-temporal variability of concentrations and speciation of particulate 
matter across spain in the caliope modeling system. Atmospheric Environment 46, 376-396, 
doi:10.1016/j.atmosenv.2011.09.049, ISNN: 1352-2310. 
 
Penner, J. E., Chuang, C. C., and Grant, K. (1998) Climate forcing by carbonaceous and 
sulfate aerosols, Clim. Dynam. 14, 839–851. 
 
Perez, C., S. Nickovic, J. Baldasano, M. Sicard, F. Rocadenbosch, and V. E. Cachorro 
(2006) A long Saharan dust event over the western Mediterranean: Lidar, sun photometer 
observations and regional dust modelling, J. Geophys. Res., 111, D15214, 
doi:10.1029/2005JD006579. 
 
Perniogotti et al. (2013) POMI: a model inter-comparison exercise over the Po Valley, Air 
Qual Atmos Health, DOI 10.1007/s11869-013-0211-1. 
 
Pernigotti, D., M. Gerboles, C.A. Belis, P. Thunis (2013) Model quality objectives based on 
measurement uncertainty. Part II: NO2 and PM10, Atmospheric Environment, Volume 79, , 
Pages 869-878, ISSN 1352-2310, http://dx.doi.org/10.1016/j.atmosenv.2013.07.045. 
 
Pernigotti, D., E. Georgieva, P. Thunis, B. Bessagnet (2012) Impact of meteorology on air 
quality modeling over the Po valley in northern Italy, Atmospheric Environment, Volume 51, 
Pages 303-310, ISSN 1352-2310, 10.1016/j.atmosenv.2011.12.059. 
 
Perrone M.G., Larsen B.R., Ferrero L., Sangiorgi G., De Gennaro G., Udisti R., Zangrando 
R., Gambaro A., Bolzacchini E. (2012) Sources of high PM2.5 concentrations in Milan, 
Northern Italy: Molecular marker data and CMB modelling, Science of The Total 
Environment, Volume 414, 1 January 2012, Pages 343-355, ISSN 0048-9697, 
10.1016/j.scitotenv.2011.11.026. 
 

http://dx.doi.org/10.1016/j.atmosenv.2013.07.045


  

81  

 

Petzold, A., et al. (2006) Saharan Mineral Dust Experiment SAMUM 2006: Airborne 
observations of dust particle properties and vertical dust profiles, AGU Fall Meeting 
Abstracts, pp. D214+. 
 
Pfeiffer, H., Baumbach, G., Sarachaga-Ruiz, L., Kleanthous, S., Poulida, O., and Beyaz, E. 
(2009) Neural modelling of the spatial distribution of air pollutants, Atmos. Environ., 43, 
3289–3297, doi: 10.1016/j.atmosenv.2008.05.073. 
 
Pirovano G., G.M. Riva, P. Crippa, C.A. Emery (2009) POMI project – Interim report 2008 - 
CAMx modelling system set up and preliminary evaluation. CESI Ricerca interim report 
08005889. 
 
Pirovano G., G.M. Riva, C.A. Emery (2010) POMI project – Interim report 2009 - CAMx base 
case simulation and first set of emission scenarios analysis. ERSE interim report 10000858. 
 
Pöschl, U. (2005) Atmospheric aerosols: composition, transformation, climate and health 
effects. Angewandte Chemie – International Edition 44, 7520–7540. 
 
Pirovano, G., A. Balzarini, B. Bessagnet, C. Emery, G. Kallos, F. Meleux, C. Mitsakou, U. 
Nopmongcol, G.M. Riva, G. Yarwood (2012) Investigating impacts of chemistry and transport 
model formulation on model performance at European scale, Atmospheric Environment, 
Volume 53, Pages 93-109, ISSN 1352-2310, 
http://dx.doi.org/10.1016/j.atmosenv.2011.12.052. 
 
Putaud, J.-P., Frank Raes, Rita Van Dingenen, Erika Brüggemann, M.-Cristina Facchini, 
Stefano Decesari, Sandro Fuzzi, Robert Gehrig, Cristoph Hüglin, Paolo Laj, Gundi Lorbeer, 
Willy Maenhaut, Nikolaos Mihalopoulos, Konrad Müller, Xavier Querol, Sergio Rodriguez, 
Jürgen Schneider, Gerald Spindler, Harry ten Brink, Kjetil Tørseth, Alfred Wiedensohler 
(2004) A European aerosol phenomenology—2: chemical characteristics of particulate 
matter at kerbside, urban, rural and background sites in Europe, Atmospheric Environment, 
Volume 38, Issue 16, Pages 2579-2595, ISSN 1352-2310, 10.1016/j.atmosenv.2004.01.041. 
 
Putaud, J.-P., R. Van Dingenen, A. Alastuey, H. Bauer, W. Birmili, J. Cyrys, H. Flentje, S. 
Fuzzi, R. Gehrig, H.C. Hansson, R.M. Harrison, H. Herrmann, R. Hitzenberger, C. Hüglin, 
A.M. Jones, A. Kasper-Giebl, G. Kiss, A. Kousa, T.A.J. Kuhlbusch, G. Löschau, W. 
Maenhaut, A. Molnar, T. Moreno, J. Pekkanen, C. Perrino, M. Pitz, H. Puxbaum, X. Querol, 
S. Rodriguez, I. Salma, J. Schwarz, J. Smolik, J. Schneider, G. Spindler, H. ten Brink, J. 
Tursic, M. Viana, A. Wiedensohler, F. Raes (2010) A European aerosol phenomenology – 3: 
Physical and chemical characteristics of particulate matter from 60 rural, urban, and kerbside 
sites across Europe, Atmospheric Environment, Volume 44, Issue 10, Pages 1308-1320, 
ISSN 1352-2310, 10.1016/j.atmosenv.2009.12.011. 
 
Raupach, M. R. (1980) A Wind-Tunnel Study of Turbulent Flow Close to Regularly Arrayed 
Roughness elements, Boundary-Layer Meteorol. 18, 373–397. 
 
Raupach,M. R.,Antonia R. A., and Rajagopalan S. (1991) Rough-Wall Turbulent Boundary 
Layers, Appl. Mech. Rev. 44, 1–25. 
 
Reche, C., Mar Viana, Marco Pandolfi, Andrés Alastuey, Teresa Moreno, Fulvio Amato, 
Anna Ripoll, Xavier Querol (2012) Urban NH3 levels and sources in a Mediterranean 
environment, Atmospheric Environment, Volume 57, Pages 153-164, ISSN 1352-2310, 
10.1016/j.atmosenv.2012.04.021. 
 



  

82  

 

Reidy, B., Webb, J., Misselbrook, T. H., et al. (2008) Comparison of models used for national 
agricultural ammonia emission inventories in Europe: Liquid manure systems, Atmos. 
Environ., 42, 3452–3464. 
 
Robeson, S. M. and Steyn, D. G. (1990) Evaluation and comparison of statistical forecast 
models for daily maximum ozone concentrations, Atmos. Environ., 24, 303–312. 
 
Rotach, M. W.: 1993a, ‘Turbulence Close to a Rough Urban Surface, Part I: Reynolds 
Stress’,Boundary-Layer Meteorol. 65, 1–28. 
 
Rotach, M. W. (1993b) Turbulence Close to a Rough Urban Surface, Part II: Variances and 
Gradients, Boundary-Layer Meteorol. 66, 75–92. 
 
Roy, B., Pouliot, G. A., Gilliland, A., Pierce, T., Howard, S., Bhave, P. V., and Benjey,W. 
(2007) Refining fire emissions for air quality modelling with remotely sensed fire counts: A 
wildfire case study, Atmos. Environ., 41, 655–665, doi:10.1016/j.atmosenv.2006.08. 037. 
 
Querol, X., Alastuey, A., Ruiz, C.R., Artiñano, B., Hansson, H.V., Harrison, R.M., Buringh, E., 
ten Brink, H.M., Lutz, M., Bruckmann, P., Straehl, P., Schneider, J. (2004) Speciation and 
origin of PM10 and PM2.5 in selected European cities. Atmospheric Environment, 38, 6547–
6555. 
 
Querol, X., et al. (2004b), Speciation and origin of PM10 and PM2.5 in selected European 
cities, Atmos. Environ., 38, 6547– 6555. 
 
Querol, X., et al. (2007), Source origin of trace elements in PM from regional background, 
urban and industrial sites of Spain, Atmos. Environ., 41, 7219– 7231. 
 
Robinson, A.L., Donahue, N.M., Shrivastava, M.K., Weitkamp, E.A., Sage, A.M., Grieshop, 
A.P., Lane, T.E., Pierce, J.R., Pandis, S.N. (2007) Rethinking organic aerosols: semivolatile 
emissions and photochemical aging. Science 315, 1259–1262. 
 
Samaali, M., Michael D. Moran, Véronique S. Bouchet, Radenko Pavlovic, Sophie 
Cousineau, Mourad Sassi (2009) On the influence of chemical initial and boundary 
conditions on annual regional air quality model simulations for North America, Atmospheric 
Environment, Volume 43, Issue 32, Pages 4873-4885, ISSN 1352-2310, 
10.1016/j.atmosenv.2009.07.019. 
 
Sapèk A., (2013), Ammonia emissions from non agricultural sources, Pol. J. Environmental 
studies, Vol 22 (N° 1), pp 63-70 
 
 
Sartelet, K., Debry, E., Fahey, K., Roustan, Y., Tombette, M., Sportisse, B. (2007) Simulation 
of aerosols and gas-phase species over europe with the polyphemus system: Part i- model-
to-data comparison for 2001. Atmos. Env. 41 (29), 6116– 6131. 
 
Sartelet, K., Hayami, H., Albriet, B., Sportisse, B. (2006) Development and preliminary 
validation of a modal aerosol model for tropospheric chemistry: Mam. Aerosol Sci. and 
Technol. 40 (2), 118–127. 
 
Schaap, M., Timmermans, R.M.A., Denier van der Gon, H.A.C. (2010) Assessment of 
Anthropogenic Versus Natural Aerosols in Europe. TNO Report, TNO-034-UT- 
2010e00318_RPT-ML, Utrecht. 
 



  

83  

 

Schere, K., Johannes Flemming, Robert Vautard, Charles Chemel, Augustin Colette, 
Christian Hogrefe, Bertrand Bessagnet, Frederik Meleux, Rohit Mathur, Shawn Roselle, 
Rong-Ming Hu, Ranjeet S. Sokhi, S. Trivikrama Rao, Stefano Galmarini (2012) Trace 
gas/aerosol boundary concentrations and their impacts on continental-scale AQMEII 
modeling domains, Atmospheric Environment, Volume 53, Pages 38-50, ISSN 1352-2310, 
10.1016/j.atmosenv.2011.09.043. 
 
Schlink, U., Herbarth, O., Richter, M., Dorling, S., Nunnari, G., Cawley, G., and Pelikan, E. 
(2006) Statistical models to assess the health effects and to forecast ground-level ozone, 
Environmental Modelling and Software, 21, 547–558, doi:10.1016/j.envsoft. 2004.12.002. 
 
Schneider, P., Tarrasón, L. and Guerreiro, C. (2013) The potential of GMES satellite data for 
mapping nitrogen dioxide at the European scale,  
ETC/ACM Technical Paper 2012/9. 
 
Seguin A., M., Ann-Lise Norman, Sarah Eaton, Moire Wadleigh, Seasonality in size 
segregated biogenic, anthropogenic and sea salt sulfate aerosols over the North Atlantic, 
Atmospheric Environment, Volume 45, Issue 38, December 2011, Pages 6947-6954, ISSN 
1352-2310, 10.1016/j.atmosenv.2011.09.033. 
 
Seigneur, C. (1982) A model of sulfate aerosol dynamics in atmospheric plumes. Atmos. 
Env. 16 (9), 2207–2228. 
 
Seigneur, C., Hudischewskyj, A., Seinfeld, J., Whitby, K., Whitby, E., Brock, J., Barnes, H. 
(1986) Simulation of aerosol dynamics: A comparative review of mathematical models. 
Aerosol Sci. and Technol. 5, 205–222. 
 
Seinfeld, J. H. & Pandis, S. N. (2006) Atmospheric Chemistry and Physics, From Air 
Pollution to Climate Change. New York: John Wiley and Sons, Inc. 
 
Seiler W., and P.J. Crutzen (1980) Estimates of gross and net fluxes of carbon between the 
biosphere and the atmosphere from biomass burning, Climatic Changer, 2, 3, 207-247, DOI: 
10.1007/BF00137988. 
 
Seinfeld, J.H. and Pandis, S.N., (1998). Atmospheric chemistry and physics, Wiley, 1998 
 
Sharan, A.K. Yadav et al. (1996) Plume dispersion simulation in low-wind conditions using 
coupled plume segment and Gaussian puff approaches, Journal of Applied Meteorology, 35 
(10) (1996), pp. 1625–1631. 
 
Shrivastava, M.K., Lane, T.E., Donahue, N.M., Pandis, S.N., Robinson, A.L. (2008) Effects of 
gas particle partitioning and aging of primary emissions on urban and regional organic 
aerosol concentrations. Journal of Geophysical Research 113, D18301. 
doi:10.1029/2007JD009735. 
 
Simpson, R. W. and Layton, A. P. (1983) Forecasting peak ozone levels, Atmos. Environ., 
17, 1649–1654. 
 
Simpson, D., Benedictow, A., Berge, H., Bergström, R., Emberson, L. D., Fagerli, H., 
Flechard, C. R., Hayman, G. D., Gauss, M., Jonson, J. E., Jenkin, M. E., Nyíri, A., Richter, 
C., Semeena, V. S., Tsyro, S., Tuovinen, J.-P., Valdebenito, Á., and Wind, P. (2012) The 
EMEP MSC-W chemical transport model – technical description, Atmos. Chem. Phys., 12, 
7825-7865, doi:10.5194/acp-12-7825-2012. 
 



  

84  

 

Skamarock, W., Klemp, J., Dudhia, J., Gill, D., Barker, D., Wang, W., and Powers, J. (2007) 
A description of the Advanced Research WRF version 2, NCAR Technical Notes, TN-468, 1–
100. 
 
Skamarock W.C., Klemp J.B., Dudhia J., Gill D.O., Barker D.M., Duda M.G., Huang X., Wang 
W., Powers J.G. (2008) A Description of the Advanced Research WRF Version 3, NCAR 
Technical Note, Boulder, Colorado. 
 
Skjoth, C. A., Hertel, O., Gyldenkorne, S., and Ellermann, T.: Implementing a dynamical 
ammonia parametrization in the large scale air pollution model ACPDE, J. Geophys. Res., 
110, D7, doi:10.1029/2003JD003895, 2005. 
 
Slinis T., K. Karatzas, A. Papadopoulos (2002), Regression analysis and Urban air quality 
forecasting : An application for the city of Athens, Global Nest: the Int. J. Vol 4, No 2-3, pp 
153 -162 
 
Smyth, S.C., Jiang, W., Roth, H., Moran, M.D., Makar, P.A., Yang, F., Bouchet, V.S., Landry, 
H. (2009) A comparative performance evaluation of the AURAMS and CMAQ air quality 
modelling systems. Atmospheric Environment 43, 1059e1070. 
 
Sokhi, R. et al., (1998) Modelling of air quality around roads. In: Proceedings of the 5th 
International Conference on Harmonisation with Atmospheric Dispersion Modelling for 
Regulatory Purposes, Greece. 
 
Sokolik, I., D. M. Winker, G. Bergametti, D. A. Gillette, G. Carmichael, Y. Kaufman, L. 
Gomes, L. Schuetz, and J. E. Penner (2001) Outstanding problems in quantifying the 
radiative impact of mineral dust, J. Geophys. Res., 106, 18,015–18,028. 
 
Solazzo, E., Di Sabatino, S., Aquilina, N., Dudek, A., Britter, R. (2010) Coupling Mesoscale 
Modelling with a Simple Urban Model: The Lisbon Case Study, Boundary-Layer Meteorol 
(2010) 137:441–457 DOI 10.1007/s10546-010-9536-6 
 
Solazzo, E., Roberto Bianconi, Guido Pirovano, Volker Matthias, Robert Vautard, Michael D. 
Moran, K. Wyat Appel, Bertrand Bessagnet, Jørgen Brandt, Jesper H. Christensen, Charles 
Chemel, Isabelle Coll, Joana Ferreira, Renate Forkel, Xavier V. Francis, Georg Grell, Paola 
Grossi, Ayoe B. Hansen, Ana Isabel Miranda, Uarporn Nopmongcol, Marje Prank, Karine N. 
Sartelet, Martijn Schaap, Jeremy D. Silver, Ranjeet S. Sokhi, Julius Vira, Johannes 
Werhahn, Ralf Wolke, Greg Yarwood, Junhua Zhang, S. Trivikrama Rao, Stefano Galmarini, 
(2012) Operational model evaluation for particulate matter in Europe and North America in 
the context of AQMEII, Atmospheric Environment, Volume 53, Pages 75-92, ISSN 1352-
2310, http://dx.doi.org/10.1016/j.atmosenv.2012.02.045. 
 
Soulhac L., (2000) Modélisation de la dispersion atmosphérique à l'intérieur de la canopée 
urbaine. PHD, Ecole Centrale Lyon. 
 
Soulhac L., et al. (2011) The model SIRANE for atmospheric urban pollutant dispersion; part 
I, presentation of the model, Atmos. Environ. 45, 7379–7395. 
 
Stern, R., Builtjes, P., Schaap, M., Timmermans, R., Vautard, R., Hodzic, A., 
Memmesheimer, M., Feldmann, H., Renner, E., Wolke, R., Kerschbaumer, A. (2008) A 
model inter-comparison study focussing on episodes with elevated PM10 concentrations. 
Atmospheric Environment 42, 4567e4588. 
 
Stern, R., Flemming, J. (2004) Formulation of criteria to be used for the determination of the 
accuracy of model calculations according to the requirements of the EU directives for air 

http://dx.doi.org/10.1016/j.atmosenv.2012.02.045


  

85  

 

quality - examples using the chemical transport model REM-CALGRID. Freie Universitat 
Berlin, Institut for Meteorologie, Berlin. 
 
Sun, J., M. Zhang, and T. Liu (2001), Spatial and temporal characteristics of dust storms in 
china and its surrounding regions, 1960– 1999, J. Geophys. Res., 106(D10), 10,325– 
10,334. 
 
Sun G, Hoff SJ, Zelle BC, Nelson MA. (2008), Forecasting daily source air quality using 
multivariate statistical analysis and radial basis function networks, J Air Waste Manag 
Assoc.;58(12):1571-8. 
 
Sutton et al. (2011) The European Nitrogen Assessment - Sources, Effects and Policy 
Perspectives, ISBN:9781107006126. 
 
Thomson, D.J., A.J. Manning (2001) Along-wind dispersion in light wind conditions, 
Boundary-Layer Meteorology, 98 (2), pp. 341–358 
 
Thunis, P., L. Rouil, C. Cuvelier, R. Stern, A. Kerschbaumer, B. Bessagnet, M. Schaap, P. 
Builtjes, L. Tarrason, J. Douros, N. Moussiopoulos, G. Pirovano, M. Bedogni (2007) Analysis 
of model responses to emission-reduction scenarios within the citydelta project Atmospheric 
Environment, 41 (1) pp. 208–220. 
 
Thunis, P., A. Pederzoli, D. Pernigotti, (2012a) Performance criteria to evaluate air quality 
modeling applications, Atmospheric Environment, Volume 59, November 2012, Pages 476-
482. 
 
Thunis, P., Emilia Georgieva, Anna Pederzoli (2012b) A tool to evaluate air quality model 
performances in regulatory applications, Environmental Modelling & Software, Volume 38, 
December 2012, Pages 220-230, ISSN 1364-8152, 
http://dx.doi.org/10.1016/j.envsoft.2012.06.005. 
 
Thunis, P., A. Pederzoli, E. Georgieva, C. Cuvelier, D. Pernigotti (2013) DELTA Version 3 
User’s Guide. http://aqm.jrc.ec.europa.eu/DELTA/data/DELTA_UserGuide_V3.pdf. 
 
Tønnesen, D. (2000) Programdokumentasjon VLUFT Versjon 4.4 (In Norwegian). TR 
7/2000. Norwegian Institute for Air Research, Kjeller, Norway (in Norwegian). 
 
Turpin, B., J., Saxena, P., Andrews, E. (2000) Measuring and simulating particulate organics 
in the atmosphere: problems and prospects, Atmospheric Environment, Volume 34, Issue 18, 
Pages 2983-3013, ISSN 1352-2310, 10.1016/S1352-2310(99)00501-4. 
 
Valari, M. and Menut, L. (2008) Does increase in air quality models resolution bring surface 
ozone concentrations closer to reality?, J. Atmos. Oceanic Technol., 25, 1955–1968, 
doi:10.1175/2008JTECHA1123.1. 
 
Van Dingenen, R., et al. (2004), A European aerosol phenomenology. 1: Physical 
characteristics of particulate matter at kerbside, urban, rural and background sites in Europe, 
Atmos. Environ., 38, 2561–2577. 
 
Vardoulakis S. (2003) Modelling air quality in street canyons: a review. Atmospheric 
Environment, Volume 37, Issue 2, Pages 155–182. 
 
Vautard, R., P.H.J. Builtjes, P. Thunis, C. Cuvelier, M. Bedogni, B. Bessagnet, C. Honoré, N. 
Moussiopoulos, G. Pirovano, M. Schaap, R. Stern, L. Tarrason, P. Wind (2007) Evaluation 
and intercomparison of Ozone and PM10 simulations by several chemistry transport models 

http://www.ncbi.nlm.nih.gov/pubmed?term=Sun%20G%5BAuthor%5D&cauthor=true&cauthor_uid=19189755
http://www.ncbi.nlm.nih.gov/pubmed?term=Hoff%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=19189755
http://www.ncbi.nlm.nih.gov/pubmed?term=Zelle%20BC%5BAuthor%5D&cauthor=true&cauthor_uid=19189755
http://www.ncbi.nlm.nih.gov/pubmed?term=Nelson%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=19189755
http://www.ncbi.nlm.nih.gov/pubmed/19189755
http://www.ncbi.nlm.nih.gov/pubmed/19189755
http://dx.doi.org/10.1016/j.envsoft.2012.06.005
http://aqm.jrc.ec.europa.eu/DELTA/data/DELTA_UserGuide_V3.pdf


  

86  

 

over four European cities within the CityDelta project, Atmospheric Environment, Volume 41, 
Issue 1, January 2007, Pages 173-188, ISSN 1352-2310, 
http://dx.doi.org/10.1016/j.atmosenv.2006.07.039. 
 
Vautard, R., M. Schaap, R. Bergström, B. Bessagnet, J. Brandt, P.J.H. Builtjes, J.H. 
Christensen, C. Cuvelier, V. Foltescu, A. Graff, A. Kerschbaumer, M. Krol, P. Roberts, L. 
Rouïl, R. Stern, L. Tarrason, P. Thunis, E. Vignati, P. Wind (2009) Skill and uncertainty of a 
regional air quality model ensemble, Atmospheric Environment, Volume 43, Issue 31, Pages 
4822-4832, ISSN 1352-2310, http://dx.doi.org/10.1016/j.atmosenv.2008.09.083. 
 
Vautard, R., B. Bessagnet, M. Chin, and L. Menut (2005), On the contribution of natural 
aeolian sources to particulate matter concentrations in Europe: Testing hypotheses with a 
modelling approach, Atmos. Environ., 39, 3291– 3303. 
 
Vestreng, V. (2003) Review and Revision of Emission Data Reported to CLRTAP. EMEP 
Status Report. 
 
Vestreng, V., Ntziachristos, L., Semb, A., Reis, S., Isaksen, I., Tarrason, L. (2009), Evolution 
of NOx emissions in Europe with focus on road transport control measures. Atmos. Chem. 
Phys. 9, 1503-1520. 
 
Viana, M., W. Maenhaut, H. M. ten Brink, X. Chi, E. Weijers, X. Querol, A. Alastuey, P. 
Mikuska, and Z. Vecera (2007), Comparative analysis of organic and elemental carbon 
concentrations in carbonaceous aerosols in three European cities, Atmos. Environ., 41, 
5972– 5983. 
 
Viana, M., Querol, X., Alastuey, A., Reche, C., Favez, O., Malherbe, L., Ustache, A., 
Bartonova, A., Liu, H.-Y., and Guerreiro, C. (2012). Particle number (PNC) and black carbon 
(BC) in European urban air quality networks  
ETC/ACM Technical Paper 2012/6, 
http://acm.eionet.europa.eu/reports/ETCACM_TP_2012_6_PNC_BC_AQnetworks 
 
Wagstrom, K.M., Pandis, S.N., Yarwood, G., Wilson G.M., Morris, R.E (2008) Development 
and application of a computationally efficient particulate matter apportionment algorithm in a 
three-dimensional chemical transport model. Atmospheric Environment 42, 5650– 5659. 
 
Weitkamp, E., Sage, A.M., Pierce, J.R., Donahue, N.M., Robinson, A.L., 2007. Organic 
aerosol formation from photochemical oxidation of diesel exhaust in a smog chamber. 
Environ. Sci. Tech. 41, 6969–6975. 
 
Wiedinmyer, C., Quayle, B., Geron, C., Belote, A., McKenzie, D., Zhang, X., O’Neill, S., and 
Wynne, K. K. (2006) Estimating emissions from fires in North America for air quality 
modelling, Atmos. Environ., 40, 3419–3432, doi:10.1016/j.atmosenv.2006.02.010. 
 
Witham, C. (2007) Alistair Manning, Impacts of Russian biomass burning on UK air quality, 
Atmospheric Environment, Volume 41, Issue 37, Pages 8075-8090, ISSN 1352-2310, 
10.1016/j.atmosenv.2007.06.058. 
 
Yarwood G., RE Morris, GM Wilson., 2004. Particulate Matter Source Apportionment 
Technology (PSAT) in the CAMx Photochemical Grid Model.  Proceedings of the 27th NATO/ 
CCMS International Technical Meeting on Air Pollution Modeling and Application. Springer 
Verlag. 
 

http://dx.doi.org/10.1016/j.atmosenv.2006.07.039
http://dx.doi.org/10.1016/j.atmosenv.2008.09.083
http://acm.eionet.europa.eu/reports/ETCACM_TP_2012_6_PNC_BC_AQnetworks


  

87  

 

Zeldin, M. D. and Thomas, M. D. (1975) Ozone trends in the eastern Los Angeles Basin 
corrected for meteorological variations, International Conference on Environmental Sensing 
and Assessment, Las Vegas, Nev., 14–19 September 1975. 
 
Zhang, Y., Liu, P., Liu, X.-H., Pun, B., Seigneur, C., Jacobson, M., Wang, W.- X. (2010) Fine 
scale modelling of wintertime aerosol mass, number, and size distributions in central 
california. J. Geophys. Res. 115 (D15207). 
 
Zhang, Y., Liu, P., Pun, B., Seigneur, C. (2006) A comprehensive performance evaluation of 
mm5-cmaq for the summer 1999 southern oxidants study episode, part iii: Diagnostic and 
mechanistic evaluations. Atmos. Env. 40, 4856–4873. 
 
Zhang, X. Y., et al. (2003) Characterization of soil dust aerosol in China and its transport and 
distribution during 2001 ACE-Asia: 1. Network observations, J. Geophys. Res., 108(D9), 
4261, doi:10.1029/2002JD002632. 
 
Zhang, Y., Wu, S.-Y., Krishnan, S., Wang, K., Queen, A., Aneja, V. P., and Arya, S. P. (2008) 
Modelling agricultural air quality: Current status, major challenges, and outlook, Atmos. 
Environ., 42, 3218–3237. 
 
Zhang, Y., Seigneur, C., Seinfeld, J., Jacobson, M., Binkowski, F. (1999) Simulation of 
aerosol dynamic: A comparative review of algorithms used in air quality models. Aerosol Sci. 
and Technol. 31, 487–514. 
 
Zhang, Y., Vijayaraghavan, K., Seigneur, C. (2005) Evaluation of three probing techniques in 
a three-dimensional air quality model. Journal of Geophysical Research, 110, D02305, 
doi:10.1029/2004JD005248. 
 
Zuend, A. and Seinfeld, J. H. (2012): Modelling the gas-particle partitioning of secondary 
organic aerosol: the importance of liquid-liquid phase separation, Atmos. Chem. Phys. 
Discuss., 12, 2199-2258, doi:10.5194/acpd-12-2199-2012 
 
 
 
 



  

88  

 

Annex 1 
 
Aerosol Physics and Chemistry modelling 
 
 
In this chapter some basic concepts related to PM modelling will be detailed. In 
particular, the processes that should be parameterised in “up-to-date” models and how 
they are generally taken into account will be explained. 
 
 
Aerosol microphysics 
 
It is known that the mass concentration is governed by large particles, whereas the number 
concentration is governed by ultra fine particles. Current air quality models usually focus on 
the evolution of the mass concentration of particles, which is consistent with existing air 
quality regulations. As an example, the CHIMERE and Polair3d/Polyphemus chemistry 
transport models (CTM) (Bessagnet et al., 2004; Sartelet et al., 2007) only take into account 
particles with diameters respectively greater than 40 nm and 10 nm and solve the aerosol 
general dynamic equation for the mass concentration. Some air quality models simulate also 
the evolution of the number concentration; however, comparing their results with ambient 
measurements suggests that they are not as accurate for the number concentration as they 
are for the mass concentration (e.g., Zhang et al., 2006, 2010). The dynamics of particles is 
governed by several processes, which are condensation/evaporation, coagulation, nucleation 
and deposition. In this study, we focus on the condensation/evaporation process, which is 
usually considered to be the most challenging one due to the thermodynamics involved 
(gas/particle equilibrium, Kelvin effect) and its numerical issues. 
 
There are three major representations of the particle size distribution (PSD) in air quality 
models: continuous, sectional and modal. The continuous distribution is the most accurate 
representation (Debry and Sportisse, 2007), but it can be unstable when too few dicretization 
points are used in three-dimensional (3D) applications. In the modal representation, the PSD 
is modelled by several lognormal distributions, also called modes. Usually, the modes are: 
the Aitken nuclei mode, the accumulation mode and the coarse mode (Binkowski and 
Shankar, 1995; Sartelet et al., 2006). The accuracy of this approach is limited by the number 
of modes. The modal aerosol model (MAM, Sartelet et al., 2006) is used and discussed in 
this study. 
 
In the sectional representation, the particle size spectrum is divided into a finite number of 
sections (or bins), and the PSD is approximated by the integrated number, surface, mass or 
volume concentrations over each section, depending on the particle characteristics of 
interest (Gelbard et al., 1980; Jacobson and Turco, 1995; Seigneur, 1982; Seigneur et al., 
1986; Zhang et al., 1999). The sections are internally mixed, i.e., particles in a section have 
the same chemical composition and the same representative diameter. The accuracy of a 2 
sectional model depends strongly on the number of sections used to solve the aerosol 
dynamics. 
 
Current sectional models can be divided in three approaches: (i) the lagrangian approach, (ii) 
the semi-lagrangian and (iii) the eulerian approach. In the lagrangian approach the particles 
are allowed to grow to their exact size and the particles are not redistributed over the fixed 
size grid. The semi-lagrangian approach was developed by (Jacobson, 1997a,b). Using this 
approach, the sections are fixed and the average diameter is allowed to vary within its size 
section, while in the eulerian approach, the mean diameters representative of each section 
are fixed. Although the semi-lagrangian approach has been shown to be very accurate 
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because it eliminates numerical diffusion (Zhang et al., 1999), it could lead to empty sections 
in some 0D case studies without constant emission fluxes. 
 
. 
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Annex 2 
 
Natural Dust emissions: The process of saltation and sandblasting 
 
 
Modelling dust entrainment into the atmosphere has been the subject of many studies since 
the early study of Bagnold (1941). Several detailed emission models have been proposed, 
for example by Marticorena and Bergametti, 1995; Alfaro and Gomes, 2001 and Nickovic et 
al., 2001. They are currently used in transport models for sensitivity studies, analyses or 
forecasts as in DREAM (Nickovic et al., 2001), CHIMERE-DUST (Forêt et al., 2006; Menut et 
al., 2005, 2007), CHIMERE (Vautard et al., 2005), LOTOS-EUROS (Schaap et al., 2010) 
among others. All these schemes have their origin in those developed by Marticorena and 
Bergametti (1995). The sandblasting flux Fv is expressed as the product of the saltation dust 
flux Fh and α, the sandblasting efficiency: Fv = α × Fh with α = 5.10-5 m-1 an order of 
magnitude obtained from the measurements, over Northern Spain and Niger, of Gomes et al. 
(2003). The saltation flux is usually expressed as: 
 

𝐹ℎ = 𝐶 × 𝑢∗𝑠 × (𝑢∗𝑠2 − 𝑢∗𝑡2 ) 
 

where u*s denotes the saltation friction velocity, u*t the threshold friction velocity and C is a 
coefficient that depends on several surface factors. The saltation friction velocity u*s 
corresponds to that encountered on erodible parcels of the model grid cell, usually smoother 
than typical vegetated surfaces found in Europe. It is calculated by using the 10m wind field, 
a constant saltation roughness length of 5.10-4 m and the assumption of neutral stability as in 
most previous studies. In order to keep the formulation simple, the threshold friction velocity 
is assumed to depend only on gravimetric soil moisture and follows the formulation of Fecan 
et al. (1999). 
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Annex 3 
 
Some examples of current chemistry transport models for PM 
modelling 
 
Model Source 
CAMx http://www.camx.com/home.aspx  
CHIMERE http://www.lmd.polytechnique.fr/chimere/  
CMAQ http://www.epa.gov/asmdnerl/CMAQ/index.html  
DEHM http://www.dmu.dk/en/air/models/  
EMEP http://www.emep.int/index_model.html  
EURAD http://www.eurad.uni-koeln.de/index_e.html  
FARM http://urbanemissions.info/daqi-farm.html  
LOTOS-
EUROS 

http://www.lotos-euros.nl/  

MATCH http://www.smhi.se/en/Research/Research-
departments/Air-quality/match-transport-and-chemistry-
model-1.6831  

MOCAGE http://www.cnrm.meteo.fr/gmgec/spip.php?article87  
NAME http://www.metoffice.gov.uk/research/modelling-

systems/dispersion-model  
REM-Calgrid http://www.geo.fu-

berlin.de/met/ag/trumf/RCG/RCG_Internet_description.pdf  
SILAM http://silam.fmi.fi/  

 

http://www.camx.com/home.aspx
http://www.lmd.polytechnique.fr/chimere/
http://www.epa.gov/asmdnerl/CMAQ/index.html
http://www.dmu.dk/en/air/models/
http://www.emep.int/index_model.html
http://www.eurad.uni-koeln.de/index_e.html
http://urbanemissions.info/daqi-farm.html
http://www.lotos-euros.nl/
http://www.smhi.se/en/Research/Research-departments/Air-quality/match-transport-and-chemistry-model-1.6831
http://www.smhi.se/en/Research/Research-departments/Air-quality/match-transport-and-chemistry-model-1.6831
http://www.smhi.se/en/Research/Research-departments/Air-quality/match-transport-and-chemistry-model-1.6831
http://www.cnrm.meteo.fr/gmgec/spip.php?article87
http://www.metoffice.gov.uk/research/modelling-systems/dispersion-model
http://www.metoffice.gov.uk/research/modelling-systems/dispersion-model
http://www.geo.fu-berlin.de/met/ag/trumf/RCG/RCG_Internet_description.pdf
http://www.geo.fu-berlin.de/met/ag/trumf/RCG/RCG_Internet_description.pdf
http://silam.fmi.fi/
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Annex 4 
 
Some examples of current urban and street canyon, models for PM 
modelling 
 
 
Model Source 
AIRQUIS-
episode 

http://www1.nilu.no/airquis/models_dispersion.htm  

ADMS4 http://www.cerc.co.uk/environmental-software/ADMS-
model.html   

ADMS-
Urban  

http://www.cerc.co.uk/environmental-software/ADMS-
Urban-model.html  

AERMOD http://www.epa.gov/scram001/dispersion_prefrec.htm   
DEHM http://www.dmu.dk/en/air/models/  
GRAL(*) http://pandora.meng.auth.gr/mds/showlong.php?id=133   
IFDM (VITO) http://pandora.meng.auth.gr/mds/showlong.php?id=50   
OML http://www.dmu.dk/en/air/models/oml/omlmodeldescription/  
OSPM http://www.dmu.dk/en/air/models/ospm/  
PROKAS  http://www.lohmeyer.de/en/content/software-sales-

distribution/product-overview/prokas   
UDM-FMI http://pandora.meng.auth.gr/mds/showlong.php?id=121  
  
  

 
Gaussian models 
In atmospheric dispersion modelling Gaussian type models are widely used in practical 
applications in many European cities in particular for regulatory purposes : yourAir system 
(London, Liverpool, Budapest, Vienna ), Urbanair (Strasbourg), Sirane (Lyon, Granoble, 
Valence, Saint-Etienne). 
  
The principle of Gaussian model is based on a Gaussian distribution of the plume in the 
vertical and horizontal directions under steady state conditions. The normal distribution of the 
plume is modified at greater distances due to the effects of turbulent reflection from the 
surface of the earth and at the boundary layer when the mixing height is low. The width of the 
plume is determined by σy and σz, which are defined either by stability classes (Pasquill, 
1961; Gifford, 1976) or travel time from the source, or function of the Monin obukhov length.  
 
Limitations 
Concerning the urban scale modelling, systems should be able to allow for the various local 
scale effects, for instance, the influence of buildings and obstacles, downwash phenomena 
and plume rise, together with chemical transformation and deposition. Some advanced 
models can simulate some of the chemical transformations using post processing treatment 
of the chemistry. One limit of the Gaussian plume equation lies in the assumption that there 
is no interaction between plumes, which can become significant within urban environments. 
Regarding the particulate matter, most of the Gaussian models have no chemical process to 
assess the secondary organic aerosols, which can be important within the pollution plume 
(MEGAPOLI, 2011). 
 
Gaussian models have been shown to consistently over predict concentrations in low wind 
conditions (Benson, 1984; Sokhi et al., 1998). Hybrid models, which use a combination of the 
Gaussian plume and puff models, include along wind dispersion of the pollutants in order to 
better estimate concentrations under low wind speed conditions (Sharan et al., 1996; 

http://www1.nilu.no/airquis/models_dispersion.htm
http://www.cerc.co.uk/environmental-software/ADMS-model.html
http://www.cerc.co.uk/environmental-software/ADMS-model.html
http://www.cerc.co.uk/environmental-software/ADMS-Urban-model.html
http://www.cerc.co.uk/environmental-software/ADMS-Urban-model.html
http://www.epa.gov/scram001/dispersion_prefrec.htm
http://www.dmu.dk/en/air/models/
http://pandora.meng.auth.gr/mds/showlong.php?id=133
http://pandora.meng.auth.gr/mds/showlong.php?id=50
http://www.dmu.dk/en/air/models/oml/omlmodeldescription/
http://www.dmu.dk/en/air/models/ospm/
http://www.lohmeyer.de/en/content/software-sales-distribution/product-overview/prokas
http://www.lohmeyer.de/en/content/software-sales-distribution/product-overview/prokas
http://pandora.meng.auth.gr/mds/showlong.php?id=121
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Thomson and Manning, 2001). A further limitation is a result of the simplified treatment of 
turbulence and meteorology so they are best suited to calculating hourly pollutant 
concentrations.  
 
Since Gaussian plume equations assume a homogeneous wind field, it is not recommended 
that they are used for far field modelling as the meteorology is expected to change over such 
large distances. Caputo et al. (2003) observed that four Gaussian models calculated non-
zero concentrations for the whole downwind domain and so suggested that they should be 
limited to distances a few tens of kilometres from the source.  
 
The US-EPA today recommends the following computer packages for simulation of non-
reactive chemicals: 
 
US Gaussian models: 

• AERMOD is a steady-state Gaussian plume model. It uses a single wind field to 
transport emitted species. The wind field is derived from surface,upper-air, and onsite 
meteorological observations. AERMOD also combines geophysical data such as 
terrain elevations and land use with the meteorological data to derive boundary layer 
parameters such as Monin-Obukhov length, mixing height, stability class, turbulence, 
etc., AERMOD is today replacing the ISC models for most regulatory applications in 
the US. 

 
• CALINE4 is a steady-state Gaussian dispersion model designed to determine air 

pollution concentrations at receptor locations downwind of  highways located in 
relatively uncomplicated terrain. CALINE4 is incorporated into the more refined 
CAL3QHC and CAL3QHCR models 

 
• CTDMPLUS Complex Terrain Dispersion Model Plus Algorithms for Unstable 

Situations (CTDMPLUS) is a refined point source gaussian air quality model for use 
in all stability conditions for complex terrain.  The model contains, in its entirety, the 
technology of CTDM for stable and neutral conditions. CTSCREEN is the screening 
version of CTDMPLUS. 

 
• ASPEN The Assessment System for Population Exposure Nationwide (ASPEN) 

consists of a dispersion and a mapping module. The dispersion module is a Gaussian 
formulation based on ISCST3 for estimating ambient annual average concentrations 
at a set of fixed receptors within the vicinity of the emission source. The mapping 
module produces a concentration at each census tract. Input data needed are 
emissions data, meteorological data and census tract data. The Emissions Modelling 
System for Hazardous Pollutants (EMS-HAP) is needed to process the emission 
inputs into the ASPEN model or the ISC3 model. The ASPEN model was used in 
estimating annual ambient concentrations for air toxics pollutant in the National Air 
Toxics Assessment (NATA) Study. 

 
• HOTMAC and RAPTAD - HOTMAC is a model for weather forecasting used in 

conjunction with RAPTAD which is a puff model for pollutant transport and dispersion. 
These models are used for complex terrain, coastal regions, urban areas, and around 
buildings where other models fail. 

 
European Gaussian models 
 

• ADMS-URBAN - A model for simulating dispersion on scales ranging from a street 
scale to city-wide or county-wide scale, handling most relevant emission sources 
such as traffic, industrial, commercial, and domestic sources. It is also used for air 
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quality management and assessments of current and future air quality vis-a-vis 
national and regional standards in Europe and elsewhere. 

 
• CAR-FMI (Finland) - This model was developed by the Finnish Meteorological 

Institute (FMI) for evaluating atmospheric dispersion and chemical transformation of 
vehicular emissions of inert (CO, NOx) and reactive (NO, NO2, O3) gases from a 
road network of line sources on a local scale. It is a Gaussian line source model 
which includes an analytical solution for the chemical cycle NO-O3-NO2.  

 
• CAR-International (The Netherlands) - Calculation of Air pollution from Road 

traffic(CAR-International) is an atmospheric dispersion model developed by the 
Netherlands Organisation for Applied Scientific Research. It is used for simulating the 
dispersion of vehicular emissions from roadway traffic. 

 
• OPS-ST, The Operational Priority Substances short term model, OPS-ST (van 

Jaarsveld & Klimov, 2011) is derived from the OPS long-term model (van Jaarsveld 
2004) and is used for modelling of dispersion and deposition of pollutants for the 
Netherlands on both local and national scale. The model can be described as a 
Lagrangian (trajectory) model which acts as a Gaussian plume model for local 
situations. Dry and wet deposition mechanisms are included as a function of particle 
size with some emphasis on the behaviour of large particles. Dry and wet deposition 
is taken into account as a function of particle size and the density of the particles. 

 
• SIRANE is an operational urban dispersion model based on a simplified description of 

the urban geometry that adopts parametric relations for the pollutant transfer 
phenomena within and out of the urban canopy. The model contains three main 
mechanisms for transport in and out of a street: advection along the street axis, 
diffusion across the interface between the street and the overlying air flow and 
exchanges with other streets at street intersections. The dispersion of pollutants 
advected or diffused out of the streets is taken into account using a Gaussian plume 
model, with the standard deviations σy and σz parameterised by the similarity theory. 
(Soulhac, 2001-2011) 

 
Street models (a review is given by Vardoulakis, 2003) 
 

• OSPM is a practical street pollution model, developed by the Department of 
Environmental Science at Aarhus University (the former National Environmental 
Research Institute, Department of Atmospheric Environment). 

• AEOLIUS is based on concepts and techniques previously used for the development 
of the Operational Street Pollution Model (Hertel and Berkowicz, 1989a), which was 
evolved from the CPBM. AEOLIUS and OSPM are semi-empirical models that 
calculate concentrations of exhaust gases on both sides of a canyon assuming three 
different contributions: (a) the contribution from the direct flow of pollutants from the 
source to the receptor, (b) the recirculation component due to the flow of pollutants 
around the vortex generated within the recirculation zone of the canyon, and (c) the 
urban background contribution. A Gaussian plume algorithm is used for the 
calculation of the direct contribution and a simple box model for deriving the 
recirculation component. 

 
Other non Gaussian models 
 

• CALPUFF is a multi-layer, multi-species non-steady-state puff dispersion model that 
simulates the effects of time- and space-varying meteorological conditions on 
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pollution transport, transformation and removal. CALPUFF can be applied on scales 
of tens to hundreds of kilometers.  It includes algorithms for subgrid scale effects 
(such as terrain impingement), as well as, longer range effects (such as pollutant 
removal due to wet scavanging and dry deposition, chemical transformation, and 
visibility effects of particulate matter concentrations). 

 
• MSS, Micro-SWIFT-SPRAY (Moussafir et al., 2004 and 2007), is a fast transport and 

dispersion modelling system. It is designed for local scale and takes into account 
buildings. MSS consists of SWIFT and SPRAY used in urban mode (Micro SWIFT, 
Micro Spray). Micro-SWIFT (Moussafir et al., 2004; Tinarelli et al., 2007) is an 
analytically modified mass consistent interpolator over complex terrain. Micro-SPRAY 
is an LPD (Lagrangian Particle Dispersion) model able to take into account the 
presence of obstacles. It directly derives from the SPRAY code (Anfossi et al., 1998). 
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Annex 5 : Examples of national experiences for source 
apportionment 
 

Application of Source Apportionment on the Milan area and the 
Lombardy region 

 
An example of reactive tracers approach is the PM Source Apportionment Technology 
(PSAT, Yarwood et al., 2004; Wangstrom et al., 2008) implemented in the CAMx model 
(ENVIRON, 2008). PSAT algorithm is embedded into the CAMx code providing an effective 
method for modelling source apportionment when a large number of sources are used. It is 
also worth noting that this algorithm provides information on the current source contributions 
but not on the effect of any reduction or increase in a particular source. 
 
PSAT uses reactive tracers to apportion both primary and secondary PM compounds among 
different source categories (e.g. transport, domestic heating, industrial processes) and 
source regions (e.g. city area, urban surroundings, regional basin, transboundary 
contribution). PSAT is designed to apportion the main primary and secondary PM 
compounds modelled in CAMx, such as: Sulphate, Nitrate, Ammonium, Secondary Organic 
Aerosol and a few primary classes including Elemental Carbon, Primary Organic Aerosol and 
Crustal material. 
 
The first example illustrates a modelling analysis conducted in the framework of the POMI 
project (http://aqm.jrc.ec.europa.eu/pomi/) over a computational domain covering the whole 
Po Valley, but focused on the Lombardy region and, more specifically, the Milan area. 
Simulations have been performed over a 6x6 km2 grid for the calendar year 2005 using 
CAMx (ver. 4.50) employing CB05 (Yarwood et al., 2005) gas phase mechanism and CF 
aerosol module (ENVIRON, 2008). CF module considers only two static size bins (Coarse 
and Fine), no aerosol dynamics and supposing that secondary aerosol is only in the fine 
fraction. Emission fields have been derived from local inventories for the four main analysed 
regions (Piemonte, Lombardia, Veneto and Emilia Romagna), the official Italian inventory for 
the remaining Italian regions included in the domain and the EMEP inventory outside Italian 
borders. Meteorological fields have been produced by MM5, driven by the NCEP (American 
National Centre for Environmental Prediction) 6 hourly Final Analyses (FNL) were used as 
initial and boundary conditions. Further details on the modelling set up are available in 
(Pirovano et al., 2009; 2010). 
 
PSAT tool has been configured in order to track the contribution of 8 different geographical 
areas split among 6 emission groups. The first two areas cover the Milan administrative 
borders and the most urbanised surroundings, respectively. Together, they form the Milan 
metropolitan area. Lombardy region has been split in two areas: the northern part including 
the main cities and the southern part, mainly devoted to agriculture. The leftover part of the 
Po valley has been subdivided according to the regional boundaries into three main areas: 
eastern, western and southern Po valley, respectively. A last area has been designed to take 
into account the emissions of not Italian sources included in the domain. 
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Definition of the 8 source areas 

 
Emission groups have been defined in order to track the anthropogenic activities mainly 
contributing to particulate matter, hence defining the following groups and their 
correspondence with the SNAP sectors: road transport (SNAP 7), biomass burning for 
domestic heating (SNAP 2), agriculture (SNAP 10), power plants (SNAP 1). The source 
apportionment analysis has been performed over the whole domain, whereas the analysis of 
the results have been focused on the Milan are and the Lombardy region. Model 
performance evaluation highlighted that bias in PM10 modelled concentrations was mainly 
related to PM coarse and to a fraction of organic matter. For these reasons, the source 
apportionment analysis has been focused on PM2.5, not including secondary organic aerosol. 
As an example of PSAT application over a region, figure below shows the contribution of 
Lombardy emissions to the PM2.5 yearly mean concentrations.  
 
As shown in the map, Lombardy contribution extends over the whole Po valley, ranging 
between 10 and 70% (reaching 30% outside Lombardy). Likewise, the surrounding regions 
yield not less than 25% of total concentration inside Lombardy. The figure also compares the 
contribution of road transport and biomass burning in domestic heating. Road transport 
yields a contribution influencing PM2.5 concentration also out of regional boundaries; 
conversely biomass burning influence is limited to Lombardy. This is due to the significant 
contribution of road transport to the secondary PM. 
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PM2.5 yearly mean concentration (top left); relative contribution of total (top right), road transport (bottom left) and 
biomass burning (bottom right) emissions from Lombardy to the total PM2.5 concentration. 

 
PSAT tool optionally provides the results of the source apportionment analysis also to a set 
of user defined specific receptors. As an example Figure below, displays the contribution of 
each emission areas, stacked by emission categories. The picture shows that the total 
concentration at each receptor is due to the contribution yielded by several areas and 
categories, proving that is not possible to detect a single emitting source as the main 
responsible of particulate matter in Lombardy region.  
 
The analysis also highlights that, as expected, the main contribution comes from the area to 
which the receptor belongs. However, it is worth noting that such contribution is generally 
lower than 40%, even in the most emitting area of Milan. Long range transport is accounted 
for the boundary conditions share, proving that particulate matter is mainly due to the Po 
valley sources. 0 figure shows also that road transport is the most relevant emitting sector in 
each area followed by either agriculture or domestic heating, according to the position of the 
receptor. Finally, the second diagram shows the differences in the total concentration as well 
as in the relative role played by each source during exceedance days. 
 

   
Contribution of the different emission areas, stacked by source categories, to the mean concentration of PM2.5 at 

Milan receptor. Labels show the total contribution of each emission area. The analysis refers to the whole year 
(left) as well as to the set of days where the PM10 computed concentration exceeded 50 g/m

3. 
 

Application of Source Apportionment in Italy 

 
A second example of PSAT application, concerning the whole Italy, derives from a project 
focused on road transport policies (Balzarini et al., 2011). Air quality simulation have been 
conducted by means of CAMx (ver. 4.50) employing the same configuration previously 
described. Meteorological fields have been reconstructed by means of the Weather 
Research and Forecast modelling system (WRF release 3.2.1; Skamarock et al., 2008) fed 
by ECMWF global analysis (http://www.ecmwf.int ).  
 
Anthropogenic gridded emissions have been compiled with the Sparse Matrix Operator 
Kernel Emission processor (SMOKE version 2.6, www.smoke.org ). The Italian emission 
dataset has been derived from the Italian official inventory, while the EMEP database has 
provided emissions of the neighbouring countries. Natural emissions have been calculated 
with a sea salt processor based on Gong et al. (2002) and the MEGAN biogenic emission 
model (version 2.04; Guenther et al., 2006). Initial and boundary conditions have been 
obtained from a CHIMERE model run at European scale (Bessagnet et al., 2004). CAMx 
model has been applied for January and June 2005 over the Italian domain (1290x1470 
km2) with a grid step of 15 km.  
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Figure below shows the monthly mean of modelled PM2.5 for both January and June 2005 in 
the Italian domain. During the winter, PM2.5 concentration ranges between 12 µg/m3 to 60 
µg/m3. The highest values have been found in the Po Valley and near the major cities (Milan, 
Turin and Venice), caused by strong emissions and weak circulation conditions. Notably the 
area of Milan shows concentration values higher than 40 µg/m3. In summer concentrations 
are lower and they range between 10 µg/m3 to 18 µg/m3. The highest values are located in 
the urban cities of Rome and Naples (~ 20 µg/m3). 
 
 
 

 
Simulation results of PM2.5 for January (left) and June (right) 2005 in the Italian domain 

 
PSAT algorithm has been set up in order to account for the contribution to gas and PM 
concentrations of the following categories of the Italian emissions: passengers cars, other 
road transports and energy production. The highest contribution to the PM2.5 concentration 
has been observed from road transport near the most polluted cities, such as Milan, Turin, 
Naples and Rome and along the main motorways (from 6% to 15% in January and from 3% 
to 15% in June). 
 

 

 

 PM2.5 – Road transport – Passenger cars PM2.5 – Road transport – Other PM2.5 – Energy production 

 PM2.5 – Road transport – Passenger cars PM2.5 – Road transport – Other PM2.5 – Energy production 
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Contribution of passenger cars, other road transports and energy production to the total concentration of PM2.5 in 
January (top) and June 2005 (bottom). Data are represented as a fraction of the total concentration. 

 

 

 

 
 
 
 

Source Apportionment in the UK 

The UK makes extensive use of models to provide supplementary information as part of the 
annual assessment of compliance with limit and target values. The UK uses the Pollution 
Climate Mapping (PCM) model for this (Brookes at al 2012). This model is used to provide 
annual mean concentration estimates for both background and traffic (roadside) locations as 
required by Annex III of the AQD. Background concentrations are calculated for 1 km 1 km 
grid squares across the whole of the UK and roadside concentrations are calculated for 
approximately 9000 urban traffic locations. These traffic locations have been chosen so that 
the assessment is carried out at locations specified with in Annex III of the Directive. 
 
The PCM model used for the UK compliance assessment reporting is an annual mean model 
and is routinely used to estimate source apportionment of annual mean PM concentrations. 
The average source apportionment for PM10 at urban background and traffic measurement 
stations in 2010 is illustrated in figure below.  
 

Annual mean PM10 source apportionment at AURN monitoring sites in 2010 

 
 

 
Road traffic (exhaust, brake and tyre wear and road abrasion) is the most important local 
source of primary PM along with contributions from off road machinery and industry. Ambient 
PM10 concentrations are dominated by the regional background, for which the most important 
components are secondary inorganic aerosol (SIA), secondary organic aerosol (SOA), 
regional primary PM and rural dusts (soil re-suspension). Note that in these plots the 
contributions from rural dusts, sea salt and the residual have been included in the regional 
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MS category. Only the contributions directly associated with emissions from sources included 
in emission inventories (SIA precursors and primary PM) have been included in the 
transboundary totals. Urban dusts have been included in the urban others totals. Details of 
the full set of contributions included for PM are provided in Figures below.   
 
The contribution to the regional background PM10 from transboundary sources is important. 
More than half of the SIA is associated with emissions of precursor gases (NOx, SO2 and 
NH3) from outside the UK. Source apportionment for SIA has been calculated using emission 
sensitivity coefficients derived from results from the EMEP model. About half of the regional 
primary PM is associated with emissions from outside the UK (transboundary).  The regional 
background contribution (and thus transboundary) is also an important contributor to the total 
concentration at traffic locations. The contributions from brake and tyre wear are of similar 
magnitude to the contributions from exhaust emissions.  

 
Annual mean PM10 source apportionment at background national network monitoring sites in 2010 

 
 

Annual mean PM10 source apportionment at background national network monitoring sites in 2010: transboundary 
contributions highlighted 

0

5

10

15

20

25

A
be

rd
ee

n 
(7

)

B
irm

in
gh

am
 T

yb
ur

n 
(4

)

C
he

st
er

fie
ld

 (8
)

E
di

nb
ur

gh
 S

t L
eo

na
rd

s 
(6

)

G
ra

ng
em

ou
th

 (8
)

H
ar

w
el

l (
10

)

H
ul

l F
re

et
ow

n 
(6

)

Le
am

in
gt

on
 S

pa
 (8

)

Le
ed

s 
C

en
tre

 (4
)

Li
ve

rp
oo

l S
pe

ke
 (5

)

Lo
nd

on
 B

lo
om

sb
ur

y 
(1

)

Lo
nd

on
 H

ar
lin

gt
on

 (3
)

M
id

dl
es

br
ou

gh
 (6

)

N
ew

ca
st

le
 C

en
tre

 (4
)

N
or

w
ic

h 
La

ke
nf

ie
ld

s 
(7

)

N
ot

tin
gh

am
 C

en
tre

 (6
)

O
xf

or
d 

S
t E

bb
es

 (7
)

S
al

fo
rd

 E
cc

le
s 

(4
)

S
he

ff
ie

ld
 C

en
tre

 (4
)

S
ou

th
am

pt
on

 C
en

tre
 (6

)

S
to

ke
-o

n-
Tr

en
t C

en
tre

 (6
)

Yo
rk

 B
oo

th
am

 (8
)

H
ar

w
el

l (
10

)

Lo
nd

on
 N

. K
en

si
ng

to
n 

(2
)

Le
ic

es
te

r C
en

tre
 (6

)

Lo
ug

h 
N

av
ar

 (1
0)

S
cu

nt
ho

rp
e 

To
w

n 
(8

)

Th
ur

ro
ck

 (8
)

P
or

t T
al

bo
t M

ar
ga

m
 (8

)

PM
10

co
nc

en
tr

at
io

n 
(µ

g 
m

-3
)

Site name (DfT area type)

Local sources

Traffic (road abrasion)

Traffic (brake and tyre wear)

Traffic (exhaust emissions)

Urban background sources

Other

Shipping

Aircraft

Off road mobile machinery

Domestic

Commercial

Industry

Traffic (road abrasion)

Traffic (brake and tyre wear)

Traffic (exhaust emissions)

Urban dusts

Regional background

Rural dusts

Secondary aerosol

Long range transport primary

Residual

Sea Salt

Measured

National network FDMS (Calibration)

National network 
Partisol

National network FDMS
PM10 only sites

National network Partisol PM10 only sites



  

102  

 

 
 
 
 
 
 
 

Annual mean PM10 source apportionment at national network roadside monitoring sites in 2010 

 
 
The source apportionment analysis for PM10 includes the following contributions: 

• Regional background 
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o Regional: Sea Salt (natural)  
o Regional Residual (constant value, assumed natural)  
o Regional: SIA Transboundary Other (contribution to secondary inorganic aerosol 

from no-UK EU sources)  
o Regional: SIA Transboundary Shipping (contribution to secondary inorganic aerosol 

from shipping)  
o Regional: SIA Member State (contribution to secondary inorganic aerosol from UK 

sources)  
o Regional: Primary PM: Transboundary (contributions to regional primary PM from 

sources outside the UK)  
o Regional: Primary PM: Member State (contributions to regional primary PM from UK 

sources)   
o Regional: SOA (secondary organic aerosol)  
o Regional: Rural Dusts (wind blown dusts, depends on land use)  

• Urban background sources 
o Urban dusts (vehicle and non-vehicle related) 
o Traffic (exhaust emissions, ubiquitous) 
o Traffic (brake and tyre wear, ubiquitous) 
o Traffic (road abrasion, ubiquitous) 
o Industry (point and area sources, important at some locations, present at all) 
o Commercial (non-domestic heating) 
o Domestic (domestic heating) 
o Off road mobile machinery (ubiquitous and quite large) 
o Aircraft  
o Shipping 
o Other (includes rail and accidental fires and bonfire night) 

• Local Sources 
o Traffic (exhaust emissions) 
o Traffic (brake and tyre wear) 

Traffic (road abrasion) 
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