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Executive Summary 
This report addresses the assessment of the impact of behavioral changes and co-designed 
policy options in the mitigation of CO2, greenhouse gases (GHGs), Short-Lived Climate 
Forcers (SLCFs) and air pollutants (APs) concentrations. The evaluation of the efficacy of 
policy options and induced behavioral changes in the reduction of APs and GHGs 
concentrations is conducted by reconstructing detailed spatial maps using a well-validated 
dispersion model in three selected I-CHANGE cities, namely Bologna in Italy, Dublin in Ireland 
and Hasselt in Belgium. These cities were selected as representative of different climatic and 
geographical conditions, being located in different climatic bands representative of different 
zones from south to north and from western to central Europe. In addition, the three cities are 
of widely different size, being representative of a metropolitan capital city (Dublin), a medium-
size city (Bologna), and a small-size city (Hasselt). Differently from Bologna and Hasselt which 
are impacted by a continental climate, Dublin is a coastal city impacted by an oceanic climate. 
Furthermore, these cities host I-CHANGE Living Labs focusing on air quality and sustainable 
mobility options among their key environmental and climatic challenges. Finally, these cities 
were already selected to validate an integrated activity-based model to evaluate traffic on the 
road network in the current baseline and to assess the impact of two policy scenarios on road 
traffic in a previous I-CHANGE model (D3.1, Prototype of fully integrated behavioral simulator). 
The policy options and thereby induced policy options have been carefully codesigned with 
policy-makers and stakeholders in the I-CHANGE Living Labs, in line with local and regional 
municipality plans. In summary, in Bologna and Dublin, policies associated with the provision 
of the bicycle infrastructure in identified areas (policy 1) and with the introduction of Low 
Emission Zones (LEZ) in the city center (policy 2). In Hasselt, conversely, the two policies 
involved the limited (time-based) restriction of car and private vehicles in the neighborhood of 
schools (policy 1) and flexible working hours/working from home schemes (policy 2).  

The outputs of numerical simulations conducted as part of the activity-based model developed 
in D3.1 were used to estimate the emissions of APs and GHGs as part of I-CHANGE D3.2 
(Apportionment of carbon footprint and greenhouse gases). Those emissions were used 
together with data from local and national Environmental Protection Agencies to compile a 
detailed emission inventory of all APs and GHGs sources in the three cities. Together with 
information on local meteorological conditions available from the Living Labs or from their 
stakeholders (e.g., local Environmental Protection Agencies), emission inventories were used 
as input to the numerical simulations conducted as part of this Deliverable. Numerical 
simulations in the baseline scenario without implementation of any policies are validated 
against real-world observations from experimental campaigns conducted by the Living Labs 
(e.g., Bologna) and from open data monitored by their stakeholders (e.g., local and national 
Environmental Protection Agencies). Considering that the APs and GHGs concentrations 
exhibit a well distinct seasonality impacted by the well different meteorological conditions 
typical of the cold and warm seasons, the validation of the setup utilized for dispersion 
modeling simulations for the three cities under the current meteorology is conducted in two 
different periods representative of the cold and summer / transition seasons. After validation 
against real-world observations, the numerical simulations are used to evaluate the efficacy 
of policy options and thereby induced behavioral changes in the three cities to reduce the 
concentrations of APs and GHGs. The main results of this Deliverable may be listed as follows: 
the implementation of the policy scenarios do not significantly alter the spatial distribution of 
the APs, GHGs and SLCFs; the introduction of LEZ is more effective than the provision of 
bicycle infrastructure in reducing the concentration of air pollutants and greenhouse gases, 
and even more so in Bologna; the restriction of access to school streets is generally more 
effective in reducing APs, GHGs and SLCFs concentrations than the introduction of flexible 
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the scenarios to be analysed (Sect 1.3). Section 2 presents details of the methodology 
adopted to carry out the activities; Section 3 presents the results obtained and finally Section 
4 reports the main conclusions. 

1.1 Scope of the Deliverable 
This section describes the scope of the work set out to achieve the goals of Task 3.3.1 
resulting in this Deliverable. The aim of this Deliverable is to develop an original methodology 
based on dispersion modeling simulations to convert the emissions of CO2, other greenhouse 
gases short-lived climate forcers and air pollutants resulting as an output of Task 3.2 (D3.2 
Apportionment of carbon footprint and greenhouse gases) into their atmospheric 
concentrations at urban scale. The model setup is validated using observations of air 
pollutants gathered in the I-CHANGE Living Labs or available as open data from existing 
monitoring networks. After validation of the model outputs against real world observed 
atmospheric concentrations, the numerical simulations are used to assess the actual 
effectiveness of lifestyle changes in terms of reduction of greenhouse gases and air pollutants 
concentrations. To this aim, here we will compare the atmospheric concentrations obtained in 
the base case simulations against those obtained in a set of policy scenarios co-created with 
stakeholders engaged in the I-CHANGE Living Labs. The results of this Deliverable will be 
shared with citizens engaged in the I-CHANGE Living Labs within dedicated workshops and 
events organized as part of WP2 and WP6, to promote an improved understanding of the 
impacts of traffic policy scenarios behavioral changes towards sustainable mobility and pro-
environmental behaviors. The entire evaluation through the integrated modeling chain 
developed in I-CHANGE and in particular within WP3 (Task 3.1 Exploring behavioral changes 
through numerical simulations; Task 3.2 Benchmarking behavioral changes: apportionment of 
carbon and environmental footprint; Task 3.3 Exploring the impacts of behavioral changes on 
the mitigation of climate change: impacts on extreme events) is realized over a set of selected 
case studies in three Living Labs representative of different climate conditions in Europe and 
having air quality and sustainable transport among their key climatic and environmental 
challenges. As such, those Living Labs gathered several observations useful to validate and 
as input data to the modeling chain herein developed. The selection of three case studies 
guarantees that the method developed and demonstrated here is general and not city-related, 
potentially extendable to and suitable for a wide range of t climatic and environmental 
conditions. As such, the methodology developed and demonstrated here can be further 
extended to other case studies within the project and beyond.  

1.2 Interlinkages with other I-CHANGE deliverables 
The activities conducted in this Task and presented in this Deliverable are interconnected with 
other Tasks in the project, most of all within WP3 (Enhancing monitoring opportunities through 
citizen science) and WP4 (Observation integration and interoperability of data). The input data 
to the numerical simulations derive from the emission inventories and the carbon footprint 
calculations conducted as part of Task 3.2.1 (Evaluation of carbon footprint and other climate 
forcers; D3.2 Apportionment of carbon footprint and greenhouse gases) based on numerical 
simulations conducted in Task 3.1 (Exploring behavioral changes through numerical 
simulations; D3.1 Prototype of fully integrated behavioral simulator). As a result, the numerical 
simulations conducted as part of Task 3.3.1 can be considered, together with those that will 
be reported in D3.5 (Impact of behavioral changes on global and local climate) output of Task 
3.3.2, as the final modeling block of the I-CHANGE modeling chain to evaluate the 
effectiveness of behavioral changes into the mitigation of air pollution and of global and local 
climate. Although the findings which will be presented here might seem partially overlapping 
with those presented in D3.2 (Trozzi et al., 2023), it is worth to note that the focus of the two 
Deliverables is fundamentally different. Indeed, D3.2 was focused on emissions of air 
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pollutants and greenhouse gases, while here the focus is on their atmospheric concentrations. 
In this context, it is worth to remember that emissions are only one of the key drivers of 
atmospheric concentrations, which are impacted fundamentally also by meteorological 
conditions which govern their dispersion, removal and chemical transformation processes. For 
these reasons, a change in emissions does not always imply a proportional change in 
concentrations. Therefore, this Deliverable aims at quantifying how much the change in the 
emissions observed in the policy scenarios against the baseline, presented and discussed in 
D3.2, can translate into a concentration change. To this aim, emission data calculated as part 
of D3.2 were utilized as input to D3.4 analysis presented here, together with observations 
gathered in the I-CHANGE LLs. 

The scenarios considered in the simulations for evaluation of the impact of behavioral changes 
on atmospheric concentrations of air pollutants, greenhouse gases and short-lived climate 
forcers are co-designed with stakeholders engaged in the I-CHANGE Living Labs as part of 
WP2 (Living Lab setup and management). The atmospheric concentrations of air pollutants 
and greenhouse gases obtained as an output of this Task will be used for different purposes, 
namely: 1) conduct a consistent environmental impact assessment of the interventions 
conducted in the I-CHANGE Living Labs (Task 3.5.1 Environmental impact assessment); 2) 
motivate the engagement of citizens in the citizen science activities in the I-CHANGE Living 
Labs (Task 3.4 Citizen science experiments in the Living Labs); 3) demonstrate the 
effectiveness of individual behavioral changes on the reduction of atmospheric concentrations 
of air pollutants and of short and long-lived climate forcers; 4) use the documented 
effectiveness of individual behavioral changes on the reductions of APs, GHGs and SLCFs 
concentrations to raise awareness of citizens and motivate their shift to virtuous behaviors. 
Finally, the outputs of numerical simulations conducted in this Task can be integrated to the 
observations conducted in the Living Labs in the Environmental Impact Hub developed in 
WP4.  

Figure 1 presents in a schematic form the major connections and links of this task within the 
I-CHANGE project. 

 

Figure 1. Interlinkages of Task 3.3 with other I-CHANGE Tasks in WP3 and in other WPs. 
 



https://www.irishmirror.ie/lifestyle/motoring/dublin-second-worst-traffic-europe-29579424
https://www.irishmirror.ie/lifestyle/motoring/dublin-second-worst-traffic-europe-29579424
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Figure 2. Locations of the three I-CHANGE cities selected for the work conducted in this report, 
indicated by a red marker and a label: Bologna in Italy, Dublin in Ireland and Hasselt in Belgium. 
Sources: Esri, Garmin, USGS. 
 

For all these reasons mentioned above, those 3 cities have been selected already for the 
application of the integrated Activity-based model developed as part of I-CHANGE D3.1 
(Adnan et al., 2023) to test the effectiveness of traffic policy management scenarios in terms 
of traffic reduction over the road network with respect to the baseline configuration. To this 
aim, for each city two different mobility-based policy scenarios were co-selected with local 
policy stakeholders in the LLs in line with the future local and regional mobility plans. In the 
case of Bologna and Dublin, traffic policy scenarios investigated are related with the provision 
of bicycle infrastructure in identified areas of the cities and to the introduction of low emission 
zones (LEZ) in the city center. In the case of Hasselt, the policies investigated relate instead 
with limited (time-based) restriction of car and private vehicles in the vicinity of schools and to 
the introduction of flexible working hours/remote working schemes, because of the general 
higher flexibility observed after the COVID pandemic (e.g., Marcus, 2022).  

In I-CHANGE D3.2 (Trozzi et al., 2023), the implementation of the same policies in those three 
cities was also investigated in terms of potential to reduce the emissions of the main air 
pollutants, CO2 and GHGs with respect to the baseline configuration. Here, in line with the 
previous two I-CHANGE Deliverables, we investigate the potential of those policies and 
related behavioral changes in terms of potential to reduce the atmospheric concentrations of 
APs, CO2, GHGs and SLCFs in the three I-CHANGE cities of Bologna, Dublin and Hasselt.   



Table 1 provides an overview of all the cases for which air dispersion simulations were 
performed in the three cities, and that will be thoroughly presented and discussed in this report.  

 

  



Table 1. Overview and main purpose of the dispersion simulations performed in the three I-CHANGE cities, whose output is evaluated and presented in this 
report. 
City Scenario  Policy Purpose 
Bologna Current (baseline) 2023: cold season None Verification of the simulation setup; 

analysis of concentration maps in the 
current (baseline) case during the cold 
period 

Current (baseline) 2023: warm season None Verification of the simulation setup 
Current (baseline) 2023: cold season Policy 1: Provision of 

bicycle infrastructure in 
identified areas 

Estimation of the concentrations reduction 
through the implementation of the policy in 
the current (baseline) scenario in the cold 
period 

Current (baseline) 2023: cold season Policy 2: Introduction of 
Low Emission Zones (LEZ) 

Estimation of the concentrations reduction 
through the implementation of the policy in 
the current (baseline) scenario in the cold 
period 

Dublin 
 

Current (baseline) 2022: cold season None Verification of the simulation setup; 
analysis of concentration maps in the 
current (baseline) case during the cold 
period 

Current (baseline) 2022: spring season None Verification of the simulation setup 
Current (baseline) 2022: cold season Policy 1: Provision of 

bicycle infrastructure in 
identified areas 

Estimation of the concentrations reduction 
through the implementation of the policy in 
the current (baseline) scenario in the cold 
period 

Current (baseline) 2022: cold season Policy 2: Introduction of 
Low Emission Zones (LEZ) 

Estimation of the concentrations reduction 
through the implementation of the policy in 
the current (baseline) scenario in the cold 
period 

Hasselt Current (baseline) 2022: cold season None Verification of the simulation setup; 
analysis of concentration maps in the 
current (baseline) case during the cold 
period 

Current (baseline) 2022: spring season None Verification of the simulation setup 
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Current (baseline) 2022: cold season Policy 1: Restricted access 
to School Streets 

Estimation of the concentrations reduction 
through the implementation of the policy in 
the current (baseline) scenario in the cold 
period 

Current (baseline) 2022: cold season Policy 2: Flexible work 
hours and Working from 
home 

Estimation of the concentrations reduction 
through the implementation of the policy in 
the current (baseline) scenario in the cold 
period 

 



2 Methodology 
To evaluate the potential of traffic management policies and related behavioral changes to 
reduce atmospheric concentrations of APs, GHGs and SLCFs in the three cities, we have 
implemented a methodology based on dispersion modeling simulations with the ADMS-Urban 
model (McHugh et al., 2014). The setup of dispersion modeling simulations and the correct 
representation of the dispersion characteristics over a study area requires the knowledge of 
the meteorology, the topography, the background pollutant concentrations, the location and 
the characteristics of the emission sources, and the variability over time (diurnal, weekly and 
seasonal) of the emission amounts. Below we provide an overview of such characteristics for 
the three selected I-CHANGE cities. After that, details about the dispersion modeling 
simulations and the ADMS-Urban model are provided. 

2.1 Study area 
This section presents a synthetic overview of the main geographic and climatic characteristics 
of the three I-CHANGE cities. Details of the main characteristics and challenges of all the I-
CHANGE Living Labs cities are presented in D1.1 (Steeneveld et al., 2022), while here we 
focus only on the main features of interest to this Deliverable. 

2.1.1 Bologna 
Bologna (44°29' N, 11°20' E; mean altitude 54 m a.s.l.) is the capital city of the Emilia-
Romagna region in northern Italy. With almost 400000 inhabitants within the city boundaries 
and 1 million in the metropolitan area as of 2023 (https://eurocities.eu/cities/bologna/), t is the 
seventh most populated in Italy. The urban area of Bologna is located at the foot of the 
Apennines Mountain chain in the vast flat area of the Po Plain in northern Italy (Figure 3).  

 

 

Figure 3. Bologna and its location in Italy (orange marker). Sources: Esri, Garmin, USGS. 
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on health and ecosystems. In particular, model calculations and local measurement 
campaigns show that NO2 and particulate matter concentrations are still elevated and above 
WHO AQG especially nearby trafficked roads. Hasselt is also already working in a strategic 
sustainable real estate plan to make climate neutral buildings by 2050.  

The municipality of Hasselt has developed a combined Sustainable Urban Mobility Plan 
(SUMP) together with the neighboring municipality of Genk, to promote the use of public 
transport, inspire active mobility and discourage the use of heavily-polluting private vehicles.  

2.2 The APs and GHGs emission inventory 
An emission inventory is a database that lists, by source, the amount of APs and GHGs 
released to the atmosphere in a selected time frame (typically, in a year). The preparation of 
a detailed emission inventory quantifying all emissions from all sources in the appointed 
geographic area is an essential input to the mathematical models that describe dispersion and 
pollutants spatial distribution (see Sec. 2.2).  

For all the three selected cities, as will be shown in detail later in Sect. 2.1.1-2.1.3, road traffic 
and residential heating in winter constitute most of APs and GHGs emissions. In addition, in 
Dublin, there are also other sources contributing to APs and GHGs emissions, such as for 
instance the Dublin international airport, the harbour activities, and some major 
pharmaceutical industries (e.g., Pfizer) and power plants. Road traffic emissions of APs and 
GHGs in the three cities in all the three scenarios were computed in D3.2 (Trozzi et al., 2023) 
using as input traffic counts from the integrated activity-based model described in D3.1 (Adnan 
et al., 2023). Emissions from other local sources were instead estimated using open data and 
information shared by local stakeholders (e.g., regional and national EPAs). 

The compilation and build-up of the emission inventory was built through the EMIT tool 
developed from CERC (Cambridge Environmental Research Consultants) (CERC, 2022), 
which has the potential to calculate emissions across large urban areas specifically for use 
within the ADMS-Urban model, the dispersion model used in this work. EMIT is a database 
tool purposedly developed for storing, manipulating and assessing emissions data from 
several sources (major roads, rail and industrial sources, minor roads, commercial and 
domestic sources). EMIT allows to store emissions data that have been directly imported (such 
as those from road traffic calculated in D3.2), or to calculate emissions from source activity 
data using emission factors or a scaling of national or regional emissions by a local statistic 
such as population, as will be described later. 

Figure 6 provides a scheme to better comprehend the steps taken in this study to construct 
the emission inventory for the three cities and scenarios and its successive use in dispersion 
modeling simulations. 
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As for SLCFs, we note here that they are substances with a shorter atmospheric lifetime than 
CO2 and in most cases are also air pollutants (IPCC, 2021). In fact, they include aerosols 
(mineral dust, ammonium, nitrate, sulphate, carbonaceous aerosols), and chemically reactive 
gases (methane, tropospheric ozone, nitrogen oxides, carbon monoxide, non-methane volatile 
organic compounds, sulphur dioxide and ammonia). Of these, the most significant ones are: 
BC, CH4, tropospheric O3, and hydrofuorocarbons. Of these, the first two are listed previously 
among APs and GHG, while tropospheric O3 is not directly emitted from anthropogenic 
sources but it is formed from complex chemical reactions involving nitrogen oxides, NMVOCs 
(known as precursors) and solar radiation. Hydrofluorocarbons are used in air conditioning, 
refrigeration (in grocery stores and food processing facilities, for example), foam blowing, 
aerosol propellants, and as solvents, i.e. activities which are not considered further in this 
work.  

2.2.1 Bologna 
The study area covers a domain of 42x36 km covering most of the Municipality of Bologna 
and a small portion of the Metropolitan Area of Bologna. The most important emission sources 
in Bologna are road traffic and domestic heating. Road traffic emissions are calculated as 
detailed in D3.2 (Trozzi et al., 2023) and synthetized here. As for the other sources, including 
point industrial sources and area sources for various activity sectors, emissions were provided 
by the ARPAE Regional Environmental Protection Agency from the most recent regional 
emission inventory (2019). Below we provide details for each source category. 

Road traffic 

APs and GHGs emissions for all road sources in the Bologna road network were estimated 
for the base case and for the two policy scenarios in D3.2 (Trozzi et al., 2023) using the traffic 
counts provided in D3.1. Additional road parameters such as road width, road length, canyon 
height and average speed in each road were estimated from geospatial calculation after 
matching of the road links with OpenStreetMap and DTM (Digital Terrain Model) data available 
as open data from Geoportale Emilia-Romagna (https://geoportale.regione.emilia-
romagna.it/catalogo/dati-cartografici/altimetria/layer-2). 

Given that the total number of road links in the road network of Bologna was equal to 46552, 
including also residential and secondary roads with very low traffic, roads were divided into 
major and minor roads based on the total number of traffic counts. Major roads are those that 
are represented explicitly as line sources. Minor roads are instead small roads which are not 
represented explicitly as line sources but are aggregated over one or more grid squares. 
Specifically, for Bologna, roads were considered as major if the total traffic count was higher 
than 850 vehicles/hour, while the other were treated as minor roads. The total number of major 
roads in the Bologna network resulting from this classification turns out to be 1822. Figure 7 
provides a map of NOx emissions in Bologna major roads in the base case. 
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Figure 8. Map of NOx emissions (ton/year) from industrial point sources located in the Bologna area. 
The dimension of the symbol is proportional to the amount of NOx emitted. Background satellite map 
provided by ESRI, USGS, and CNES Airbus. 
 
Area sources 

The regional Emilia-Romagna emission inventory is realized through the INEMAR (INventario 
EMissioni Aria) software, a tool developed and under development within an interregional 
partnership involving, besides Emilia-Romagna, other Italian regions such as Lombardia, 
Piemonte, Veneto, Friuli-Venezia Giulia, Puglia and autonomous provinces of Trento and 
Bolzano. The reference methodology applied in INEMAR is the EMEP-CORINAIR (EEA, 
2019). The classification of emissions following such methodology utilizes the SNAP (Selected 
Nomenclature for sources of Air Pollution) coding and estimations based on the specific SNAP 
sector considered. Anthropogenic and natural activities are grouped in 11 macrosectors, 
namely: 

1. Energy production and fuel transformation 
2. Non industrial combustion 
3. Industrial combustion 
4. Production Processes 
5. Extraction and distribution of fossil fuels 
6. Solvent use 
7. Road transport 
8. Other mobile sources and machinery 
9. Waste treatment and disposal 
10. Agriculture and farming 
11. Other sources and sinks. 

ARPAE provides emission data for each municipality of Emilia-Romagna region as open data 
(INEMAR, 2019). However, for the purpose of this work, ARPAE provided data extracted over 
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a 3x3 km grid. In this case, we have used all the sectors except for road transport (SNAP7) 
which was considered explicitly and described above. The fact of using gridded 3x3km grid 
together with point sources and line sources (the roads) does not lead to significant biases in 
the model simulations, but obviously mean that the description and quantification of emissions 
of area sources have a significantly lower resolution than the other sources considered for 
Bologna. 

Figure 9 provides an example map of NOx emissions from SNAP2 sector in the Bologna area. 

 

Figure 9. Map of NOx emissions (ton/year) from area sources (3x3 km grid) SNAP 2 sector located in 
the Bologna area (graduated color bar). Background satellite map provided by ESRI, USGS, and CNES 
Airbus. 
 

2.2.2 Dublin 
Although Dublin is home to some major industrial sources, road transport constitutes one of 
the largest emission sources of APs and GHGs together with residential heating. Indeed, road 
traffic is responsible for about 83% NOx emissions and 30% of PM10 emissions (Aves and 
Williams, 2019). However, the emission inventory of Dublin area comprehends all sources 
located in a domain of 217x264 km as detailed in the following. 

Road traffic 

APs and GHGs emissions for all road sources in the Dublin road network were estimated for 
the base case and for the two policy scenarios in D3.2 (Trozzi et al., 2023) using the traffic 
counts provided in D3.1. Additional road parameters such as road width, road length, canyon 
height and average speed for each road were estimated from geospatial calculation after 
matching of the road links with OpenStreetMap and DTM (Digital Terrain Model) data available 
as open data (https://data.gov.ie/dataset/open-topographic-lidar-data). 

https://data.gov.ie/dataset/open-topographic-lidar-data
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Given that the total number of road links in the road network of Dublin was equal to 76490, 
including also residential and secondary roads with very low traffic, roads were divided into 
major and minor roads based on the total number of traffic counts. Major roads are those that 
are represented explicitly as line sources. Minor roads are instead small roads which are not 
represented explicitly as line sources but are aggregated over one or more grid squares. 
Specifically, for Dublin, roads were considered as major if the total traffic count was higher 
than 500 vehicles/hour, while the other were treated as minor roads. The total number of major 
roads in the Bologna network resulting from this classification turns out to be 1822. Figure 10 
provides a map of PM10 emissions in Dublin major roads in the base case. 

 

Figure 10. Map of PM10 emissions (kg/hour) from road sources ("Major Roads") in Dublin in the base 
case in the peak hour (graduated colour scale). Background satellite map provided by ESRI, USGS, 
and CNES Airbus. 
 

The other roads with a traffic flow less than 500 vehicles/hour have been considered as minor 
roads, i.e. small roads which are not represented explicitly but whose emissions are combined 
(aggregated) over one or more grid squares (as opposed to a major road source which is 
modelled as an area. Line sources are converted to square areas of 1x1 km in geospatial 
modeling softwares, so that road sources are converted to grid sources considering all 
emissions from minor roads falling within each grid cell.  
Diurnal and monthly variability of the road traffic emissions were derived from the activity-
based model developed as part of D3.1 (Adnan et al., 2023). 
 

Industrial point sources 

Emissions and geometric features for specific industrial point sources in the Dublin area have 
been provided by EPA Environmental Protection Agency of Ireland in a dedicated report (Aves 
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and Williams, 2019). Specifically, the report provided emissions of NOx and PM10 pollutants, 
together with additional geometric details such as diameter and height of the sources, exit 
velocity, temperature and geographic coordinates. Figure 11 provides an example of PM10 
emissions from explicitly modelled industrial point sources in the Dublin area. 

 

Figure 11. Map of PM10 emissions (ton/year) from industrial point sources located in the Dublin area. 
The dimension of the symbol is proportional to the amount of PM10 emitted. Background satellite map 
provided by ESRI, USGS, and CNES Airbus. 
 

Area sources 

The Department of Environmental Sciences of the Aarhus University in collaboration with the 
Irish EPA have developed a high-resolution spatial mapping of the Irish emission inventory of 
GHG and non GHG emission sources for Ireland (MapEire). Specifically, by combining a large 
amount of statistical data with detailed spatial information, within the MapEire project Irish 
emissions havere spatially distributed on a grid with a geographical resolution of 1 km x 1 km 
(Plejdrup et al., 2018). Spatial emissions for 2019 are available as open data at 
https://projects.au.dk/mapeire/spatial-results/download. Gridded emissions from the national 
inventory are available split into the fifteen following GNFR sectors: 

1. A_Public Power: emissions from plants producing electricity and/or heat for the public 
grid; 

2. B_industry: emissions from combustion and processes in industry; 
3. C_OtherStationaryComb: emissions from small combustion sectors, e.g., commercial, 

institutional, residential and agricultural; 
4. D_Fugitive: fugitive emissions associated with production, refining, transport and 

storage of fuels; 
5. E_Solvents: emissions from the use of solvents; 

https://projects.au.dk/mapeire/spatial-results/download
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2.2.3 Hasselt 
As previously mentioned in Sect. 2.1.3, no major industrial source is present in Hasselt. The 
emission inventory developed for Hasselt considers APs and GHGs emissions released from 
road traffic and residential heating sources. The study area considers a domain of 14x12 km.  

Road traffic 

APs and GHGs emissions for all road sources in the Hasselt road network were estimated for 
the base case and for the two policy scenarios in D3.2 (Trozzi et al., 2023) using the traffic 
counts provided in D3.1 (Adnan et al., 2023). Additional road parameters such as road width, 
road length, canyon height and average speed for each road were estimated from geospatial 
calculation after matching of the road links with OpenStreetMap and DEM (Digital Elevation 
Model) data available as open data from Flanders 
(https://overheid.vlaanderen.be/en/producten-diensten/digital-elevation-model). 

Given that the total number of road links in the road network of Hasselt was equal to 7626, 
including also residential and secondary roads with very low traffic, roads were divided into 
major and minor roads based on the total number of traffic counts. Major roads are those that 
are represented explicitly as line sources. Minor roads are instead small roads which are not 
represented explicitly as line sources but are aggregated over one or more grid squares. 
Specifically, for Hasselt, roads were considered as major if the total traffic count was higher 
than 200 vehicles/hour, while the other were treated as minor roads. The total number of major 
roads in the Hasselt network resulting from this classification turns out to be 991 (Figure 13).  

 

Figure 13. Map of NO2 emissions (kg/hour) from road sources ("Major Roads") in Hasselt in the base 
case in the peak hour (graduated colour scale). Background satellite map provided by ESRI, USGS, 
and CNES Airbus. 
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Monthly and diurnal variation of residential heating sources were estimated considering the 
normal operating hours and operating periods (Mid-October to March) of residential heating 
sources in households in Limburg from the 3E consulting company (http://www.3e.eu/). 

 

2.3 Air quality and meteorological measurements 
Modeling requires a comprehensive understanding of the input variables, that for dispersion 
modeling includes meteorological quantities characterizing the simulated area and a 
knowledge of the background air pollutant concentration for the target area. This section is 
devoted to the meteorological description and assessment of air quality conditions for the 
investigated periods in each target city. Reference stations provide the data for this scope. 

2.3.1 Bologna 
Reference meteorological data for the city of Bologna are collected at the airport station (code: 
161400; 44.536074, 11.292230). Due to their location, airport stations provide an insight on 
local meteorological characteristics at the surface in an area which is both close to the target 
city but also unperturbed by the urban texture. Data from the monitoring station at Bologna 
airport can be downloaded from the worldmet R library (Carslaw, 2023) which contains 
functions to import data from more than 30,000 surface meteorological sites around the world 
managed by the National Oceanic and Atmospheric Administration (NOAA) Integrated 
Surface Database (ISD). Variables needed for the dispersion modeling include hourly 
averages of wind speed (m/s), wind direction (°), air temperature (°C), relative humidity (%), 
cloud cover (oktas), precipitation amount (mm/hour), solar radiation (W/m2). 

The investigation of the local meteorological conditions for the city of Bologna comprises two 
periods, summer (from July 19 to August 26, 2023) and winter (February 07 to March 08, 
2023) and respectively. Both periods correspond to intensive monitoring periods within the city 
center, useful to provide additional data for validating the simulations. 

 

Figure 15: Daily values of meteorological quantities during summer 2023: to the left, precipitation P 
(blue bars), cloud cover C (black squares) and solar radiation R (orange line); to the right, air 
temperature T (grey line) and relative humidity RH (green line). Shadowed areas are the standard 
deviation of the mean around the daily averages. 
 

The summer period shows fair weather conditions with partial cloudiness mostly accounting 
for 2-3 oktas and one precipitation event likely attributed to a summertime rainstorm (Figure 
15). The incoming solar radiation persists around the daily average of 300 Wm-2, which is in 
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line with a summer season in southern Europe characterized by fair weather. Air temperature 
and relative humidity are strongly affected by this dry and warm conditions. Apart for the rainy 
day, the daily average temperature is always above 20°C with an average over the period 
approaching the 28 °C. The clear sky tendency at the end of august also favors an increase 
of temperature, with daily averages above 30°C. Despite the high temperatures and the 
geographic location of Bologna, the relative humidity remains high on average, favoring 
conditions of thermal discomfort for the citizenship. 

Fair weather dominates also the first half of the winter period (Figure 18), with a small or 
absent cloud coverage and a daily averaged solar radiation of 150 Wm-2. This period lasts 
from February 7 to 20 and shows a rapid increase in daily mean temperatures as the cloud 
coverage drops to zero and continues to increase even after the solar radiation starts 
decreasing due to an incoming perturbation characterizing the second half of the winter period. 

 

Figure 16: Daily values of meteorological quantities during winter 2023: to the left, precipitation P (blue 
bars), cloud cover C (black squares) and solar radiation R (orange line); to the right, air temperature T 
(grey line) and relative humidity RH (green line). Shadowed areas are the standard deviation of the 
mean around the daily averages. 
 

Between February 20 and March 3, rain precipitations are detected, causing a delayed drop 
in the air temperature and a relative humidity constantly above the 80%. Solar radiation warms 
back the atmosphere after March 3, initiating the transition to the spring season with a rise in 
temperature and decrease in relative humidity. 



https://sdati-test.datamb.it/arex/
https://sdati-test.datamb.it/arex/
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and anthropization of the Po Valley does not allow for an efficient pollutant. During summer, 
ozone concentration approaches critical values for living beings. 

 

2.3.2 Dublin 
Reference meteorological data for the city of Dublin are collected at the airport station (code: 
039690; 53.42133 N, -6.27998 E). Data from the Dublin airport station can be downloaded 
from the worldmet R library as well as Bologna and Hasselt. Variables needed for the 
dispersion modeling include hourly averages of wind speed (m/s), wind direction (°), air 
temperature (°C), relative humidity (%), cloud cover (oktas), precipitation amount (mm/hour), 
solar radiation (W/m2).  

The investigation comprises two periods, spring (April 2022) and winter (December 2022) and 
respectively. In the remainder of this section, we analyze these periods to evaluate the local 
meteorological characteristics of interest for dispersion modeling. 

 

Figure 18: Daily values of meteorological quantities during April 2022: to the left, precipitation P (blue 
bars), cloud cover C (black squares) and solar radiation R (orange line); to the right, air temperature T 
(grey line) and relative humidity RH (green line). Shadowed areas are the standard deviation of the 
mean around the daily averages. 
 

April 2022 was a relatively dry month, with the presence of a dense cloud coverage during the 
first half of the month and sunnier conditions in the second (Figure 18). Sunny days are still 
affected by partial cloud coverage and constrained to ten days between 19/04 and 30/04. The 
remainder of the moth is exposed to sudden precipitations and continuous cloud coverage 
altering the typical daily behavior of air temperature and relative humidity as well as altering 
the day-to-day pollutants deposition. In these conditions, the alternation of dry and wet 
deposition is expected to modify the air pollutant dispersion: wet deposition is in fact the result 
of rain washes of the pollutant from the atmosphere, while dry deposition is an aerodynamic 
process as well as the dispersion. 

Under clear sky or small clod coverage, the air temperature is directly impacted by the solar 
radiation which becomes the primary source of heating for the ground surfaces and then the 
atmosphere. With dense cloud coverages, this direct dependency is lost as other factors 
becomes important, from the warm/cold air advection due to the wind to the air topping 
favoring stagnation. This difference is at the basis of the high air temperature periods 11-17/04 
(due to cloud coverage but almost no rain) and 21-24/04 (due to insolation). The high relative 
humidity is given partially by the cloud cover, as clouds are evidence of large water content in 
the air, and the vicinity of the city to the sea. 

https://cran.r-project.org/web/packages/worldmet/index.html




https://airquality.ie/
https://www.epa.ie/publications/monitoring--assessment/air/Air-Quality-Bulletin-Annual-2022.pdf
https://www.who.int/publications/i/item/9789240034228
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PM2.5 concentrations close to the annual average, setting themselves above (December) and 
along (April) the guideline threshold.  

2.3.3 Hasselt 
Reference meteorological data for the city of Hasselt are collected at Diepenbeek airport 
(code: 064770; 50.92 N, 5.45 W). Data can be downloaded from the worldmet R library which 
by the National Oceanic and Atmospheric Administration (NOAA) Integrated Surface 
Database (ISD). As for Bologna and Dublin airports, the sites are useful to characterize the 
meteorological conditions in the proximity of the city without the impact of the urban texture. 
Variables monitored at Diepenbeek include hourly averages of wind speed (m/s), wind 
direction (°), air temperature (°C), relative humidity (%), cloud cover (oktas), precipitation 
amount (mm/hour). 

The investigation comprises two periods, spring (May 2022) and winter (January 2022) and 
respectively. In the remainder of this section, we analyze these periods to evaluate local 
meteorological characteristics of interest for dispersion modeling. 

 

Figure 21: Daily values of meteorological quantities during May 2022: to the left, precipitation P (blue 
bars) and cloud cover C (black squares); to the right, air temperature T (grey line) and relative humidity 
RH (green line). Shadowed areas are the standard deviation of the mean around the daily averages. 
 

May 2022 presents a medium (4-6 oktas) but continuous cloud coverage, giving rise to several 
precipitation events with consistent daily amounts only on 19-20/05 and 23-24/05 (Figure 21). 
Daily precipitations below 2 mm/day are observed throughout the month in clusters of 2-to-3 
days. In these conditions, the alternation of dry and wet deposition is expected to modify the 
air pollutant dispersion as well as air temperature and relative humidity. The relative humidity 
remains high and relatively in line with cloud coverage and precipitation amounts, despite no 
daily saturation is achieved. Air temperature remains high especially during rainy days, while 
advection and radiative cooling is expected to decrease the air temperature in absence of 
precipitation. 

Cloud coverage is even more continuous and dense (5-8 oktas) during January 2022 (Figure 
22), resulting in larger precipitation amounts which are almost only continuously distributed 
during the first ten days of the month. This initial period of precipitation will contribute to 
improve air quality due to the consistent wet deposition induced by the continuous rain, which 
counteract most of the emissions especially in the rural areas where they are already expected 
to be lower than the urban settlements. 

https://cran.r-project.org/web/packages/worldmet/index.html
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Figure 22: Daily values of meteorological quantities during January 2022: to the left, precipitation P 
(blue bars) and cloud cover C (black squares); to the right, air temperature T (grey line) and relative 
humidity RH (green line). Shadowed areas are the standard deviation of the mean around the daily 
averages. 
 

Apart from the first five days of January, the air temperature remains small for the entire month, 
with oscillations up to 6°C. The large thermal excursion between January and May can be 
attributed in part to the meteorological characteristics of 2022 and in part to the influence of 
continental climate on the Belgian region. The relative humidity is always above 80% and 
close to saturation for most of the month, enabling the particle (mostly particulates) 
hygroscopic growth triggering both cloud formation and air pollutant deposition. 

 

Figure 23: Wind rose for May (left) and January (right) hourly wind speeds and directions. 
 

Wind roses in Hasselt are quite consistent between January and May 2022 (Figure 23). The 
most frequent wind direction is west-south-west, describing air masses that flows from the 
Atlantic Ocean over Western and Central Europe and passing on the Belgian region. 
Oscillations of this flow are observed within the same month but are quite consistent through 
seasons: these oscillations account for the frequent and strong winds coming from the macro-
sector west-north-west to south-west during May, which expands southerly during January. 
Winds from north and east are also observed during May, but with very wind speed below 2 



https://www.irceline.be/en/air-quality/measurements/monitoring-stations
https://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-quality-database-8
https://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-quality-database-8
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simulations reported in the following was conducted taking advantage of data from certified 
high-end sensing technologies from the ARPAE Environmental Protection Agency, who 
collaborated with the Living Lab in the setup and realization of the experimental field 
campaigns  

The following Figure represents the location of the air quality measuring stations in Bologna 
domain area. The map also shows the location of the meteorological station at the Bologna 
airport. 

 

Figure 24. Map of the ARPAE air quality stations within the Bologna simulation domain used for the 
evaluation of the performance of the numerical simulations (red and pink markers). The red markers 
are the fixed air quality stations, while the pink markers are the two further air quality stations used 
within two intensive field campaigns in Bologna. Source of the background map: OpenStreet Map. 
 

2.5.2 Dublin 
Validation of dispersion modeling simulations carried out for Dublin was performed comparing 
hourly average concentrations of APs (NO2, O3, PM10 and PM2.5) observed at several EPA 
roadside and background air quality measuring stations located within the domain 
(Winetavern, Swords Airport, Ringsend, Dun Laoghaire, Rathmines, Ballyfermot, 
Blanchardstown, Clonskeagh, Pearse Street, Davitt Road, St Anne's Park, St John Road) with 
those simulated during the 2022 year, within the spring (April) and winter (December) periods. 

The following Figure represents the location of the air quality measuring stations in Dublin 
simulation domain area. 
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Figure 25. Map of air quality stations of the Irish EPA used for the evaluation of the performance of the 
numerical simulations in Dublin (green markers). Source of the background map: OpenStreet Map. 
 

2.5.3 Hasselt 
Validation of dispersion modeling simulations carried out for Hasselt was performed 
comparing hourly average concentrations of APs (NOx, NO2, O3, PM10 and PM2.5) observed 
at the VMM air quality measuring station of Hasselt located within the domain with those 
simulated during the 2022 year, within the spring (April) and winter (January) periods. The 
following Figure represents the location of the Hasselt VMM air quality station. 
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Figure 26. Map of air quality station of the VMM Flanders EPA used for the evaluation of the 
performance of the numerical simulations in Hasselt (green marker). Source of the background map: 
OpenStreet Map. 

3 Simulations in the current baseline scenario 
In this section, we present the results of the dispersion modeling simulations for the three cities 
in the current (baseline) scenario. These simulations serve firstly to evaluate and validate the 
setup of our simulations, comparing the simulated air pollution values with those observed 
(Sect. 3.1). After that, spatial variability of APs and GHGs concentrations in the current 
scenario is presented and discussed (Sect. 3.2). 

3.1 Validation of the simulations 
This Section presents the evaluation of the dispersion modeling simulations conducted in the 
three cities comparing the simulated air pollution concentration values with those observed at 
reference air quality monitoring stations as described earlier in Sect 2.5. Considering the 
relevant seasonal pattern exhibited by APs (and GHGs), previously discussed and presented 
in Section 2.3, the setup of dispersion modeling simulations for each city is here evaluated 
during two different periods representative of the cold and warm / transition seasons.  

3.1.1 Bologna 
The statistical evaluation of the numerical simulations for Bologna was conducted comparing 
simulated concentrations in February-March 2023 and July-August 2023 with those observed 
at several air quality stations in Bologna and calculating the metrics presented in Section 2.5. 
In particular, the assessment was carried out considering NOx, NO2, O3, PM10 and PM2.5 
concentrations. 

The following Table (Table 5) report the calculated statistical indicators for the evaluation of 
the performance of the numerical simulations for all APs for the two winter and summer 
periods. The parameters indicate that the model reproduce reasonably well the pattern of 
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observed concentrations. However, for some APs and in particular for some stations, the 
simulations present high biases against observed concentrations. In particular, the modelled 
NOx concentrations are generally lower than the observed ones except for via Chiarini where 
on the contrary the model tends to underestimate observed concentrations. In particular, 
observed NOx concentrations tends to be much higher than the simulated values at the Berti 
Pichat roadside station, probably because of the vicinity of this station to a very highly 
trafficked road part of the Bologna ring road. Conversely, modelled NO2 concentrations tend 
to be lower than observed values except for via Chiarini, though for NO2 the bias tends to be 
lower than for NOx. This in turn reflects on O3 which is generally slightly overestimated at all 
stations, with a stronger bias at Berti Pichat probably due to the high underestimation of NOx 
simulated concentrations there. The tendency for NOx simulated values to present a higher 
bias against observations than NO2 suggest a potential issue in NO2/NOx emission ratios or 
in the background NOx concentrations advected to the dispersion sites. As for PM, both PM10 
and PM2.5 observed concentrations are simulated reasonably well, with a higher bias for 
PM10 than for PM2.5. However, while PM2.5 is overestimated at all stations, PM10 presents 
biases in both directions, with a tendency for underestimating values at Berti Pichat and Irnerio 
stations. The tendency for PM2.5 to be overestimated might be associated with the assumed 
PM2.5/PM10 emission ratios and with the PM2.5 background concentrations. However, with 
NMSE ranging between 0.04 (O3 at via Chiarini) and 2.06 (NOx at Berti Pichat), R in the range 
0.47-0.90 (NOx at Giardini Margherita and NO2 at Berti Pichat respectively), and Fb in the 
range 0.00-1.07 (in absolute values, respectively for O3 at Irnerio and NOx at Berti Pichat), we 
can conclude that the performance of the dispersion simulations is reasonable.  

Table 5. Statistics of daily observed and modelled concentrations of NOx, NO2, O3, PM10 and PM2.5 
concentrations (µg/m3) in Bologna air quality stations in the period of February-March 2023. SD stands 
for standard deviation, NMSE stands for Normalized Mean Square Error, R stands for correlation 
coefficients, R2 is the coefficient of determination, FA2 is the factor of 2, Fb is the fractional bias. 

Parameter Station name Station type 
Mean ± SD 

NMSE R R2 FA2 Fb 
Observed Simulated 

NOx 

Berti Pichat roadside 156.8 ± 73.8 47.8 ± 18.2 2.06 0.82 0.67 0.12 -1.07 

Irnerio roadside 65.3 ± 32.3 47.1 ± 17.7 0.26 0.77 0.59 0.92 -0.32 

Porta San Felice urban traffic 83.3 ± 26.7 46.1 ± 17.4 0.49 0.56 0.31 0.59 -0.58 

Giardini Margherita background urban 28.6 ± 15.2 39.7 ± 16.0 0.34 0.47 0.22 0.72 0.32 

via Chiarini background suburban 35.5 ± 14.5 42.6 ± 17.8 0.21 0.49 0.24 0.81 0.18 

NO2 

Berti Pichat roadside 53.6 ± 13.5 29.7 ± 9.7 0.38 0.90 0.80 0.72 -0.57 

Irnerio roadside 35.8 ± 12.9 29.6 ± 9.5 0.08 0.84 0.70 1.00 -0.19 

Porta San Felice urban traffic 45.1 ± 8.2 29.5 ± 8.6 0.22 0.69 0.47 0.85 -0.42 

Giardini Margherita background urban 20.8 ± 8.2 25.9 ± 8.5 0.18 0.49 0.24 0.80 0.22 

via Chiarini background suburban 24.8 ± 6.9 27.4 ± 9.3 0.09 0.60 0.36 0.96 0.10 

O3 

Berti Pichat roadside 21.7 ± 10.1 52.3 ± 14.6 0.90 0.81 0.66 0.29 0.83 

Irnerio roadside 50.3 ± 17.7 50.3 ± 14.9 0.06 0.74 0.55 0.95 0.00 

Giardini Margherita background urban 50.0 ± 21.0 53.5 ± 14.9 0.10 0.66 0.43 0.96 0.07 

via Chiarini background suburban 54.6 ± 17.4 54.8 ± 15.4 0.04 0.77 0.59 1.00 0.01 

PM10 

Berti Pichat roadside 56.8 ± 23.0 34.7 ± 21.7 0.33 0.83 0.69 0.70 -0.48 

Irnerio roadside 38.1 ± 17.9 35.6 ± 21.7 0.11 0.84 0.71 0.88 -0.07 

Porta San Felice urban traffic 33.3 ± 16.3 34.4 ± 21.0 0.14 0.82 0.67 0.90 0.03 

Giardini Margherita background urban 27.0 ± 14.1 34.1 ± 21.0 0.23 0.80 0.63 0.92 0.23 

via Chiarini background suburban 30.1 ± 13.0 34.1 ± 21.0 0.17 0.82 0.68 0.90 0.12 

PM2.5 Berti Pichat roadside 25.7 ± 13.8 29.5 ± 18.6 0.17 0.83 0.69 0.89 0.14 
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Irnerio roadside 24.2 ± 13.4 30.2 ± 19.0 0.20 0.85 0.71 0.85 0.22 

Porta San Felice urban traffic 22.7 ± 15.2 29.2 ± 18.3 0.25 0.83 0.68 0.79 0.25 

Giardini Margherita background urban 22.0 ± 11.4 29.0 ± 18.4 0.44 0.60 0.36 0.85 0.27 

 

Below we report some example plots showing the time pattern of observed and simulated APs 
concentrations at different air quality stations in Bologna for the two periods. The plots show 
again the discussed biases against observed concentrations, though also show the goodness 
in reproducing the temporal variability of observed concentrations. 

 

 

Figure 27. Comparison of hourly measured (blue) and simulated (red) concentrations of NOx, NO2, O3, 
and daily PM10, and PM2.5 at different Bologna air quality stations in the period of February-March 
2023. 
 

Below we present some example plots (Figure 28) illustrating the comparison of observed and 
simulated diurnal patterns for gaseous APs (as for PM only daily average concentrations are 
available) at the via Chiarini air quality station in Bologna.  



[Deliverable 3.4] - [Impact of behavioral changes on CO2, GHGs, SLCFs, and APs 
concentrations]          I-CHANGE       

56 
 

 

Figure 28. Mean measured (blue) and simulated (red) diurnal patterns for NOx, NO2, and O3 

concentrations in the period of February-March 2023 at the via Chiarini Bologna air quality station. 
 

In the following Table (Table 6), we report statistical parameters for the validation of the 
dispersion modeling simulations conducted in the summer (July-August) 2023 period.  

Table 6. Statistics of daily observed and modelled concentrations of NOx, NO2, O3, PM10 and PM2.5 
concentrations (µg/m3) in Bologna air quality stations in the period of July-August 2023. SD stands for 
standard deviation, NMSE stands for Normalized Mean Square Error, R stands for correlation 
coefficients, R2 is the coefficient of determination, FA2 is the factor of 2, Fb is the fractional bias. 
 

Parameter Station 
name 

Station 
type 

Mean ± SD 
NMSE R R2 FA2 Fb 

Observed Simulated 

NOx 

Berti Pichat roadside 39.2 ± 9.8 15.7 ± 5.4 1.10 -0.02 0.00 0.24 -0.85 

Irnerio roadside 17.7 ± 2.9 15.8 ± 4.9 0.12 0.05 0.00 0.97 -0.11 

Porta San Felice urban traffic 48.4 ± 13.7 14.7 ± 4.2 1.87 0.16 0.03 0.14 -1.07 

Giardini Margherita background urban 8.0 ± 2.5 11.8 ± 4.0 1.10 -0.02 0.00 0.24 -0.85 

via Chiarini background suburban 9.6 ± 2.4 11.9 ± 3.9 0.21 0.11 0.01 0.89 0.22 

NO2 

Berti Pichat roadside 24.2 ± 5.4 13.0 ± 4.5 0.57 -0.11 0.01 0.46 -0.60 

Irnerio roadside 15.1 ± 2.4 13.3 ± 4.3 0.14 0.01 0.00 0.97 -0.13 

Porta San Felice urban traffic 36.5 ± 9.2 12.5 ± 3.9 1.46 0.13 0.02 0.14 -0.98 

Giardini Margherita background urban 6.9 ± 2.1 10.2 ± 3.6 0.38 0.11 0.01 0.81 0.39 

via Chiarini background suburban 8.6 ± 2.0 10.4 ± 3.5 0.21 0.08 0.01 0.89 0.19 

O3 

Berti Pichat roadside 93.3 ± 18.3 102.4 ± 16.1 0.02 0.80 0.63 1.00 0.09 

Irnerio roadside 109.4 ± 17.3 101.6 ± 14.8 0.01 0.82 0.68 1.00 -0.07 

Giardini Margherita background urban 121.2 ± 18.5 107.5 ± 16.0 0.02 0.89 0.79 1.00 -0.12 

via Chiarini background suburban 116.5 ± 19.2 108.9 ± 16.0 0.01 0.92 0.84 1.00 -0.07 

PM10 

Berti Pichat roadside 25.8 ± 9.1 18.4 ± 6.7 0.23 0.59 0.35 0.87 -0.33 

Irnerio roadside 17.4 ± 6.1 18.4 ± 6.7 0.11 0.59 0.35 1.00 0.06 

Porta San Felice urban traffic 16.3 ± 6.8 18.4 ± 6.7 0.13 0.62 0.39 1.00 0.12 

Giardini Margherita background urban 17.9 ± 6.0 18.2 ± 6.7 0.05 0.81 0.65 1.00 0.02 

via Chiarini background suburban 18.0 ± 6.3 18.2 ± 6.7 0.06 0.76 0.58 1.00 0.01 

PM2.5 
Berti Pichat roadside 10.4 ± 5.7 10.5 ± 4.4 0.21 0.59 0.34 1.00 0.02 

Irnerio roadside 8.8 ± 3.7 10.5 ± 4.4 0.08 0.88 0.78 1.00 0.18 
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Porta San Felice urban traffic 9.2 ± 3.9 10.5 ± 4.4 0.06 0.88 0.77 1.00 0.13 

Giardini Margherita background urban 9.1 ± 4.8 10.4 ± 4.4 0.10 0.82 0.68 0.82 0.14 

 

The analysis of the statistical parameters for the summer period suggests that in this case the 
simulations perform very well for O3, PM10 and PM2.5, but not so for NOx and NO2, which 
present very low correlations and high biases at all stations. A closer look of the time plots for 
the average values of observed and simulated APs (Figure 29), however, shows that the 
agreement between simulations and observations is really good for O3, PM10 and PM2.5, 
while for NOx and NO2 it is undoubtedly worse especially in the second part of period in 
August. The reason for this disagreement is still under study. However, the agreement found 
for the other APs suggests that the overall setup utilized for dispersion modeling simulations 
for Bologna is fine.  

  

Figure 29. Mean observed (black) and simulated (green) time pattern for NOx, NO2, O3, PM10 and 
PM2.5 concentrations in the period of July-August 2023. The two lines represent average 
concentrations for all stations of Bologna. 
 

3.1.2 Dublin 
The statistical evaluation of the numerical simulations for Dublin was conducted comparing 
hourly simulated concentrations in April and December 2022 with those observed at several 
air quality stations in Dublin and calculating the metrics presented in Section 2.5. In particular, 
the assessment was carried out considering NO2, O3, PM10 and PM2.5 concentrations. 
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Rathmines background urban 19.3 ± 9.4 12.2 ± 6.4 0.45 0.62 0.38 0.62 -0.45 

Ringsend traffic suburban 18.4 ± 18.9 11.8 ± 5.9 1.78 0.21 0.04 0.81 -0.44 

St Anne's park background suburban 12.5 ± 3.7 12.3 ± 5.6 0.14 0.57 0.33 0.94 -0.01 

St John road traffic urban 15.1 ± 6.9 13.1 ± 6.6 0.20 0.62 0.39 0.94 -0.15 

Swords airport background urban 10.7 ± 4.0 15.9 ± 8.8 0.49 0.52 0.27 0.90 0.39 

PM2.5 

Ballyfermot background suburban 10.2 ± 4.8 8.8 ± 4.7 0.19 0.67 0.45 0.87 -0.15 

Blanchardstown background suburban 10.1 ± 4.4 15.6 ± 6.8 0.36 0.68 0.46 0.74 0.43 

Clonskeagh background suburban 9.8 ± 5.3 8.1 ± 4.6 0.25 0.67 0.44 0.90 -0.18 

Davitt road roadside 10.5 ± 5.6 8.4 ± 4.7 0.29 0.60 0.36 0.90 -0.22 

Dun Laoghaire roadside 10.4  ± 4.9 8.1  ± 4.4 0.26 0.63 0.39 0.84 -0.24 

Pearse street background urban 9.9 ± 4.7 8.4 ± 4.7 0.17 0.72 0.52 0.94 -0.17 

Rathmines background urban 14.5 ± 8.7 8.0 ± 4.4 0.70 0.74 0.55 0.66 -0.58 

Ringsend traffic suburban 9.8 ± 5.8 8.2 ± 4.6 0.43 0.43 0.18 0.87 -0.18 

St Anne's park background suburban 9.1 ± 4.2 8.3 ± 4.5 0.14 0.73 0.54 0.90 -0.09 

St John road traffic urban 10.5 ± 5.5 8.4 ± 4.7 0.22 0.71 0.51 0.90 -0.22 

Swords airport background urban 7.2 ± 3.0 8.9 ± 4.8 0.23 0.71 0.50 0.97 0.20 

 

Below we report some example plots (Figure 30 and Figure 31) showing the time pattern of 
observed and simulated APs concentrations at different air quality stations in Dublin for both 
months. The plots show again the tendency for simulations to underestimate NO2, PM10 and 
PM2.5 concentrations, and to overestimate O3 concentrations. Also, the plots show that while 
April simulations perform better for gaseous pollutants, while December simulations are in 
better agreement with observations as for particulate matter concentrations. 

 

Figure 30. Comparison of hourly measured (blue) and simulated (red) concentrations of NO2, O3, PM10, 
and PM2.5 at different Dublin air quality stations in the month of April 2022. 




































































































































































































































