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1. About this document  

T4.3 from the WP4 of RI-URBANS deals with urban fine scale mapping including innovative modelling, 

monitoring, and crowdsourcing. This has taken advantage of developed Service Tools (STs) from WP1 to 

3 for the European urban areas to describe the variability of outdoor exposure of ultrafine particles (UFP) 

and other pollutants using modelling tools, mobile measurements of UFP, black carbon (BC) and mid-cost 

sensors for measuring atmospheric particulate matter (PM), novel dispersion measurements, and the 

participation of networks of citizens and new innovative instruments by SMEs. This document (D27(D4.6)) 

summarises the results of these mapping tasks. 

This is a public document that will be distributed to all RI-URBANS partners for their use and submitted to 

European Commission as a RI-URBANS deliverable D27 (D4.6). This document can be downloaded at 

https://riurbans.eu/work-package-4/#deliverables-wp4 

Different techniques may be used to provide high-resolution outdoor exposure city maps for pollutants 

related to health effects, using modelling tools, mobile measurements of nanoparticles, BC and PM mid-

cost sensors, novel dispersion measurements, and the participation of networks of citizens and new 

innovative instruments. In cities, the urban background concentrations are often simulated with chemical 

transport models, which typically have horizontal resolutions coarser than 1 km x 1 km, and they cannot 

capture the city heterogeneities. Variability along traffic axes and streets is particularly important for NO2, 

black carbon (BC), ultrafine particle (UFP) represented by the number of particles (PN), PM2.5 and PM10. 

This variability may differ depending on season, and a resolution below 100 m may be necessary to 

characterise them. Depending on the pilot city, two main approaches are used to represent these 

heterogeneities: 

• Deterministic models with a multi-scale and multi-pollutant (NO2, PM2.5, PM10, black carbon (BC), 

Number concentrations) approach (Paris, Birmingham and Athens). 

• Analysis of mobile monitoring and/or citizen observations using Land Use Regression (LUR) modelling 

(Rotterdam, Bucharest) to map Number, PM2.5, PM10, NO2 concentrations. 

The modelled concentrations are evaluated against routine monitoring when possible. This is sometimes 

difficult because of the sparsity of monitoring data, especially for non-regulated pollutants. It is desirable 

to evaluate the models at different types of stations characteristic of urban areas (traffic, urban 

background, suburban). For cities using LUR modelling, only the mean concentrations may be compared 

to measurements. For cities using deterministic modelling, more detailed statistics of comparisons are 

performed, as daily concentrations are explicitly estimated: the root-mean-square-error (RMSE), the 

mean fractional bias (MFB), the mean fractional error (MFE), the correlation (R) and the factor 2 (FAC2) 

are estimated. FAC2 measures the fraction of estimates within a factor of two of the observations. Boylan 

and Russel (2006) defined a model performance criteria and goal, that is based in MFB and MFE: the 

model performance criteria are satisfied if MFE < 75% and MFB < ±50%, while the model performance 

goal is satisfied if MFE< 50% and MFB < ±30%. Note that the performance criteria and goal relate to both 

MFB and MFE, as errors may compensate to give a low bias. FAC2 should be as close to 1 as possible, and 

a model is estimated to perform relatively well if FAC2 is greater than 0.3 or 0.5 (Hanna and Chang, 2012).  

http://www.riurbans.eu/
https://riurbans.eu/work-package-4/#deliverables-wp4
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To characterise the air pollution variability in the pilot cities, concentrations are mapped for a Winter and 

a Summer period, and the concentration differences between these two periods are compared.  

The variability of concentrations for each pilot city is quantified using the normalised standard deviation 

(NSD). The NSD gives information about the variability of the local-scale concentrations. It is estimated 

within grid cells of 1 km x 1 km, as well as over specific areas, e.g. urban, suburban areas. As defined in 

the milestone M3.5, the normalised standard deviation (NSD) within a 1 km x 1 km grid can be written as 

𝑁𝑆𝐷 =
√1

𝑛
∑ (𝐶𝑙𝑜𝑐(𝑖, 𝑗) − 𝐶𝑙𝑜𝑐)

2

𝑖,𝑗

𝐶𝑙𝑜𝑐

 

where 𝐶𝑙𝑜𝑐 is the mean of the sub-grids and n the total number of sub-grids within the 1 km x 1 km grid 

or within the domain.  

For cities using deterministic modelling with a chemistry-transport model to estimate urban background 

concentrations (Paris and Athens), the Normalised Mean Bias (NMB) may be used to quantify the 

differences between the sub-grid variability and the regional-scale urban background concentrations 

simulated with a chemistry-transport model (CTM) of 1 km x 1 km resolution: 

𝑁𝑀𝐵 =
∑ (𝐶𝑙𝑜𝑐(𝐼, 𝐽) − 𝐶𝑟𝑒𝑔(𝐼, 𝐽))𝐼,𝐽∈𝐷

∑ 𝐶𝑟𝑒𝑔(𝐼, 𝐽)𝐼,𝐽∈𝐷
 

where I,J are the regional-grid indices. 

To estimate the impact of the sub-grid variability on population exposure, and to provide a more realistic 

estimate of exposure within a grid, the sub-grid variability of (the health-related indicator of) population 

exposure to air pollution is calculated. Population exposure corresponds here to outdoor exposure. The 

outdoor population exposure is assessed by multiplying the population data at the residential address. 

The population weighted concentration (PWC) in any model grid (I,J) with sub-grids (i,j) within that grid, 

is calculated using the following equation 

𝑃𝑊𝐶(𝐼, 𝐽) =
∑  𝑝𝑜𝑝(𝑖, 𝑗) 𝐶𝑙𝑜𝑐(𝑖, 𝑗)𝑖∈𝐼,𝑗∈𝐽

∑  𝑝𝑜𝑝(𝑖, 𝑗)𝑖∈𝐼,𝑗∈𝐽
 

where I,J denote the 1 km x 1 km grid values, the i,j denote the sub-grid model values, and is the 

population with residential address within the grid cell i,j. The Exposure Scaling Factor (ESF) is defined as 

the ratio of the PWC to the regional scale concentration. This ESF may be used to correct regional-scale 

concentrations to provide a better estimate of the outdoor concentrations to which people are exposed. 

First we present results from the individual pilot cities and then provide the summary of the results in the 

last section of this deliverable.  

 

2. Paris Pilot 

The concentration variability and outdoor population exposure in Paris are estimated using the multi-scale 

modelling chain CHIMERE/MUNICH/SSH-aerosol and the detailed population data from the MAJIC database 

(Letinois, 2014).  

http://www.riurbans.eu/
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The urban background concentrations are simulated by the CHIMERE model (Menut et al. 2021) coupled to aerosol 

module SSH-aerosol (Sartelet et al. 2020), using nested domains down to Greater Paris. The domain of simulation 

is discretized with a 1 km x 1 km resolution and a zoom is performed down to the streets of Paris with the street-

network model MUNICH (Lugon et al. 2021, Kim et al. 2022). As the same chemistry and aerosol module is used at 

the regional scale and in the street network, the representation of chemistry and aerosol dynamics is coherent at 

all scales, from the street to the background.  As black carbon (BC) and Particulate Number (PN) are strongly 

influenced by traffic, a bottom-up approach is used for emissions, as detailed in the deliverable of WP3.1. The road 

traffic emissions data were produced by the Parisian air quality agency (Airparif) based on the results obtained 

using the Heaven system corrected from the count data received in near-real time. In the chain CHIMERE/MUNICH, 

the regional-scale traffic emissions were estimated by aggregating the local-scale emissions corrected from the 

local traffic counts. 

For other activity sectors, the Aiparif inventory of 2019 was used.  Number emissions were estimated from the 

Airparif inventory using the methodology detailed in Sartelet et al. (2022).  Biogenic emissions were calculated using 

the Model of Emissions of Gases and Aerosols from Nature (MEGAN), as implemented in CHIMERE. 

The MAJIC database is used to estimate the outdoor population exposure. This database determines the number 

of inhabitants in the different buildings of Paris city, crossing several databases, such as residential premises from 

the MAJIC property database and population statistics. The data is cross-referenced with IGN spatial databases (BD 

PARCELLAIRE and BD TOPO) and INSEE population statistics to estimate the number of inhabitants in each building. 

This methodology guarantees the consistency of the spatialization of the population. 

2.1 Comparison of Summer and Winter concentrations 

The multi-scale simulations are performed for Summer (from 1 June 2022 to 31 July 2022) and Winter (from 1 

December 2020 to 31 January 2021). Figure 2.1 shows the NO2, BC, PM2.5, and PN (number of particles of diameters 

higher than 10 nm) concentrations for Summer and Winter using CHIMERE/MUNICH. The concentrations of NO2 

tend to be higher along streets with high traffic in both seasons (Figures 2.1a and 2.1b). The spatial distributions of 

BC, PM2.5, and PN are similar to NO2. The concentrations of NO2, BC, PM2.5, and PN are higher in Winter than in 

Summer, probably because the boundary layer height is lower in Winter, leading to an accumulation of 

anthropogenic pollutants emitted in the city. Also, during the Winter season, the contributions of residential 

emissions from heating tend to increase particle concentrations. In Winter, the difference in concentration between 

the background and street concentrations seems relatively lower compared to Summer, in particular for PM2.5.  

The simulated concentrations are evaluated by comparison to measurement stations using statistics such as Mean 

Fractional Bias (MFB), Mean Fractional Error (MFE), and root-mean-square error (RMSE) in Tables 2.1 to 2.4. For all 

pollutants and at all station types, the mean concentrations compare well to the observations satisfying the model 

performance criteria (MFE < 75%, MFB < ±50%) and in most cases the model performance goal (MFE< 50% and MFB 

< ±30%) of Boylan and Russell (2006). For comparisons to observations, as the model simulates EC, the EC 

concentrations are corrected to BC concentrations, using a harmonization factor, following Savadkoohi et al. (2023). 

A harmonization factor of 1.76 was determined for Paris in the Summer 2022 using EC and BC colocated 

measurements at Les Halles station, which is a urban background station operated by Airparif in the center of Paris. 

Although the modelled concentrations satisfy the model performance criteria for BC (Table 2.2), urban background 

BC is under-estimated during Wintertime at background stations, linked to uncertainties in the speciation of 

emissions from the residential sector. However, BC is very well modelled during Summertime and at traffic sites, 

satisfying the model performance goal. For NO2 and PM2.5, the CHIMERE/MUNICH reproduces the concentrations 

in both seasons well (Table 2.3), satisfying the model performance goal. PN concentrations are also well modelled. 

Note that there is no measurement of PN at traffic stations in Winter. 

http://www.riurbans.eu/
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

Figure 2.1. NO2 [(a) and (b)], BC [(c) and (d)], PM2.5 [(e) and (f)], and PN [(g) and (g)] concentrations simulated for Summer 

(left panels) and Winter (right panels) using CHIMERE/MUNICH. 
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Table 2.1. NO2 model to measurement comparisons at background and traffic stations for Summer and Winter. 

NO2 station 
Stat.  

Type 

Obs. 

(µg m-3) 

Sim. 

(µg m-3) 
MFE (%) MFB (%) 

RMSE 

(µg m-3) 

FAC2 

(%) 

R 

(%) 

Summer 
Urban 21 15.0 15.6 34 5 6.7 88 52 

Traffic 10 40.0 41.0 26 4 13.9 93 69 

Winter 
Urban 21 24.7 26.7 30 5 9.1 92 75 

Traffic 9 42.2 51.7 30 22 16.1 93 50 

 

Table 2.2. BC model to measurement comparisons at background and traffic stations for Summer and Winter. 

BC station 
Stat.  

Type 

Obs. 

(µg m-3) 

Sim. 

(µg m-3) 
MFE (%) MFB (%) 

RMSE 

(µg m-3) 

FAC2 

(%) 

R 

(%) 

Summer 
Urban 4 0.77 0.72 50 0 0.5 63 48 

Traffic 3 2.26 1.99 37 4 1.0 93 81 

Winter 
Urban 5 1.10 0.70 47 -38 0.7 67 53 

Traffic 2 3.09 2.89 45 10 1.7 75 49 

 

Table 2.3. PM2.5 model to measurement comparisons at background and traffic stations for Summer and Winter. 

PM2.5 station 
Stat.  

Type 

Obs. 

(µg m-3) 

Sim. 

(µg m-3) 
MFE (%) MFB (%) 

RMSE 

(µg m-3) 

FAC2 

(%) 

R 

(%) 

Summer 
Urban 8 7.2 8.3 33 21 3.1 88 61 

Traffic 3 11.2 11.8 20 7 2.9 97 65 

Winter 
Urban 8 11.2 12.1 41 17 6.2 81 69 

Traffic 2 16.3 18.5 29 18 6.2 94 67 

 

Table 2.4. PN model to measurement comparisons at background and traffic stations for Summer and Winter. 

PN station 
Stat.  

Type 

Obs. 

(# m-3) 

Sim. 

(# m-3) 
MFE (%) MFB (%) 

RMSE 

(# m-3) 

FAC2 

(%) 

R 

(%) 

Summer 
Urban 3 8145 5843 41 -34 3562 95 63 

Traffic 1 9141 7713 23 -13 2521 100 73 

Winter 
Urban 4 7396 7342 32 0 3057 96 60 

Traffic - - - - - - - - 
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2.2 Variability within 1 km x 1km areas 

Although the spatial distributions of NO2, BC, PM2.5, and PN seem similar from the maps displayed in the previous 

section, their sub-grid variability is quantified using the normalised standard deviation (NSD) and the normalised 

mean bias (NMB). The NSD gives information about the variability of the concentrations at the local scale, while the 

NMB compares the differences between regional and average local-scale concentrations. 

The distributions of NSD for BC and PN are similar between Summer and Winter (Figure 2.2), despite higher 

concentrations observed in Winter compared to Summer (Figure 2.1). The NSD is relatively higher in grids that 

include high-traffic roads (Paris ring roads). This indicates the relatively high concentration differences between 

Paris ring roads and surrounding streets. For BC, PM2.5, and PN, the NSD is similar between Summer and Winter, 

except for NO2 (Table 2.5). NO2 concentrations in Winter are high on most roads in Paris (Figure 2.1), with relatively 

small differences in concentrations between roads, resulting in low NSD in Winter compared to Summer. PM2.5 has 

a lower variability of concentration between roads compared to NO2, BC, and PN in both seasons. 

The distribution and average NMB have similar tendencies as NSD (Figure 2.2 and Table 2.5). The NMB also tends 

to be higher along the Paris ring road compared to the city centre. The NMB is very high for BC and NO2 in Winter, 

indicating bias as large as 75-87% between the regional-scale concentrations and the local-scale ones for BC. The 

NMB is high for PN as well, ranging between 38% and 45% in average. The NMB for PM2.5 is lower than for other 

pollutants, about 9%. As for the NSD, the NMB is similar in Winter and Summer, except for NO2 for which the NMB 

is lower in Winter compared to Summer.  

 

Table 2.5. Average NSD and NMB of NO2, BC, PM2.5, and PN in Paris for Summer and Winter. 

Paris 
NSD NMB 

NO2 BC PM2.5 PN NO2 BC PM2.5 PN 

Summer 0.27 0.27 0.07 0.25 0.75 0.75 0.09 0.45 

Winter 0.14 0.27 0.06 0.29 0.36 0.83 0.09 0.38 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.2. NSD of BC [(a) and (b)] and PN [(c) and (d)] in Summer (left panels) and Winter (right panels). 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.3. NMB of BC [(a) and (b)] and PN [(c) and (d)] in Summer (left panels) and Winter (right panels). 

The NSD and NMB are averaged over specific areas, focusing on Paris ring roads, which are roads with heavy traffic, 

and the city centre. As seen in Figure 2.2, the NSD along Paris ring roads are more than twice higher than in the city 

centre (Table 2.6). The NSD along Paris ring roads is highest for PN, BC, NO2, and PM2.5 in order, while in the city 

centre, it is highest for BC, NO2, PN, and PM2.5 in order. The NMB is higher along Paris ring roads than in the city 

centre (Table 2.7). For BC, PM2.5, and PN, the NMB along the Paris ring roads is more than twice that in the city 

centre. The NMB for BC along Paris ring roads is very high in Summer and Winter, at 1.07 and 1.15, respectively. 

NO2 has a relatively small difference between Paris ring roads and the city centre compared to other pollutants. 
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Table 2.6. Average NSD of NO2, BC, PM2.5, and PN in Paris ring roads and city centre for Summer and Winter. 

NSD 
Paris ring roads City center 

NO2 BC PM2.5 PN NO2 BC PM2.5 PN 

Summer 0.51 0.65 0.21 0.69 0.24 0.22 0.05 0.18 

Winter 0.36 0.62 0.18 0.67 0.11 0.22 0.05 0.24 

 

Table 2.7. Average NMB of NO2, BC, PM2.5, and PN in Paris ring roads and city centre for Summer and Winter. 

NMB 
Paris ring roads City centre 

NO2 BC PM2.5 PN NO2 BC PM2.5 PN 

Summer 0.84 1.07 0.16 0.70 0.67 0.50 0.04 0.27 

Winter 0.46 1.15 0.15 0.55 0.25 0.58 0.05 0.14 
 

2.3 Variability of population exposure and exposure scaling factor 

The population-weighted concentration (PWC) and exposure scaling factor (ESF) are calculated for Paris city. The 

PWC is calculated by weighting populations by the concentration to which they are exposed at the precise location 

of their home. People living in a building that is on the main street are assigned to that street concentration. People 

living in a building that does not open directly onto the street are assigned to urban background concentrations. 

The ESF is defined as the ratio of the PWC to the regional scale concentration. 

As concentrations of NO2, BC, PM2.5, and PN are higher in Winter than in Summer, the PWC is also higher in Winter 

than in Summer for these pollutants, and it is particularly high along Paris ring roads (Figure 2.4). The spatial 

distributions of PWC for all pollutants are similar to their concentrations. The average PWC in Paris during Winter 

is between 1.2 to 2.0 times higher than in Summer (Table 2.8), reaching the factor 2.0 for the PWC of PN. The PWC 

of BC in Winter is 1.2 times higher than in Summer, this is the smallest difference among the pollutants.  

Although the PWC in Winter is higher than in Summer, the ESF is similar in both seasons (Figure 2.5). The ESF is 

highest for NO2, BC, PN, and PM2.5 in order, and the average ESF in Paris is higher than 1 for all pollutants in both 

Summer and Winter (Table 2.8). A ESF value higher than 1 indicates that the concentrations simulated at the local 

scale in streets are higher than those modelled at the regional scale. For PM2.5, the ESF (1.03) is close to 1, 

corresponding to the lowest difference between regional and local scale concentrations, as shown in Figure 1. The 

ESF is the highest for BC (between 1.29 and 1.34), indicating that outdoor population exposure is under-estimated 

by as much as 30% when considering regional-scale concentrations. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.4. PWC of BC [(a) and (b)] and PN [(c) and (d)] in Summer (left panels) and Winter (right panels). 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.5. ESF of BC [(a) and (b)] and PN [(c) and (d)] in Summer (left panels) and Winter (right panels). 

 

Table 2.8. Average PWC and ESF of NO2, BC, PM2.5, and PN in Paris for Summer and Winter. 

Paris 
PWC ESF 

NO2 BC PM2.5 PN NO2 BC PM2.5 PN 

Summer 26.4 1.02 9.3 7047 1.31 1.29 1.03 1.18 

Winter 40.5 1.27 16.2 14110 1.14 1.34 1.04 1.13 
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2.4 Comparisons of the variability of pollutants 

Figure 2.6 shows the ratio of pollutant concentrations. They are based on a quantile division of each of the two 

pollutants and their relative loading. So each of the four colours represents an equal number of street segments. 

High NO2, BC and PN are observed along the main roads. Low NO2, BC and PN are observed in areas far from the 

roads. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.6. Ratios of NO2/BC [(a) and (b)] and PN/BC [(c) and (d)] in Summer (left panels) and Winter 

(right panels). 

 

3. Birmingham Pilot 

The local scale ADMS-Urban dispersion model has been used for the Birmingham Pilot to generate high resolution 

air quality datasets for NO2, PM2.5 and UFPs (Zhong et al., 2021; Zhong et al., 2023). The ADMS-Urban is a quasi-

Gaussian plume air dispersion model that represents the structure of the atmospheric boundary layer using 

meteorological parameters. Birmingham Airport site is an appropriate synoptic meteorological measurement site, 

which was used to drive the atmospheric dispersion in the model. Background concentration files were created 

using observation data from a variety of rural background sites (available via the UK Automatic Urban and Rural 

Network, AURN) surrounding the West Midlands modelling area. The upwind background site for each hour over 

the year was selected based on the monitored wind direction at that hour for NO2, and PM2.5. For UFPs, the number 

of AURN sites in the UK is very limited, and an appropriate background site with available UFPs data is Chilbolton 

(to inform the modelling background). For NO2, and PM2.5, the emission inventories were derived based on the UK 

NAEI emissions at a spatial resolution of 1 km × 1 km. Unlike emission inventories for traditional air pollutants (e.g. 

NO2 and PM2.5), there are limited sources for the emission inventory for UFPs in the UK. Such an emission inventory 

for UFPs has been developed by TNO in the RI-Urbans project and the 6 km × 6 km resolution emissions have been 

used in the Birmingham Pilot modelling study. For the explicit major road emissions, the local traffic model datasets 

have been obtained from Transport for West Midlands and Birmingham City Council. An Atmospheric Emissions 

Inventory Toolkit (EMIT developed by Cambridge Environmental Research Consultants, CERC) has been used to pre-

process all types of emission sources before these can be used by the ADMS-Urban model. The advanced street 
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canyon and urban canopy module was applied to account for the local street canyon effect for road emissions and 

spatially varying urban canopy flow for all source types. A novel task farming approach was implemented to enable 

the parallel running of the same or sequential code with different modelling parameters and inputs on multiple 

cores on supercomputer clusters at the University of Birmingham. The baseline modelling for the year of 2019 has 

been evaluated against local air quality measurement sites using a Model Evaluation Toolkit (developed by CERC) 

with good model performance. The model can generate high resolution air quality maps at 10 m x 10 m, which can 

be used to investigate spatial and temporal concentration variability.    

3.1 Comparison of Summer and Winter concentrations 

The ADMS-Urban model was performed for the whole year of 2019. Summer and Winter concentrations can be 

extracted and compared. Here, Summer represents the months of June, July and August 2019, while Winter is for 

the months of January, February and December 2019. Figure 3.1 shows the comparison of Summer and Winter 

concentrations for NO2, PM2.5, and PN. There were relatively higher concentrations of NO2, PM2.5, and PN near 

motorways and major roads in city centre areas, mostly due to the higher traffic-related emissions. This finding was 

also indicated in the Paris pilot. Away from major roads and in rural areas, concentrations were generally lower. 

The modelled concentrations of NO2, PM2.5, and PN are relatively higher in Winter than these in Summer, which 

was also found in other pilots. In Winter, the boundary layer height is relatively lower and the atmosphere may 

have more stable occurrence due to the lower temperature. Also, there might be more activity of residential 

emissions (e.g. wood burning) in Winter, which will largely contribute to PM concentrations. In Summer, the 

atmosphere tends to be more unstable due to more surface heating from the sun, which will enhance the local 

dispersion.   

The model performance was evaluated against local measured concentrations obtained from UK AURN and 

Birmingham Air Quality Supersite (BAQS) using the Model Evaluation Toolkit. These station types are classified as 

roadside and urban background stations. The Model Evaluation Toolkit calculates statistics from the hourly 

modelled and measured concentrations. The model evaluation statistics are shown in Tables 3.1, 3.2, and 3.3. For 

NO2, PM2.5, the measured concentrations were well captured by the model and there are small MFB, i.e. between 

-11% and 13%. For PN, MFB is larger between -44% and 32%. It is noted that there is only one measurement station 

(from BAQS) with available PN data for model evaluation. For Paris pilot, MFB for PN ranges between -13% and -

34%.  For all pollutants and all station types, RMSE in Summer is higher than that in Winter, but the correlation in 

Summer is lower than that in Winter. Fac2 (the fraction of modelled data within a factor of 2 of observations) is 

larger than 76% for NO2 and PM2.5, and larger than 61% for PN.  

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 3.1. NO2 [(a) and (b)], PM2.5 [(c) and (d)], and PN [(e) and (f)] concentrations simulated for Summer (left 

panels) and Winter (right panels) using ADMS-Urban. 

 

Table 3.1. NO2 model to measurement comparisons at background and roadside stations for Summer and Winter. 

NO2 Station type 

No of 

stations 

Obs. 

 (µg m-3) 

Sim. 

 (µg m-3) MFB (%) 

RMSE 

(µg m-3) R Fac2 

Summer 

  

Roadside 3 25.6 23.6 -8 13.7 0.54 0.82 

Background 5 12.4 13.7 10 9.6 0.51 0.77 

Winter 

  

Roadside 3 40.4 35.8 -11 19.3 0.68 0.81 

Background 5 25.0 24.8 -1 14.9 0.67 0.80 

 

Table 3.2. PM2.5 model to measurement comparisons at background and roadside stations for Summer and Winter. 

PM2.5 Station type 

No of 

stations 

Obs. 

 (µg m-3) 

Sim. 

 (µg m-3) MFB (%) 

RMSE 

 (µg m-3) R Fac2 

Summer 

  

Roadside 1 6.8 7.5 9 4.3 0.58 0.86 

Background 4 6.6 6.7 1 5.3 0.49 0.84 
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Winter 

  

Roadside 1 12.7 14.3 13 9.6 0.60 0.77 

Background 4 11.7 12.8 10 8.2 0.59 0.76 

 

Table 3.3. PN model to measurement comparisons at background and roadside stations for Summer and Winter. 

PN Station type 

No of 

stations 

Obs. 

 (# cm-3) 

Sim. 

 (# cm-3) MFB (%) 

RMSE (# 

cm-3) R Fac2 

Summer Background 1 3396 2167 -44 2512 0.30 0.61 

Winter Background 1 1719 2364 32 1590 0.70 0.69 

 

3.2 Variability within 1 km x 1km areas 

The 10 m x 10 m air quality maps can be further aggregated into 1 km x 1 km resolution grids to investigate the sub-

grid variability. It is noted that the analysed variability here at 1 km x 1 km resolution is purely based on these 

modelled 10 m x 10 m data. The NSD is the standard deviation of all 10 m x 10 m cells within each 1 km x 1 km grid 

normalised by the average of each 1 km x 1 km grid. The NSD reflects the variability of the concentrations at the 

local scale, which are not well captured by regional models. Figure 3.2 shows that the patterns of NSD for NO2, 

PM2.5, and PN are similar, with higher values for grids containing motorways or major roads with higher traffic. NO2 

has higher NSD than PM2.5 followed by PN for both Summer and Winter. For NO2 and PM2.5, NSD in Summer is 

relatively higher than that in Winter. For PN, the NSD is similar between Summer and Winter. Table 3.4 further 

shows the domain averaged NSD (over Figure 3.2) of all pollutants for Summer and Winter. For all pollutants, the 

domain averaged NSD in Summer is generally higher than that in Winter for all pollutants.    

Table 3.4. Domain averaged NSD of all pollutants for Summer and Winter. 

Domain averages NSD 

NO2 PM2.5 PN 

Summer 0.14 0.03 0.015 

Winter 0.07 0.02 0.014 

 

http://www.riurbans.eu/


  RI-URBANS 

WP3 Deliverable D27 (D4.6) 

 

 
14 

RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 – Research and Innovation 
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 3.2. NSD of NO2 [(a) and (b)], PM2.5 [(c) and (d)], and PN [(e) and (f)] for Summer (left panels) and Winter 

(right panels) using ADMS-Urban. 

3.3 Variability within specific areas 

The 10 m x 10 m air quality maps can be also aggregated into regional local authorities level in order to investigate 

the variability within specific areas in the region. Table 3.5 shows NSD of NO2, PM2.5, and PN within specific local 

authorities for Summer and Winter. NSD of NO2 is generally higher than that of PM2.5 for both Summer and Winter, 

while NSD of PN is the lowest. For NO2, NSD in Summer is higher than that in Winter for all local authorities. For 

PM2.5, NSD in Summer is generally lower than that in Winter for 5 of the 7 local authorities in the region. For PN, 

NSD in Summer is lower than that in Winter for all local authorities.     
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Table 3.5. NSD of all pollutants within specific local authorities (LA) for Summer and Winter. 

LA NAME 

  

NO2 PM2.5 PN 

Summer Winter Summer Winter Summer Winter 

Coventry 0.268 0.144 0.085 0.091 0.026 0.032 

Dudley 0.271 0.158 0.085 0.089 0.035 0.048 

Sandwell 0.239 0.135 0.063 0.053 0.033 0.035 

Solihull 0.355 0.196 0.083 0.092 0.040 0.049 

Walsall 0.230 0.121 0.070 0.062 0.031 0.032 

Wolverhampton 0.226 0.143 0.058 0.069 0.028 0.040 

Birmingham 0.291 0.173 0.080 0.088 0.045 0.060 

 

3.4 Variability between pollutants  

The variability between pollutants was reflected by the ratios between pollutants for both Summer and Winter, 

shown in Figure 3.3. The colour scales indicate a quantile division of these ratios, which means that each of these 4 

colours represents an equal number of 10m x 10 m grids. Higher ratios between predicted NO2 and PM2.5 or PN are 

more restricted to the city centre and areas near motorways, which are more influenced by higher traffic induced 

NO2. Higher ratios between predicted PM2.5 and PN occur more in city centre areas with higher residential emissions 

and are less influenced by local traffic. These patterns of ratios between all pollutants are similar for Summer and 

Winter, with slight shifts possibly influenced by the local meteorology to some extent.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 3.3. Ratio between predicted NO2 and PM2.5 concentrations[(a) and (b)], Ratio between predicted NO2 and 

PN concentrations [(c) and (d)], and Ratio between predicted PM2.5 and PN concentrations [(e) and (f)] for Summer 

(left panels) and Winter (right panels) using ADMS-Urban. 
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4. Athens Pilot 

The concentration variability and outdoor population exposure to air pollution in Athens was assessed using the 

multi-scale numerical atmospheric model system CAMS/WRF/EPISODE-CityChem and the population data from the 

Global Human Settlement Layer (GHSL, https://ghsl.jrc.ec.europa.eu/). The core of the system is the chemistry 

transport model EPISODE-CityChem (Karl et al., 2019). Its comprehensive chemistry scheme is designed for treating 

complex atmospheric chemistry in urban areas and improved representation of the near-field dispersion. Input data 

(meteorology, boundary conditions, emissions) are heavily supported by Copernicus-related products. The model 

performs a specialized treatment on road and over the adjacent urban áreas. Specifically, it is fed with hourly road 

network emissions in a linear format, applies a Gaussian dispersion scheme in the street canyons, and an extra 

photochemical scheme over the greater area of road surfaces, gridded in 100 m-by-100 m cells. These two schemes 

are superimposed to the Eulerian treatment of atmospheric processes in the whole 3D urban domain, with a 

horizontal spatial resolution of 1 km and a 24-layered atmosphere up to 3.7 km. 

Local-scale atmospheric simulations are performed for 2019, which is a recent year, free of Covid-related activity 

restrictions, and with a wind field representative of 2016-2020. Numerical predictions have been evaluated against 

local air quality measurements from the National regulatory network and from the Panacea RI, using evaluation 

statistics, comparative time-series plots and selected outputs from the application of the benchmarking 

methodology developed in the framework of the Forum for Air Quality Modelling in Europe (FAIRMODE). Air quality 

maps at 1km and at 100m resolution are used to investigate spatial and temporal concentration variability. 

4.1 Comparison of summer and winter concentrations 

The month used to represent summer is July and for winter is January. Figure 4.1 shows the NO2 and PM2.5 high 

resolution (100m) concentrations for a mean day in summer and winter as predicted by EPISODE-CityChem. The 

concentrations of NO2 tend to be higher along streets with high traffic in both seasons (Figures 4.1a and 4.1b). The 

spatial distribution of both pollutants is similar with higher NO2 than PM2.5 values at the inner-city center. The 

concentrations are higher in winter than in summer, especially for PM2.5 (and for background NO2). The 

contributions of residential emissions from heating tend to increase particle concentrations during wintertime. NO2 

photochemistry is enhanced in Athens during summer-time, which is partly the reason for higher NO2 

concentrations at the traffic sites. Other reasons for seasonal differences include the lower boundary layer during 

wintertime and the stronger dispersion phenomena during summertime (incl. Etesian winds), which affect 

concentrations, mainly downwind the road network. 

The simulated concentrations (in 100m cells) are evaluated by comparison to measurement stations using statistics 

such as Mean Fractional Bias (MFB), Mean Fractional Error (MFE), and root-mean-square error (RMSE) in Tables 4.1 

and 4.2. For the 2 pollutants and station types, the mean concentrations compare well to the observations satisfying 

the model performance criteria (MFE < 75%, MFB < ±50%) and the model performance goal (MFE< 50% and MFB < 

±30%) of Boylan and Russell (2006) in most cases. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.1. NO2 [(a) and (b)], PM2.5 [(c) and (d)], near-road concentrations (μg m-3) over Athens simulated for 

summer (left panels) and winter (right panels) using EPISODE-CityChem. 
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Table 4.1. NO2 model to measurement comparisons at (urban) background and (traffic) roadside stations in 

Athens for summer and winter. 

ΝΟ2 station 
type 

No of stations/ 
pairs 

Obs.  (μg 
m-3) 

Sim.  (μg 
m-3) 

MFE 
(%) 

MFB 
(%) 

RMSE  (μg 
m-3) 

FAC2 
(%) 

summer Urban 4/ 2747 19.5 13.5 22 -9 22.6 40 

Traffic 4/ 2964 59.6 44.0 24 -9 46.1 50 

winter Urban 4/ 2292 26.0 14.3 95 -72 23.1 35 

Traffic 4/ 2555 51.6 41.4 41 -11 34.2 59 

 

Table 4.2. As in Table 4.1 but for PM2.5 

PM2.5 station 
type 

No of 
stations/ 
pairs 

Obs.  (μg 
m-3) 

Sim.  (μg 
m-3) 

MFE 
(%) 

MFB 
(%) 

RMSE  (μg 
m-3) 

FAC2 
(%) 

summer Urban 1/ 699 12.6 15.3 30 20 5.8 96 

Traffic 2/ 1476 15.0 15.1 9 0 6.5 94 

winter  -               

Traffic 2/ 1438 23.1 17.6 67 -30 23.5 72 
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4.2 Variability within 1 km x 1km areas 

EPISODE-CityChem produces two sets of concentration outputs: in 1000m and in 100m resolution. It is noted that 

1000m data are not the aggregated 100m concentration values, rather than 100m data base on 1000m outputs, 

but are further optimized by the street canyon and high-resolution photochemistry mechanisms, analytically 

described in (Karl et al., 2019). 

The normalised standard deviation (NSD), normalised max and min (Nmax and Nmin) are used to investigate the 

subgrid variability of NO2 and PM2.5 in Athens. The NSD gives information about the variability of the concentrations 

at the local scale and the Nmax, Nmin quantify the range of local-scale concentrations within a (coarse) grid.  

NSD of NO2 is high in areas/coarse cells of ‘low’ air pollution in proximity to highways (Figure 4.2, e.g. the National 

Road at the borders of the urban centre in the North). Inversely, the dense road network in the inner-city centre 

creates a more homogeneous pattern with high NO2 values, thus concentration variability is smoothed. PM2.5 has 

lower NSD than NO2 which is expected given the multitude of (area) sources affecting this pollutant, which creates 

a more homogeneous spatial pattern of its concentrations, with less hyper-local (e.g. road network) dependencies. 

The spatial pattern is also different (from this for NO2), following that of concentrations, which are elevated in the 

urbanized area of the inner-city centre. Winter and summer values and spatial variability of NSD are similar for both 

pollutants. 

The local-scale concentrations tend to be higher than the regional, the closer to the inner-city centre (Figure 4.3). 

In particular, NO2 concentrations at the 100m are double-triple than the 1000m ones over the city centre, while 

they can be up to 15 times higher than the 1000m ones over the road network during summertime, when 

photochemistry is enhanced. PM2.5 local-scale (100m cell) concentrations are up to 2 times higher than regional 

values (1000m cell) and the spatial field of Nmax is more extended during wintertime, when residential biomass 

emissions are high. Low concentrations are also affected by grid resolution (Figure 4.4). Sub-grid minima for NO2 

are lower than 0.1 times the regional NO2 values, especially during the warm period. PM2.5 differences are higher 

than 0.6, given the ‘less local’ character of this pollutant.  

Overall (Table 4.3), the subgrid variability and value ranges for Athens urban centre are found higher for NO2 than 

PM2.5.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.2. NSD of NO2 [(a) and (b)] and PM2.5 [(c) and (d)], for summer (left panels) and winter (right panels) in 

Athens, using EPISODE-CityChem. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.3. As in Figure 4.2, but for Nmax. 
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(a) 

 
(b) 

(c) (d) 

Figure 4.4. As in Figure 4.2, but for Nmin. 
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Table 4.3. Domain averaged NSD of NO2 and PM2.5 in Athens urban center for summer and winter. 

Athens NSD Νmin, Nmax 

NO2 PM2.5 NO2 PM2.5 

summer 0.16 0.01 0.07, 4.3 0.9, 3.0 

winter 0.19 0.01 0.1, 2.1 0.8, 2.8 

4.3 Variability of population exposure and of exposure scaling factor 

The population-weighted concentration (PWC) per season is an equivalent to the UN SDG 11.6.2 indicator, which 

(slightly) modifies concentrations in spatially aggregated areas (here, 1 km cells), using the high resolution (here, 

residential) population density, as a weighting factor to the high-resolution concentrations (here, 100 m cells). Such 

a mapping (Figure 4.5) is more useful for health-related studies, as it represents population exposure to the studied 

pollutant. 
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(a) 

 

(b) 

(c) (d) 

Figure 4.5. PWC (μg m-3) of NO2[(a) and (b)] and PM2.5 [(c) and (d)] in summer (left panels) and winter (right 

panels) over the urban center of Athens. 
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PWC is here used to estimate the mapping of the exposure scaling factor (ESF, Figure 4.6). As shown for NO2, ESF is 

less than unity in most areas. To explore whether this is due to a negative correlation between the sub-grid 

population and concentrations or to a negative sub-grid bias, coarse (1 km) maps of near-road concentrations (μg 

m-3) over Athens for summer and winter were prepared (not shown here). Comparisons of these maps and Figure 

4.1 along with their NMB mapping revealed that coarse representation of NO2 gives higher values than high-

resolution model outputs. This can be explained by the fact that on road emissions are homogeneously dispersed 

over a coarser cell, rather than the on road 100m cells. This resulted in overestimated concentrations over the non-

road areas. Thus, ESF lower than 1 indicates a negative sub-grid bias for NO2, using the EPISODE-CityChem modelling 

tool for Athens. It should be reminded that the road network of Athens urban centre is quite dense, thus most 

(coarse) grid cells are affected by local traffic. 

For PM2.5, there is an area with ESF values larger than unity, which is explained by the fact that sub-grid population 

is positively correlated with the sub-grid concentrations. This is further suggesting that the regional PM2.5 

predictions underestimate the intra-urban population exposure of Athens. Nevertheless, ESF values at the road 

cells remain below unity as in NO2, which is again due to a negative sub-grid bias for the on-road cells. 
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(a) (b) 

(c) (d) 

Figure 4.6. as in Figure 4.5, but for ESF. 
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Domain (here, urban centre)-averaged values (Table 4.4) for PWC in winter and summer are close, though -as 

expected- they are higher in summer for NO2 and in winter for PM2.5 (see more in Section 4.1). The ESF does not 

change between seasons, and it indicates that when an aggregated (here, for the urban centre of the city) value of 

PM2.5 is requested, then 1km resolution simulations are equally competent to represent this value, as population-

weighted predictions from high-resolution CTM applications. On the contrary, regional-scale NO2 outputs 

overestimate population exposure. 

Table 4.4. Domain averaged PWC and ESF of NO2 and PM2.5 in Athens urban centre for summer and winter. 

Athens PWC (μg m-3) ESF 

NO2 PM2.5 NO2 PM2.5 

summer 14.1 13.6 0.7 1 

winter 13 14.1 0.6 1 

4.4 Variability between pollutants 

The variability between ΝΟ2 and PM2.5 is reflected by their ratio for summer and winter (Figure 4.7). Different 

colours indicate a quantile division of this ratio, which means that each of these 4 colours represents an equal 

number of 100m x 100m grids. As expected, higher values of NO2/PM2.5 are predicted mainly over the road network. 

Lower values occur where residential combustion emissions occur. The spatial plots of the ratio do not differ 

significantly between summer and winter, although values are lower over residential areas during wintertime 

(higher PM2.5 values). 
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Figure 4.7. Ratio between predicted NO2 and PM2.5 concentrations for summer (left panel) and winter (right panel) 

in Athens, using EPISODE-CityChem. 

 

5. Rotterdam Pilot 

The main analyses in Rotterdam are based on a mobile monitoring campaign, performed with a car measuring UFP, 

NO2 and BC. Also, measurements by cyclists or pedestrians with portable instruments for BC are performed. In both 

campaigns, large spatial gradients were observed. For BC, we compare the car measurements and models to the 

measurements and models of the bikes. Furthermore, we compare the car models for BC to a local dispersion model 

(CIMLK) and compare values to five reference measurement stations. 

Rotterdam is the second biggest city in the Netherlands and has a large harbour as the main source of pollution. 

The car fleet in the Netherlands is 80% petrol, 14% diesel and 5% hybrid and electric. 

5.1 Car Measurements 

We used a car to measure the ambient concentrations of NO2, BC and UFP during two seasons; one in November-

December 2022 and in May-July 2023. The car was equipped with lab-grade 1 Hz NO2 (CAPS, Aerodyne Research 

Inc., USA), 1 Hz BC (AE33, Magee Scientific), and 1 Hz UFP (EPC 3783, TSI) monitors measuring simultaneously. A 

Global Positioning System (GPS) (G-Star IV, GlobalSat, Taiwan) was used to record the location of the car, which 

was linked to the measuring equipment via date and time. The measurements were mainly carried out between 

08.00 to 22.00 hours every day in the study period (including some weekend days) in different parts of the city. The 

aim was to reduce possible space and time autocorrelation. Therefore, there is no need to temporally correct the 

measurements. 

The data was winsorised to the 2.5th and the 97.5th percentile. That is, measured concentration levels below the 

2.5th percentile and above the 97.5th percentile were “replaced” by the respective percentile values (Kerckhoffs 
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et al. 2022). This procedure is done to balance the unduly influence of extreme values, while allowing very high 

pollution values. For averaging, the data was first assigned to the nearest street and aggregated over each 50-meter 

(min: 30m and max: 60m) street segment per individual drive day. In total xx street segments were measured. 

For the maps, we used linear mixed-effect models. These models use fixed effects estimated based on determinants 

from a linear regression model (SLR) and random intercepts for all individual street segments (random-effect 

model). Such a model combines the advantages of “data-only” mapping and LUR modelling, meaning that all 

individual measurements can influence the output of the fixed-effect model based on the measured between and 

within-street segment concentration variation. The mixed-effect modelling framework has been extensively 

explained and validated, demonstrating the feasibility of the adopted approach to develop high-resolution NO2 

concentration maps for Amsterdam and Copenhagen with better performance than data-only and LUR-only 

approaches. 

5.2 Local Pollution Maps 

Spatial patterns are highlighted in Figures 5.1 to 5.3. As expected, the major roads in and around Rotterdam have 

the highest concentrations of air pollution. For UFP, this is more pronounced on the highways than for the other 

two pollutants. UFPs quickly transform through physicochemical processes, like coagulation or condensation and 

can reach background levels within 300 metres of a highway, with even sharper gradients for the smaller particles. 

For NO2 and BC, elevated concentrations are mainly found towards the city centre. 

Figure 5.1. Mixed-effect model predictions for BC concentration levels in Rotterdam. 
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Figure 5.2. Mixed-effect model predictions for UFP concentration levels in Rotterdam. 

Figure 5.3. Mixed-effect model predictions for NO2 concentration levels in Rotterdam. 

 

5.3 Ratio Analysis 

We also show ratios between pollutants in Figures 5.4 to 5.6. They are based on a quantile division of predictions 

of two pollutants and their relative loading. So, each of the four colours in the 2x2 box represent an equal number 

of road segments. High NO2 concentrations are more restricted to the city centre, UFP is most pronounced on the 

major roads and BC is relatively elevated in the suburbs. 
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Figure 5.4. Ratio between predicted NO2 concentrations and UFP concentrations in Rotterdam. Each of the four 

colours in the 2x2 box represent an equal number of road segments. 

Figure 5.5. Ratio between predicted NO2 concentrations and BC concentrations in Rotterdam. Each of the four 

colours in the 2x2 box represent an equal number of road segments.
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Figure 5.6. Ratio between predicted UFP concentrations and BC concentrations in Rotterdam. Each of the four 

colours in the 2x2 box represent an equal number of road segments. 

 

5.4 Comparison of Car model with other data sources 

5.4.1 Bikes 

Bike measurements were done by employees of DCMR (local environmental agency) and the city of Rotterdam, 

while travelling from and to their work. The coverage of the measurements is shown below. 

Figure 5.7. Coverage and BC concentrations of all bike measurements. 
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Figure 5.8. Comparison of predicted BC concentrations by the Car and Bikes. 

5.4.2 CIMLK 

The CIMLK (Centraal Instrument Monitoring Luchtkwaliteit) is a tool from the government that monitors the air 

quality in the Netherlands. Therefore, a dispersion model is used to calculate the BC concentrations on every major 

road with 100m intervals on both sides of the road, example below. The total number of roads with CIMLK 

predictions is around 35.000. 

Figure 5.9: Example of the spatial distribution of CIMLK monitoring points. 

 

The correlation between the CIMLK and the model based on the car measurements is 0.64. For the predictions 

based on the bike measurements, this is 0.55. Notably, the predictions by the CIMLK model do not exceed 1 ug/m3, 

while the car model predicts concentrations up to 3.5 ug/m3. One factor that should be taken into account here is 

that the car model measures and therefore predicts concentrations on the middle of the road, whereas the CIMNLK 

model predicts concentrations on the side of the road. 
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Figure 5.10. Comparison of predicted BC concentrations by the Car and CIMLK. 

 

5.4.3 LML 

The LML is a network of official measurement sites in the Netherlands, operated by the Dutch Environmental 

Agency. They measure BC concentrations at five different locations in Rotterdam. 

The correlation between the CIMLK and the model based on the car measurements is 0.4. Notably, the 

measurements from the LML do exceed 1 ug/m3, while this was not the case for the CIMLK predictions.  

 

Figure 5.11. Comparison between predicted BC concentrations by the Car reference site measurements by LML. 
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5.5 Seasonal Differences 

5.5.1 BC 

Concentrations of BC in Rotterdam pilot are described in Table 5.1. The BC concentrations were on average twice 

as high in Winter, compared to the Summer measurements, respectively 1,91 ug/m3 and 0.95 ug/m3. Correlation 

between the Summer and Winter model based on all streets in Rotterdam is 0.79. The higher BC concentrations in 

the Winter can potentially be attributed by wood smoke, as elevated concentrations are seen in the suburbs as 

well. 

Table 5.1. Statistics of BC concentrations with different methods in Rotterdam in Winter and Summer.  

 

Figure 5.12. Winter LUR model BC. 

Figure 5.13. Summer LUR model BC. 
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5.5.2 UFP 

Concentrations of UFP in Rotterdam are presented in Table 5.2. The concentrations were on average slightly higher 

in Summer, compared to the Winter measurements, respectively 23.000 p/cm3 and 20.000 p/cm3. Correlation 

between the Summer and Winter model based on all streets in Rotterdam is 0.91. In both campaigns, the highways 

and major roads account for the biggest variation in pollution. No distinct spatial patterns can be observed between 

the Summer and Winter model. 

Table 5.2. Statistics of UFP concentrations with different methods in Rotterdam in Winter and Summer.  

 

Figure 5.14. Winter UFP LUR model. 

Figure 5.15. Summer UFP LUR model. 
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5.5.3 NO2 

Table 5.3 presents the statistics of NO2 concentrations in Rotterdam during Winter and Summer. Unexpectedly, 

concentrations were on average slightly higher in Summer, compared to the Winter measurements, respectively 

14 ug/m3 and 12 ug/m3. Correlation between the Summer and Winter model based on all streets in Rotterdam was 

0.76.  

 

Figure 5.16. Winter NO2 LUR model. 

Figure 5.17. Summer NO2 LUR model. 
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5.6 Variability in 1 km grid cells 

The NSD average over the domains is 0.15 for BC (IR: 0.11-0.17), 0.15 for NO2 (IQR: 0.23-0.18) and 0.18 for UFP 

(IQR: 0.12-0.18) (see Figure 5.18). The NSD average over the city centre only were higher for UFP: 0.23 (IQR: 0.14-

0.25), and NO2: 0.17 (IQR: 0.12_0.20).   

 

Figure 5.18. Distribution NSD entire region. 

 

Within sub-grid variability is the highest for UFP, though only slightly higher as BC and NO2. This comes mainly from 

huge concentrations on highways and major arteries in the city. Figure 5.20 clearly shows the cells with highway 

running through. As UFP coagulates quickly, variation within 1km can be very large. In previous mobile monitoring 

papers, we also found UFP had the largest within street segment variation. 

Figure 5.19. NSD Map for BC. 
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Figure 5.20. NSD map for UFP. 

 

Figure 5.21. NSD map for NO2. 

 

6. Bucharest Pilot 

6.1 Mobile measurements and data 

Two mobile measurements campaigns representative for Summer and Winter periods have been conducted in 

Bucharest on 100 km route. The route included heavy traffic roads inside the city, residential, industrial and 

commercial areas, as well as sub-urban areas. Portable instruments for UFP, different particle matter fractions 

(PM1, PM2.5, PM10) and gaseous compounds (NO2) have been used during both campaigns. The car measurements 

took place in the following timeframes: May – July (Summer period) and January -February (Winter period). 

The measurements duration during one route were approximatively 8 hours starting from 8:30 AM local time in 

order to catch rush hours, but also less intense traffic during the mid-day of working days. At least full 15 

measurements routes were performed during each campaign, in different temperature conditions representative 

for the specific season. 
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6.2 Model 

The ESCAPE Land Use Regression model, together with PyLUR tool and QGIS, was set up in order to retrieve the 

pollutants maps during both season in Bucharest city. The goal is to retrieve the air pollution maps for Bucharest 

area in order to assess the contribution of diverse area to air pollution, the gradients on particle concentrations 

between areas and related exposure along roads in different seasons or atmospheric conditions. The mixed effect 

model has been also tested, using the mean value from the fixed effect model (LUR) together with the pollutant 

variability (intercept of mean standard deviation values) for all individual street segments at 1 minute. Individual 

maps at 100 m grid have been retrieved for each season. 

6.3 Maps based on car measurements 

6.3.1 Regional variability of different pollutants 

Figure 6.1, Figure 6.2, Figure 6.3 and Figure 6.4 represent maps of spatial variability for NO2, PM10, PM2.5 and UFP 

during Summer and Winter periods in Bucharest. All particulate matter concentrations present higher loadings 

during the Winter period, with decreased gradients. The PM10 sources seem to be well distributed during the 

Summer period, while the Winter time is characterised by more homogeneous sources. The same behaviour is seen 

in the case of PM2.5 and UFP, where during cold periods only few punctual sources are distinguished. Significant 

concentrations are highlighted for the particle concentration mainly on the industrial area and anthropogenic 

agglomerations, but also on some important traffic routes as well. The spatial variation of particles in the city area 

is significant, with an important number of small particles and high mass concentration of bigger particles in the 

high populated residential areas (West and South of the city). The average UFP number concentration along the 

mobile route presents a large spatial gradient mostly during the Summer time, with differences up to a factor of 2 

in the mean, which highlights the personal exposure to ultrafine particles along the roads. 

The NO2 concentration presents a higher gradient during warm periods, when the concentrations are higher on the 

main roads. A less street-confined concentration during the cold periods is observed. On both seasons the main 

streets, including the Bucharest ring road, represents the main NO2 source. Also, the city centre roads are 

highlighted, where the intensity of the traffic persists for the entire day. Seasonal variations of pollutants are also 

related to the height of the planetary boundary layer, linked to Summer and Winter. 

 

Figure 6.1. Model maps for NO2 concentration levels in Bucharest during Summer and Winter period. 
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Figure 6.2. Model maps for PM10 concentration levels in Bucharest during Summer and Winter period. 

 

Figure 6.3. Model maps for PM2.5 concentration levels in Bucharest during Summer and Winter period. 

 

Figure 6.4. Model maps for UFP concentration levels in Bucharest during Summer and Winter period. 

 

6.3.2        Evaluation of the Summer and Winter mapping by comparison to fixed measurements 

The model performance has been evaluated for NO2 and PM10 concentrations using the hourly data available at the 

Romanian National Air Quality Monitoring Network (ANPM-8 fix stations representative for urban, industrial and 

suburban areas) and at MARS supersite, which is part of RADO-Bucharest ACTRIS site (PM10/NO2 for Winter). The 

average concentration for each pollutant at fixed stations are represented by circle, the area being proportional 
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with the concentration (Figure 6.5, Figure 6.6).  As expected, the higher average NO2 concentration at fixed stations 

are depicted on the traffic areas, while PM10 concentrations are higher on urban and sub-urban areas. 

Mean values of root mean square error (RMSE), Mean Fractional Bias (MFB) and Mean Fractional Error (MFE) are 

evaluated using the data from May-August 2022 and January-February 2023 (timeframe of the mobile 

measurements). Overall, the model performed well, NO2 values are overestimated, while PM10 levels are slightly 

underestimated (Table 6.1). 

 

Figure 6.5. Average concentration of NO2 during Summer and Winter at fixed sites. 

 

Figure 6.6. Average concentration of PM10 during Summer and Winter at fixed sites. 

 

Table 6.1. Model performance metrics for NO2 and PM10 predicted concentration levels in Bucharest during warm 

period 2022 and cold period 2023, when compared with measurements from fixed sites. 

Pollutant Season Observed mean 

concentration 

Modelled mean 

concentration 

      NO2 Summer 12.58 ± 7.71 ppb 20.35 ± 0.70 ppb 

Winter 15.98 ± 9.52 ppb 17.17±0.74 ppb 

PM10 Summer 24.64±13.18 µg/m3 22.94 ± 0.45 µg/m3 

Winter 26.33 ±18.50µg/m3 27.81± 5.13 µg/m3 
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The model overestimated the concentrations for NO2, while for PM10 modelled data agree with the mean values 

measured at the fixed stations. The mean NO2 concentration of the modelled data are within the variability of the 

measurements, given by the standard deviation. The street network in Bucharest is very dense and the distance 

from the street to residential or industrial areas is very small sometimes (< 5 m), the NO2 100 x 100 m grid resolution 

not always capturing all variability. NO2 concentrations are higher near busy roads due to the large number of 

vehicles emitting NO. Moreover, NO2 concentrations are higher on sunny days, due to the conversion of NO to NO2 

in the presence of solar radiation and O3. 

 6.3.3    Variability within 1 km x 1km areas 

Winter and Summer maps for the normalised standard deviation (NSD) have been computed for all pollutants in 

order to assess the spatial sub-grid variability of concentrations within 1 km x 1 km areas (Figure 6.7, Figure 6.8, 

Figure 6.9, Figure 6.10). A higher variability of pollutants concentrations is observed during the Summer period, in 

the Wintertime important variation are highlighted mostly on the ring road areas. 

Similar variability patterns are observed for the particle’s concentrations. Higher mean NSD values are observed 

during Winter in the case of PM10 and PM2.5, while UFP and NO2 mean NSD are higher during Summer.  

 
Figure 6.7. Normalised Standard Deviation of the sub-grids for NO2 concentration levels in Bucharest during 

Summer and Winter period. 

 
Figure 6.8. Normalised Standard Deviation of the sub-grids for PM10 concentration levels in Bucharest during 

Summer and Winter period. 
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Figure 6.9. Normalised Standard Deviation of the sub-grids for PM2.5 concentration levels in Bucharest during 

Summer and Winter period. 

 
Figure 6.10. Normalised Standard Deviation of the sub-grids for UFP concentration levels in Bucharest during 

Summer and Winter period. 

 

Table 6.2. Averaged model Normalised Standard Deviation for each pollutant on Summer and Winter periods. 

Pollutant Mean NSD Min NSD Max NSD 

Summer Winter Summer Winter Summer Winter 

PM10 0.110 0.165 0.0012 0.0020 0.340 0.448 

PM2.5 0.088 0.168 0.0010 0.0019 0.301 0.455 

UFP 0.209 0.132 0.0001 0.0032 0.729 0.483 

NO2 0.178 0.101 0.0113 0.0032 0.993 0.304 

 

6.3.4    Variability within specific areas 

Mean model concentrations on specific areas, as well as concentrations on the same areas from fixed stations are 

presented in Figure 6.11 and Figure 6.12 for NO2 and PM10, respectively. 

Higher differences of concentrations are depicted between seasons and between model and measurements for 

NO2. Lower concentrations of NO2 was attributed to urban category, while the highest corresponds to traffic as 

expected. The modelled data presents higher NO2 concentrations for the Summer period. The Traffic type presents 

the lower variability during seasons and model/measurements. The relative differences for both model and 

measurements are less than 40%. 
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Particulate matter concentration for urban, industrial and traffic types show small differences between seasons 

and by modelled and measurement data. PM10 higher concentrations are observed on modelled data during Winter, 

with lower concentration for the Industrial type on both modelled and measured data. PM10 concentrations present 

a lower variability with relative differences less than 20%. Normalised Standard Deviation relative differences for 

these three area types show large differences for UFP. 

 

  

Figure 6.11. Model versus measurements mean 

concentrations of NO2 during Summer and Winter, 

along with relative difference. 

Figure 6.12. Model versus measurements 

mean concentrations of PM10 during Summer 

and Winter, along with relative difference. 

 

Figure 6.13. Model NSD relative difference Winter- Summer on different area types. 

 

6.3.5        Variability between pollutants 

Seasonal variation in fine particle fraction (PM2.5/PM10) shows higher levels during the Wintertime, which could be 

related to the increased household heating and small particle generation. The highest fine particle fraction values 

occur in Winter with ratios around 1, fine particles representing up to 90% from the PM10 concentration. During 

Summer the fine particle fraction is around 0.70, the small particles representing also a high proportion (Figure 

6.14). 
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The main road areas present the highest concentrations of pollutants, both gases and particles concentrations 

having the highest concentrations on the West side of Bucharest.  

 

Figure 6.14. Map of PM2.5/PM10 ratio during Summer and Winter. 

 

Figure 6.15. PM2.5/PM10 ratio during Summer and Winter along car route. 

 

Figure 6.16. NO2/UFP ratio during Summer and Winter along car route. 
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7. Summary and Outlook 

We piloted mapping of air pollution in European cities (Athens, Bucharest, Paris and Rotterdam). The analysis was 

done for two periods, Winter and Summer and we explored the differences between these two seasons as a 

comparison.  

As a summary of the results from the pilots, for NO2, the concentrations were higher in Winter than in Summer in 

Birmingham and in the urban background of Paris and Athens. However, they are similar at traffic sites in Paris and 

Athens. The higher urban background NO2 concentrations in Athens and Paris may be linked to lower boundary 

layer height during Winter than Summer, decreasing the volume in which city emissions are diluted. The influence 

may not be seen at traffic stations, because NOX emissions are for a large part emitted by traffic and as NO. The NO 

emissions are transformed into NO2 locally by photochemistry. Photochemistry is higher in Summer than in Winter, 

leading to higher local-NO2 production in Summer. However, concentrations in streets are also influenced by the 

urban background. Hence, the higher local-NO2 production in Summer is counterbalanced by the higher urban 

background NO2 in Winter. In Rotterdam and Bucharest, the concentrations of NO2 tend to be similar in Winter and 

Summer, probably because the measurements are performed using localized sensors, which may better represent 

the local-scale than urban background variations.      

For particle mass, BC and PM2.5, concentrations are higher in Winter than in Summer in all cities probably because 

of lower boundary layer height, and residential heating emissions. For particle number, concentrations are higher 

in Winter in Paris, Birmingham and Bucharest, but the concentrations are similar in Winter and Summer in 

Rotterdam. 

In the mapping, we utilized several techniques. The concentrations mapped using the different approaches are 

compared to measurements performed at fixed stations. Averaged concentrations are compared at urban 

background sites and traffic sites when possible. For cities using the mixed-LUR approach, such as Bucharest and 

Rotterdam, the comparison focuses on mean concentrations and their variations. For cities using deterministic 

modelling, more detailed statistics of comparisons, as daily concentrations were computed.  

The model performance goal of Boylan and Russell (2006) was met over Paris for NO2, PM2.5, BC and PN, except for 

BC in Winter where only the model performance goal is met. For all pollutants in all seasons, the FAC2 is high: 88-

93 for NO2, 63-93 for BC, for 81-97 PM2.5 and 95-100 PN. Note that there is no traffic station to evaluate PN 

concentrations in Winter. For Birmingham, the mean concentrations compare well to the measurements, the MFB 

are low for NO2 and PM2.5, and the FAC2 is high: 77-82 for NO2, 76-86 for PM2.5, 61-69 for PN. However, there is no 

traffic station to evaluate PN and only one urban background station for PN. Over Athens, the model performance 

goal is met in Summer for NO2 and PM2.5, but NO2 is underestimated in the Winter and in the urban background in 

the Summer time. There is no urban background measurement of PM2.5 in Winter. 

Concerning the variability of concentrations, the range of average values for the NSD of NO2, BC and PM2.5 tends to 

be similar between the different cities, indicating that the variations of the concentrations are of the same order. 

In Paris, Birmingham and Athens, the NSD is lower for PM2.5 than for NO2, indicating that the variations within the 

city of NO2 are higher than those of PM2.5. In Paris, the NSD is also high for BC compared to PM2.5. This is because 

NO2 and BC are largely emitted by traffic, whereas the sources of PM2.5 and pathways of formation are more diverse. 

For NO2, the average NSD ranges between 0.14 and 0.27 over Paris, 0.14 and 0.36 over Birmingham, 0.16 and 0.19 

over Athens, 0.11 and 0.20 over Rotterdam, 0.10 and 0.18 over Bucharest. For PM2.5, the average NSD ranges 

between 0.06 and 0.07 over Paris, between 0.05 and 0.09 over Birmingham, and between 0.09 and 0.17 over 

Bucharest. It is 0.01 in Athens, but with large variations within the city. Similar NSD ranges for PM2.5 and NO2 in 

Bucharest may indicate that the traffic sources contribute significantly to PM2.5 emissions in Bucharest. For BC, the 

average NSD is about 0.27 in Paris, and it ranges between 0.11 and 0.17 in Rotterdam. The higher NSD observed in 
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Paris than in Rotterdam could be related to differences in the traffic fleet. For PN, the NSD ranges between 0.25 

and 0.29 in Paris, 0.026 and 0.060 in Birmingham, 0.12-0.25 in Rotterdam, 0.132 and 0.209 in Bucharest. The NSD 

values are lower by a factor at least 10 in Birmingham than in Paris and Rotterdam, probably because aerosol 

dynamics (condensation/evaporation and coagulation) was not considered in Birmingham. These processes may be 

partly responsible for the large PN variability observed. The large NSD in Paris, Rotterdam and Bucharest indicates 

the large variability of PN and the probably fairly strong influence of traffic sources. 

The NSD detailed above are averaged over cities, but they can reach higher values, especially in districts where 

there are large roads. The large values simulated for NO2, BC and PN show that the concentrations of these 

pollutants vary largely within cities. Variations of PM2.5 are lower. 

To analyse further the variability of pollutants, the ratio of NO2, BC and BC, PN were computed in Paris and 

Rotterdam based on quantile division. In Paris, low NO2, BC and PN were observed in areas far from the roads. In 

Rotterdam, high NO2 concentrations were more restricted to the city centre, UFP was most pronounced on the 

major roads and BC was relatively elevated in the suburbs. In Birmingham, higher ratios between predicted NO2 

and PM2.5 or PN were more restricted to the city centre and areas near motorways, which were more influenced 

by higher traffic induced NO2.  In Athens, NO2/PM2.5 were predicted high mainly over the road network.  

The Normalised Mean Bias (NMB), which quantifies the differences between the sub-grid variability and the 

regional-scale urban background concentrations simulated with a chemistry-transport model (CTM) of 1 km x 1 km 

resolution, is higher over Paris for NO2, BC, PN (between 36% and 87%) than PM2.5 (about 9%), in agreement with 

the higher NSD. It is the highest for BC (between 75% and 87%).  

To estimate the population exposure to air pollution over Paris, the MAJIC database was used to estimate the 

number of inhabitants in each building. People living in a building that is on the main street are assigned to that 

street concentration. People living in a building that does not open directly onto the street are assigned to urban 

background concentrations. The Exposure Scaling Factor (ESF) is defined as the ratio of the PWC to the regional 

scale concentration. The ESF is the highest for NO2, BC, PN, and PM2.5 in order, and the average ESF in Paris is higher 

than 1 for all pollutants in both Summer and Winter. The ESF is the highest for BC (about 1.3), indicating that 

outdoor population exposure is under-estimated by as much as 30% when considering urban background 

concentrations with a resolution of 1 km x 1 km. The ESF is the closest to 1 for PM2.5 (1.03 to 1.04). Over Athens, 

the exposure is determined using 100 m2 spatial resolution for the population and for the model subgrid 

representation. The domain-averaged ESF value is equal to 1 for PM2.5, as the variability of PM2.5 is low within the 

city. However, an ESF value lower than 1 is obtained for NO2. The main difference between Paris and Athens lies in 

the representation of the subgrid variability. As a gaussian-based approach is superimposed to the road network, 

the subgrid concentrations (100 m2) can be lower than the main grid (1000 m2) concentrations. In the eulerian 

street-network approach used in Paris, subgrid local-scale concentrations are not averaged over 100 m2 grid cells, 

but local-scale concentrations are averaged within each street segment, leading to local-scale street concentrations 

always higher than background concentrations and ESF values much higher than 1 for NO2, BC and PN. 

As the outlook from this deliverable, the methods of spatial air quality mapping is suggested as one of the service 

tools of RI-URBANS and elaborated in the follow-up documentation within the project. 
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