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j’ai eu la chance de rencontrer, d’échanger et de travailler avec de nombreuses personnes. Tout d’abord,
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partageant mon bureau et pour toutes nos conversations scientifiques, et beaucoup moins scientifiques.
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J’ai une pensée toute particulière pour ma famille et mes amis, qui ont toujours été présents, de
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Résumé

En milieu urbain et en particulier dans les rues, les personnes sont exposées à de fortes concentrations

de dioxyde d’azote (NO2), et de particules dont les aérosols organiques (OM) et le carbone suie (BC).

Afin de mieux comprendre les sources et représenter l’évolution des concentrations dans les rues,

une modélisation multi-échelle est utilisée, avec le modèle de réseaux de rues MUNICH couplé au

modèle de chimie-transport régional Polair3D et au module chimique SSH-aerosol pour représenter la

formation des composés secondaires aux différentes échelles.

L’influence des émissions des composés organiques volatils (COV) du trafic routier, des émissions

hors dues à l’usure des hors échappements et des émissions d’asphalte est étudiée avec des scénarios

de sensibilité. La simulation de référence utilise des facteurs d’émission standards obtenus de la

méthodologie COPERT. L’utilisation de données récentes de mesure de spéciation permet de mieux

caractériser les COV émis, en particulier les composés organiques intermédiaires, semi et faiblement

volatils (COVI/S/F), engendrant une réduction des concentrations de OM allant jusqu’à 27%. Une

augmentation de 219% des émissions de BC dues à l’usure des pneus, cohérente avec la littérature,

double les concentrations de BC. Les émissions d’asphalte augmentent fortement les émissions de

COVI/S/F. Les concentrations de particules simulées en prenant en compte ces émissions se comparent

bien aux observations, soulignant l’importance de mieux caractériser cette source manquante dans les

modèles.

Des simulations sont ensuite réalisées pour l’année 2030 afin d’évaluer les impacts futurs des

émissions du trafic sur les concentrations. L’introduction de véhicules à très faibles émissions,

conformes aux futures normes européennes d’émissions, induit une forte réduction des émissions par

rapport à une flotte représentative de l’année 2014. Les émissions de NO2 et de BC sont réduites

de 70%, entrainant une diminution des concentrations de 52% pour le NO2, 42% pour le BC,

et 20% pour les particules. Les émissions d’une flotte composée uniquement de véhicules à très

faibles émissions sont 99% et 80% plus faibles pour le NO2 et le BC respectivement, réduisant les

concentrations de NO2 de 80% et celles de BC de 45%.

Pour représenter les gradients de concentrations dans les rues et mieux estimer l’exposition

des personnes, une nouvelle version de MUNICH est développée. Plutôt que de considérer les

concentrations homogènes dans chaque segment de rue, le volume des rues est discrétisé avec trois

niveaux verticaux. Une discrétisation horizontale en deux zones est également introduite sous certaines

conditions avec une paramétrisation tirée du modèle OSPM. Les concentrations simulées dans les rues

de Copenhague et de l’est parisien avec cette version discrétisée de MUNICH se comparent mieux

aux observations que celles simulées avec la version homogène, et les concentrations de NO2, BC et

OM sont plus élevées en bas des rues.

Mots-clés : qualité de l’air, modélisation numérique, trafic routier,

émissions, milieu urbain, polluants primaires et secondaires





Abstract

In urban areas and in particular in the streets, populations are exposed to high concentrations of

nitrogen dioxide (NO2), and particulate matter including organic aerosols (OM) and black carbon

(BC). In order to better understand the sources and to represent the evolution of the concentrations

in the streets, a multiscale modeling is used, with the street-network model MUNICH coupled to the

regional chemistry-transport model Polair3D, and to the chemical module SSH-aerosol to represent

the formation of the secondary compounds at the different scales.

The influence of volatile organic compound (VOC) emissions from road traffic, non-exhaust

emissions due to tire wear and asphalt emissions are studied with sensitivity scenarios. The reference

simulation uses standard emission factors obtained from the COPERT methodology. The use of recent

speciation measurement data allows for a better characterization of the emitted VOCs, in particular

intermediate, semi and low volatile organic compounds (I/S/LVOC), resulting in a reduction of OM

concentrations of up to 27%. A 219% increase in BC emissions from tire wear, consistent with the

literature, doubles BC concentrations. Asphalt emissions strongly increase I/S/LVOC emissions. The

simulated PM concentrations taking into account these emissions compare well with observations,

highlighting the importance of better characterizing this missing source in the models.

Simulations are then performed for the year 2030 to assess the future impacts of traffic emissions

on concentrations. The introduction of ultra-low emission vehicles, compliant with future European

emission standards, results in a large reduction in emissions compared to a representative fleet of

2014. NO2 and BC emissions are reduced by 70%, resulting in a decrease in concentrations of 52%

for NO2, 42% for BC, and 20% for PM. Emissions from a fleet of only ultra-low emission vehicles

are 99% and 80% lower for NO2 and BC respectively, reducing NO2 concentrations by 80% and BC

concentrations by 45%.

To represent the concentration gradients in the streets and to better estimate the population

exposure, a new version of MUNICH is developed. Instead of considering homogeneous concentrations

in each street segment, the street volume is discretized with three vertical levels. A horizontal

discretization into two zones is also introduced under specific conditions with a parameterization

from the OSPM model. The concentrations simulated in the streets of Copenhagen and eastern Paris

with this discretized version of MUNICH compare better with observations than those simulated with

the homogeneous version, and the concentrations of NO2, BC and OM are higher at the bottom of

the streets.

Keywords: air quality, numerical modeling, road traffic,

emissions, urban area, primary and secondary pollutants
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1.1 Atmospheric composition and pollution

1.1.1 Atmospheric compounds and their origin

Air pollutants include a wide variety of compounds that can be observed in the gas and/or particulate

phases. In this context, the term aerosols refers to systems composed of particles and the surrounding

gases. When directly emitted in the atmosphere, compounds are classified as primary pollutants.

Among them, carbon monoxide (CO) and primary organic aerosols (POAs) can be found. On the

other hand, compounds that are formed in the atmosphere through physicochemical transformations

are classified as secondary pollutants, such as ozone (O3) and secondary organic aerosols (SOAs).

For some pollutants the concentrations have both a primary and a secondary contribution, as for

nitrogen dioxide (NO2).

The volatile organic compounds (VOCs) consist of compounds existing only in the gas phase,

i.e. with saturation vapor pressure higher than that of dodecane with 12 atoms of carbon. Organic

compounds with relatively low vapor pressure are further classified as intermediate-volatile organic

compounds (IVOCs), semi-volatile organic compounds (SVOCs) and low-volatile organic compounds

(LVOCs) (Gentner et al. 2017).

Primary pollutants originate either from natural sources or anthropogenic sources, i.e. emitted

through human activities. Natural sources of particles include wind erosion, volcanic eruptions and

suspension of sea salts by waves. Particles emitted can be inert, such as mineral dust and black

carbon (BC). If they interact in the atmosphere, they are further classified as organic, such as organic

matter (OM), or inorganic, such as sea salts composed of sodium, chlorine and sulfate. Natural
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particles have in general diameters larger than 1 µm, thus limited atmospheric lifetimes. Among the

natural sources, emissions by the organic matter like soil, trees and plants, namely biogenic emissions,

are also an important source of gases and particles, in particular of VOCs.

Anthropogenic sources of gases and particles encompass all human activities, from the industrial

sector to road traffic and residential heating. The diameters of the emitted particles are usually lower

than 1 µm, but the ones emitted by abrasion processes (tire, brake and road) or by agriculture and

construction processes are typically coarser, with diameters superior to 2.5 µm.

Secondary pollutants are formed from gas precursors through gas-phase chemistry and aerosol

dynamics (nucleation, coagulation, condensation/evaporation). Secondary particles are composed for

the majority of ammonium, nitrate, sulfate and OM. Gas precursors originate mainly from fossil fuel

combustion, agriculture and biomass burning, but also from biogenic emissions. The oxidation of the

VOCs can also lead to the formation of lower-volatility compounds that may partition more easily to

particles. Their diameters are generally lower than 2.5 µm.

Air pollutants present a wide variety of physicochemical characteristics (Putaud et al. 2010;

Seinfield et al. 2016; Franzin et al. 2020). They are related to the origins of the pollutants and induce

different impacts on the environment and the human health.

1.1.2 Impacts of atmospheric pollution

1.1.2.1 Impacts on the environment

Impacts of the air pollutants on the environment are numerous. They range from impacts on the

climate, due to interactions between particles and incoming solar radiation, to impacts at the scale of

the city and the street.

Interactions between atmospheric particles and the incoming solar radiation are complex and

classified into direct, indirect and semi-direct effects. The direct effects on the solar radiative forcing

are caused by the absorption and scattering of the solar radiation. Some species, such as BC, are

able to absorb the solar radiation It induces a positive radiative forcing, thus the warming of the

atmosphere (Roberts et al. 2004; Bond et al. 2013). On the contrary, other species, such as desert

dusts, scatter the incoming solar radiation, resulting in a negative radiative forcing, i.e. cooling of

the atmosphere (Myhre et al. 2013a). Indirect effects are the result of the modification of cloud

properties due to the presence of particles able to act as cloud condensation nuclei (CCN). These

new CCN induce an increase in the number of cloud droplets while reducing their size (Twomey 1977;

Koehler et al. 2009). The solar radiation is then more reflected, and the radiative forcing is negative.

Due to the reduced size of the could droplets, more time may be needed for them to grow enough to

precipitate. The semi-direct effects are related to aerosols, with absorption properties, that are able

to modify cloud properties without acting as CCN. Figure 1.1 presents the mean radiative forcing in

2011 in regard to 1750, estimated by the intergovernmental panel on climate control (IPCC) (Myhre

et al. 2013b). Overall, aerosols have a cooling effect; but the warming effect of BC is visible.

The reduction of the visibility, especially in urban areas, can be caused by high concentrations

of NO2 or particulate matter (PM) (Wan et al. 2011; Manisalidis et al. 2020). In the PM, BC is

particularly declared as a strong contributor to this effect (Chen et al. 2016; Li et al. 2022b).

Atmospheric pollution is responsible for other negative effects on the environment. It can

contribute to the acidification of precipitation, through species such as sulfur dioxide (SO2), which

impacts both the natural and build environments (Singh et al. 2008; Xie et al. 2013; Manisalidis et al.

2020). The growth and yield of the vegetation can also be impacted when concentrations of O3, NO2

an SO2 are high (Agrawal 2005; Fares et al. 2013). The progressive deposition of PM affect both

vegetation growth and human constructions (Kuzmichev et al. 2016).
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Figure 1.1: Mean radiative forcing in 2011 compared to 1750 for the main atmospheric
compounds and mechanisms, estimated by the IPCC. Blue bars indicate a cooling effect, and
red bars a warming effect (Myhre et al. 2013b).

1.1.2.2 Impacts on human health

In 2020, in Europe, exposure to high concentrations of NO2, O3 and fine particulate matter (PM2.5)

led to more than 300 000 premature deaths (EEA 2023). The impacts of atmospheric pollution on

human health are related to the interactions between the pollutants and the metabolism. Among the

harmful pollutants, NO2, O3, CO and PM can be cited. PM is considered to be the most harmful of

them (Lelieveld et al. 2015).

Gaseous pollutants are responsible for various negative impacts on human health, mainly on

the respiratory and cardiovascular systems. Limited exposure to high concentrations leads to both

reversible and non-reversible effects, such as coughing, headache and the development of asthma.

Long-term exposure to high concentrations of gaseous pollutants can have non-reversible impacts

on the human body, e.g. chronic lung disease and cardiovascular disease (Manisalidis et al. 2020).

NO2 (Khaniabadi et al. 2017), O3 (Zhang et al. 2019) and CO (Chen et al. 2007) are able to deeply

penetrate into the lungs. Other compounds, parts of the VOCs, such as benzene, as also known to be

highly toxic and classified as carcinogenic (Boeglin et al. 2006).

Impacts of particles on human health depends on their penetration in the respiratory system.

Figure 1.2 presents the levels of penetration in regard to the particle diameter. Particles with a

diameter larger than 10µm are mainly blocked in the nose and the throat, and thus are not considered

harmful. Particulate matter less than 10 µm in diameter (PM10) are able to penetrate the air ways

down to the lungs and cause irritation and difficulties to breathe for vulnerable people. Even smaller

particles, with a diameter inferior to 2.5 µm and 0.1 µm, can infiltrate the vascular system and impacts

other organs (Loaiza-Ceballos et al. 2021). Chemical composition of the particles also plays an

important role in the impacts on human health. Particles of BC and OM are known to cause heart

problems, lung cancer and the aggravation of preexisting heart and lung disease (Dons et al. 2012;

Daellenbach et al. 2020; Ali et al. 2021; Chen et al. 2022). An explanation for the development of

lung cancer in never-smokers and light smokers from PM2.5 has recently been published in Hill et al.

(2023).
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Figure 1.2: Penetration of particles in the respiratory system and their impacts on health.
COPD stands for chronic obstructive pulmonary disease (Loaiza-Ceballos et al. 2021).

1.1.3 Air pollution regulations

In urban areas, concentrations of atmospheric pollutants are generally higher than those observed in

more rural areas (Strosnider et al. 2017; Milojevic et al. 2017; Crippa et al. 2021). This is related to

the concentration of the population in a dense urban fabric that limits the dispersion of pollutants.

Anthropogenic emissions of nitrogen oxides (NOx), PM and VOCs are particularly predominant in

urban areas due to the proximity to road traffic and residential heating (Dios et al. 2010; Trombetti

et al. 2018).

In an effort to reduce the adverse effects of air pollution on the populations exposed, the European

Union (EU) and the World Health Organization (WHO) have set air quality standards (EU 2015;

WHO 2021, respectively). Table 1.1 presents these two standards for the main atmospheric pollutants

(NO2, O3, CO, PM2.5 and PM10). The limit values enforced by the EU were updated in 2015. The

values proposed by the WHO, updated in 2021, are guidelines based on the recent discovery of the

impacts of air pollution on the environment and the human health. They are more stringent than

the European limit values, in particular for PM2.5 and PM10.

In 2020, despite reductions in emissions, 96% of the European urban population was exposed

to concentrations of PM2.5 above the WHO guidelines. In contrast, less than 1% was exposed to

PM2.5 concentrations above the EU directives, illustrating the discrepancy between current EU policy

objectives and the scientific evidence on when health effects occur1.

In addition, other compounds are regulated, such as SO2, benzene, lead and arsenic. Specific

types of PM, such as BC and ultrafine particles (particles that are less than 100 nm in diameter),

are not yet regulated. This is due to the insufficient quantitative evidence on independent adverse

health effects at the time of deriving the air-quality standards. However, good practice statements

are shared until guidelines are defined (WHO 2021).

1https://www.eea.europa.eu/highlights/vast-majority-of-europes-urban (last visited 2023-04-21)

22

https://www.eea.europa.eu/highlights/vast-majority-of-europes-urban


1.2. Air quality modeling

Table 1.1: Air quality standards set by the EU and the WHO (EU 2015; WHO 2021,
respectively).

European Air Quality Directives WHO Air Quality Guidelines

Pollutant Averaging
period

Concentration
(objective) Comments Concentration Comments

NO2
Hourly 200 µgm−3

(limit value)
Not to be excessed on

more than 18 hours/year 200 µgm−3

Annual 40 µgm−3

(limit value) 10 µgm−3

O3

Maximum daily
8-hour average

120 µgm−3

(target value)

Not to be excessed on
more than 25 days/year
(averaged over 3 years)

-

8 hours - 100 µgm−3
99th percentile

(i.e. 3-4 exceedance
days per year)

CO
Maximum daily
8-hour average

10 µgm−3

(limit value) 10 µgm−3

24 hours - 4µgm−3
99th percentile

(i.e. 3-4 exceedance
days per year)

PM2.5
24 hours - 15 µgm−3

99th percentile
(i.e. 3-4 exceedance

days per year)

Annual 25 µgm−3

(limit value) 5 µgm−3

PM10
24 hours 50 µgm−3

(limit value)
Not to be excessed on

more than 35 days/year 45 µgm−3
99th percentile

(i.e. 3-4 exceedance
days per year)

Annual 40 µgm−3

(limit value) 15 µgm−3

1.2 Air quality modeling

Among the different approaches to study air quality, numerical models have been developed for

several decades. They integrate our knowledge of the physicochemical processes taking place in

the atmosphere to estimate pollutant concentrations. They can also be used as forecasting and

prospective tools.

Numerical models are able to represent the dispersion and physicochemical transformations of

pollutants at different spatial and time scales. Regional-scale chemistry-transport models (CTMs),

such as Polair3D (Section 1.2.1), CHIMERE (Falasca et al. 2018; Menut et al. 2021) and CMAQ (Wong

et al. 2012; Paz et al. 2015), are typically used to represent the urban background concentrations by

solving the chemistry-transport equation. However, they are limited to spatial resolutions down to

∼1 km2, and thus cannot represent concentrations in streets, where populations live close to emission

sources.

To represent these concentrations, local-scale models are thus developed using different approaches.

Computational fluid dynamics (CFD) models, such as code saturne (Archambeau et al. 2004; Gao

et al. 2018) and OpenFOAM (Lin et al. 2022), solve the Navier-stokes equations and mass conservation

equations to represent pollutant concentrations with a fine spatial resolution. However, due to this

fine definition of the buildings and streets, they suffer from high computational cost. Other models

using approaches less accurate than CFD but that run faster are also developed. They are typically

based on a Gaussian and/or an Eulerian approach (Vardoulakis et al. 2003; Liang et al. 2023). Among
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these, can be mentioned the model of urban network of intersecting canyons and highways (MUNICH)

(Section 1.2.2), the operational street pollution model (OSPM) (Berkowicz 2000b), SIRANE (Soulhac

et al. 2011) and ADMS-Urban (McHugh et al. 1997; Hood et al. 2021).

Below are briefly described the two models used during this thesis, Polair3D and MUNICH. Both

models are coupled to SSH-aerosol to represent the gas-phase chemistry and the physicochemical

transformation undergone by aerosols in the troposphere. It is presented in Section 1.2.3.

1.2.1 Polair3D: regional-scale modeling

Polair3D is an off-line 3D Eulerian CTM from the Polyphemus air quality modeling platform2

(Boutahar et al. 2004; Mallet et al. 2007). It is able to calculate pollutant concentrations from

the regional scale down to city scale. It has been applied to several locations, providing accurate

representations of gas and particle concentrations under different conditions (Sartelet et al. 2012;

Zhu et al. 2016a,b; Sartelet et al. 2018; Abdallah et al. 2018).

Polair3D solves the time evolutions of pollutant concentrations on a regular grid taking into

account the processes presented in Figure 1.3. The advection represents the three-dimensional

transport by the wind, considering that the pollutant moves together with the mass of air in which it

is located. The homogenization of concentrations due to turbulent diffusion is caused by the agitation

of the air due to friction with the ground, but also by the vertical temperature gradient.

Figure 1.3: Processes taken into account in Polair3D (Sportisse 2010).

Emissions of gases and particles from natural and anthropogenic sources are both taken into

account in the model. They are differentiated between surface emissions, happening near the ground

such as road traffic emissions, and volume emissions, taking place higher in the atmosphere from the

aviation and stacks on industrial plants for example. Dry deposition and wet scavenging remove gas

and particle pollutants from the atmosphere. Dry deposition happens near the ground and is directly

2http://cerea.enpc.fr/polyphemus/ (last visited 2023-04-21)
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proportional to the concentration above the ground. Wet scavenging is the loss by mass transfer with

the aqueous phase (rain and in clouds).

The processes of gas-phase chemistry and aerosol dynamics (nucleation, coagulation, condensa-

tion/evaporation) are represented in Polair3D thanks to the coupling with SSH-aerosol (Section 1.2.3).

1.2.2 MUNICH: local-scale modeling

The model of urban network of intersecting canyons and highways (MUNICH)3 is based on an

Eulerian box-model approach to represent pollutant concentrations in the streets. It is extensively

described in Kim et al. (2018, 2022); Lugon et al. (2020).

MUNICH has two components: a street segment and an intersection (respectively in red and green

in Figure 1.4). Street canyons are represented by street segments in which pollutant concentrations

are considered homogeneous. They are bounded by intersections with other streets at each end. The

horizontal advection of air masses between streets is represented by these intersections.

Figure 1.4: Representation of a street network in MUNICH with a street segment in red
and intersections in green.

1.2.2.1 Street segment component

In MUNICH, a street segment is represented using an Eulerian box-model approach. With this

approach, the resulting pollutant concentrations are considered homogeneous in the street segment.

Each street segment is defined by a length L, a width W and an average building height H. This

average height constrains MUNICH to be used in dense urban area.

The time variations of the mass M of a given pollutant rely on transport and chemistry processes,

highlighted in Figure 1.5 and by the following mass conservation equation:

dM

dt
= Qemis +Qinflow +Qoutflow +Qvert +Qdep +Qchem +Qresusp (1.1)

Qemis is the flux emitted by traffic (light blue arrow in Figure 1.5). Qinflow and Qoutflow are the

incoming and outgoing fluxes via the intersections (light green arrows in Figure 1.5). Qvert is the

vertical turbulent exchange of pollutant with the background above the street (dark blue arrow in

Figure 1.5). Qdep is the flux of dry and wet deposition (orange arrow in Figure 1.5). Qchem represents

the physicochemical transformations undergone by the pollutant (red box in Figure 1.5). Qresusp is

the flux due to the resuspension of previously deposited materials on the road. It has been added in

Lugon et al. (2021b), and has been estimated to be low for black carbon. The mass is expressed in

µg and the fluxes in µg s−1.

3http://cerea.enpc.fr/munich/ (last visited 2023-04-21)
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Figure 1.5: Representation of the processes taking place in a street segment of MUNICH.

Several meteorological parameters are needed to compute the evolution of pollutant concentrations

in the street, e.g. planetary boundary layer height, surface pressure and temperature. Among them,

wind information is crucial to determine the horizontal advection through the intersections and the

vertical exchange with the background.

In the street, the wind direction is supposed to follow the street direction and the wind speed

in the street is dependent on the wind speed at roof level. Two parameterizations are implemented

in MUNICH to calculate the horizontal wind speed at roof level. The first one is based on a 2D

parameterization of the wind field along the street axis (Soulhac et al. 2011). The second one, added

in MUNICH v2.0 (Kim et al. 2022), corresponds to the application of an average vertical profile over

a large homogeneous district or city. It is based on the calculation of a displacement height and a

roughness length for the area considered (Macdonald et al. 1998). This second parameterization is

used throughout this thesis.

To compute the mean horizontal wind speed in the street, MUNICH proposes three parame-

terizations (Maison et al. 2022). The first two, based on Soulhac et al. (2008) and Lemonsu et al.

(2004), are exponential profiles that do not satisfy the no-slip condition at the ground. The third one,

following Wang (2012, 2014), always satisfies this condition (Maison et al. 2022) and is thus used

throughout this thesis.

The term Qvert, which is the vertical turbulent exchange of pollutant with the background above

the street, can also be calculated following three parameterizations in MUNICH. The first two, based

on Soulhac et al. (2011) and Schulte et al. (2015), evaluate the vertical turbulent exchange at roof

level, while the third one is able to calculate it at any height in the street. It is based on Wang (2012)

with comparison to CFD (Maison et al. 2022). This parameterization is thus used throughout this

thesis and more information is available in Chapter 5.

The physicochemical transformations Qchem undergone by pollutants in the street are taken into

account in MUNICH by the coupling with SSH-aerosol (Section 1.2.3). The model is thus able to

represent aging of primary and formation of secondary gases and particles. A simple three-reaction

mechanism involving solely nitric oxide (NO), NO2 and O3, known as the Leighton relationship is

also implemented (Leighton 1961). This simplified mechanism is presented and used in Chapter 5.

1.2.2.2 Intersection component

In MUNICH, an intersection is considered to be a point in space connected to at least one street

segment. Complete descriptions of the concept are available in Soulhac et al. (2009); Kim et al. (2018).
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For an intersection and depending on the meteorological parameters, in particular wind direction

and speed, the total air flow entering the intersection Pin is the sum of the incoming air fluxes from

the windward street segments; and the total air flux exiting the intersection Pout is the sum of the

outgoing air fluxes by the leeward street segments. Given that street segments have different widths

and heights, the incoming and outgoing total air fluxes are not always equal. To overcome this, a

vertical air flux Pvert is considered between the intersection and the overlying atmosphere on top of

the intersection:

Pvert = Pin − Pout (1.2)

This vertical flux is positive if the total incoming flux is superior to the total outgoing flux. In this

case, the corresponding excess of pollutant concentrations is sent to the atmosphere. Otherwise, if the

total outgoing flux is superior to the total incoming flux, the vertical air flux is negative and pollutant

concentrations from the overlying atmosphere are sent to the leeward street segments through the

intersection.

1.2.3 SSH-aerosol: aerosol dynamics modeling

SSH-aerosol4 is a chemical model composed of three state-of-the-art modules to represent the

evolution of primary and secondary aerosols in the atmosphere (Sartelet et al. 2020). Thanks to its

modular approach, it can easily be coupled to air quality models, such as Polair3D and MUNICH,

to consistently model physicochemical transformations during multiscale simulations. The general

structure of SSH-aerosol is illustrated in Figure 1.6.

Figure 2.5: General scheme of SSH-aerosol model.

2.4.1 SCRAM module - aerosol dynamic modeling

The Size-Composition Resolved Aerosol Model (SCRAM) simulates the dynamics and the
mixing state of atmospheric particles (Zhu et al., 2015). The main processes related to aerosol
dynamics (coagulation, condensation/evaporation and nucleation) are included. Nucleation is
computed using the parameterization of Vehkamäki et al. (2002) for the homogeneous binary
nucleation of sulphate and water, and brownian coagulation process is computed using the
module developed by Dergaoui et al. (2013). For condensation/evaporation, SCRAM enables
the use of three different approaches: the dynamic approach, the bulk equilibrium approach,
or the hybrid approach. The dynamic approach computes the condensation/evaporation mass
transfer rate for each particle size and composition section. It is the most accurate method, but
requires a high computational cost. The bulk equilibrium approach assumes an instantaneous
thermodynamic equilibrium to calculate the mass partitioning between the gas and the bulk
particle. The bulk equilibrium approach is the less accurate approach to compute condensa-
tion/evaporation, but it is most computationally efficient. More details about the impact of
bulk equilibrium approach in the formation of secondary particles are discussed in Chapter 4.
In the hybrid approach (Debry et al., 2007) the bulk equilibrium approach is adopted for small
particles (with diameters smaller than 0.1µm), and the dynamically approach is adopted for
large particles (typically with diameters higher than 0.1µm).

2.4.2 Thermodynamic modules SOAP (organic compounds) and ISORROPIA
(inorganic compounds)

The thermodynamic model SOAP (Secondary Organic Aerosol Processor) computes the gas-
to-particle partitioning of organic compounds. For this, divers processes related to the for-
mation of organic aerosol are considered, such as hygroscopicity, absorption into the aqueous
phase of particles, non-ideality and phase separation (Couvidat and Sartelet, 2015). For in-
organic compounds, the thermodynamic model ISORROPIA is employed to calculate the
condensation/evaporation of ammonium, sodium, chloride, nitrate, sulfate and water, which
are partitioned between gas, liquid and solid phases (Nenes et al., 1998).
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Figure 1.6: General structure of the SSH-aerosol model (Lugon 2021).

The size-composition resolved aerosol model (SCRAM) simulates the dynamics of externally

and/or internally mixed atmospheric particles to classify them by both composition and size (Zhu

et al. 2015). It includes the main processes involved in aerosol dynamics, which are coagulation,

nucleation and condensation/evaporation. SCRAM represents the Brownian coagulation of particles

thanks to the code of Dergaoui et al. (2013). For the nucleation, it uses the parameterization

of Vehkamäki et al. (2002) for the homogeneous binary nucleation of water and sulfate. Finally,

for condensation/evaporation, three methods are implemented. The dynamic method computes

4https://sshaerosol.wordpress.com/ (last visited 2023-04-21)

27

https://sshaerosol.wordpress.com/


Chapter 1. Introduction

transfer rates for condensation/evaporation for all particles. The bulk-equilibrium method assumes a

thermodynamic equilibrium between the bulk gas and particulate phases. The dynamic method is

more accurate but the bulk-equilibrium method runs faster. In order to maintain both the accuracy

of the dynamic method and the computational gain of the bulk-equilibrium method, a hybrid method

is also implemented. It uses the bulk-equilibrium method for small particles and the dynamic method

for larger ones, with a cutoff that can be set, e.g. 0.01 µm or 1µm (Sartelet et al. 2020).

The secondary organic aerosol processor (SOAP) is a thermodynamic model used to compute

the gas/particle partioning of organic compounds (Couvidat et al. 2015). Several processes involved

in the formation of organic aerosols, such as hygroscopicity, absorption into the aqueous phase of

particles and non-ideality and phase separation, are taken into account. Concerning the inorganic

compounds, e.g. ammonium, nitrate and sulfate, the aerosol model ISORROPIA is used for the

partioning between gas and particle phases (Nenes et al. 1998).

The hydrophilic/hydrophobic organics (H2O) mechanism uses molecular surrogates to represent

the formation of SVOCs through the oxidation of VOCs in the atmosphere (Couvidat et al. 2012).

Different mechanisms can be used to represent the gas-phase chemistry. In this thesis, it is applied

with a modified version of the gas-phase condensed chemical mechanism Carbon Bond 05 (Yarwood

et al. 2005) to improve the representation of the oxidation of some VOCs, such as benzene, toluene,

phenol and naphthalene (Majdi et al. 2019).

1.3 Objectives and plan of the thesis

High concentrations of NO2 and PM, such as BC and OM are observed in urban areas and streets.

This thesis focuses on improving our understanding of the sources of these high concentrations and

their uncertainties, with the aim to reduce them. Concerning the uncertainties, modeling features

that are poorly represented and strongly influence the local concentrations in the streets are identified.

Since street concentrations are highly influenced by the urban background, multiscale modeling

involving both regional and local scale modeling is necessary for sensitivity studies, as shown in

Chapter 3. The multiscale modeling chain composed of Polair3D and MUNICH, coupled with

SSH-aerosol, is thus used throughout this thesis.

The different assumptions identified as significant sources of uncertainties are related to traffic

emissions, with the speciation of VOCs at exhaust, in particular the fractions of intermediate- and

semi-volatile organic compounds (I/SVOCs) and the emissions of PM from tire wear, and also to the

assumption of homogeneity of the concentrations in the streets of MUNICH. Road asphalt, a missing

source of precursors of organic aerosols has been identified and added to the emissions. In previous

studies (Roustan et al. 2011; André et al. 2019; Lugon et al. 2022), evolution of the vehicle fleet has

been recognized as a major factor toward the decrease of urban concentrations. Here, in order to

characterize the potential future evolutions, traffic impacts on air quality in 2030 are assessed by

introducing very-low-emission vehicles in the fleet.

Chapter 2 briefly describes the sources of traffic emissions and the regulations in place. Then,

the different approaches to model traffic emissions are presented. Finally, the development of a tool

to calculate traffic emissions, Pollemission, is introduced.

In Chapter 3, the influence on pollutant concentrations of the uncertainties related to the modeling

of traffic emissions (VOC speciations and tire wear) and asphalt emissions are studied over the Paris

region. Sensitivity scenarios are defined to evaluate specific aspects of these uncertainties, and the

importance of evaluating them at both the local and regional scales is shown.
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Chapter 4 investigates the impacts of traffic emissions on air quality for the year 2030 over the

Paris region. An evolution of emissions for all activity sectors is simulated, with the introduction of

very-low-emission vehicles in the fleet.

Chapter 5 describes the development and validation of a new version of MUNICH taking into

account concentration heterogeneities in streets. Traffic emissions are thus constrained in the lower

part of the street instead of being artificially diluted in the whole street volume. The homogeneous

and heterogeneous versions of MUNICH are applied to street networks in Paris and Copenhagen

with comparisons to measurements and to the street model OSPM in Copenhagen.

Finally, Chapter 6 closes this manuscript by summarizing the results of the work carried out

during this thesis and by offering perspectives to further improve the representation of the emission

sources and for future developments of the models.
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Chapter 2

Emissions from road traffic
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In urban areas, road traffic is among the main polluting sectors, along with residential heating

and industries (Trombetti et al. 2018). It is thus of importance to represent with accuracy road-traffic

emissions and their impacts on air quality. Numerous laboratory and on-site measurements are

performed in order to define emission inventories based on the characteristics of the vehicles (Gautam

et al. 1998; Ropkins et al. 2009; Mathissen et al. 2012; Borucka et al. 2021; Zheng et al. 2022).

However, the large number of vehicles in circulation, with different driving records and conditions,

induces a wide variability in emissions. Traffic emission models that base their emission factors on

these measurements are therefore subject to large uncertainties.

In this chapter, the different sources of emissions from vehicles are first described in Section 2.1.

The European emission standards, which regulate traffic emissions in Europe, are then presented in

Section 2.2. The different approaches to model traffic emissions are briefly described in Section 2.3.

Finally, the tool used in this thesis to compute traffic emission factors, Pollemission, is presented in

Section 2.4.

2.1 Sources of emissions from a vehicle

A motorized vehicle is ”any power-driven vehicle which is normally used for carrying persons and

goods by roads or for drawing, on the road, vehicles used for the carriage of persons or goods.” (UN

1968). The term vehicle therefore includes cars, vans, trucks, buses and motorcycles. Despite their

differences, vehicles equipped with an internal combustion engine (ICE) have the same emission

sources, illustrated in Figure 2.1. Electric vehicles are different in that they do not emit pollutants at
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exhaust and via evaporation, but only through non-exhaust emissions (tire and brake wear, road

abrasion and resuspension).

12 13

Source:  Based on www.fueleconomy.gov.

The different types of emissions from vehicles, and a comparison of the 
relative amounts of selected pollutants released by the latest Euro 6 petrol 
and diesel vehicles

Noise from road transport
Road traffic is, by far, the greatest source of traffic noise in Europe, both inside and outside urban areas. 
High levels of noise harm human health and well-being. Two of the main indicators used for monitoring 
noise levels are Lnight and Lden (day–evening–night). Lnight is the average sound level measured overnight 
between 23.00 and 07.00. Lden is a weighted noise level measured over a 24-hour period, with a decibel 
penalty being added to night time noise levels; these penalties reflect people's greater sensitivity to noise 
during the night and the evening. 

Exposure to high levels of noise from road transport is a major concern. In 2012, almost 90 million people 
living in cities were exposed to long-term average road traffic noise levels exceeding 55 dB Lden. At night 
time, over 83 million people were exposed to road noise levels exceeding 50 dB. On major roads outside 
urban areas, around 35 million people were affected by high levels of noise during the day time and 
24 million people at night (EEA, 2014a).

 
Recently, new legislation limiting the sound levels allowed from motor vehicles and of replacement 
silencing systems was adopted (EU, 2014a). Its main elements are:

• new international testing methods to better reflect driving behaviour;
• limit values for passenger cars, buses and light trucks, and for heavy-duty vehicles;
• additional sound emission provisions in the vehicle type approval procedure and revision of 

existing derogations for certain vehicle types;
• a minimum noise level ('Approaching Vehicle Audible Systems') for electric and hybrid electric 

vehicles;
• requiring provision of information on noise levels at vehicle dealerships.
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Figure 2.1: Sources of emissions from a vehicle (EEA 2016).

2.1.1 Exhaust emissions

Exhaust emissions arise from the combustion of fuel in the ICE. The main products of combustion are

carbon dioxide (CO2) and water (H2O). However, several by-products are also produced, either from

the incomplete fuel oxidation (CO, VOCs and PM) or from the oxidation of non-combustible species

present in the combustion chamber (NOx and SO2). For the vehicle to be compliant with emission

legislation, after-treatment devices are installed between the engine and the tailpipe. Unfortunately, as

a result of their action, they may participate in the production of pollutants, such as ammonia (NH3)

(Westerholm et al. 1994; Alvarez et al. 2008; Kim et al. 2020; Gao et al. 2021).

Fuels with different compositions, e.g. petrol, diesel, compressed natural gas (CNG) and liquified

petroleum gas (LPG), will impact the amount of pollutants emitted at exhaust (Perry et al. 1995;

Pelkmans et al. 2011). Cold-start emissions, which occur before the engine and after-treatment

devices have reached operating temperature, are known to be significantly higher than emissions

under normal conditions, in particular with low ambient temperatures (Kyriakis et al. 1998; Pielecha

et al. 2021).

The development of the engines to improve their efficiency also impacts exhaust emissions. For

years now, vehicles running on petrol use predominantly gasoline direct injection (GDI) in place of

the port-fuel injection (PFI). In GDI engines, the fuel injectors are mounted to the cylinder heads,

delivering fuel directly into the combustion chambers, where it mixes with the air. On the contrary,

in PFI engines, the fuel injectors are mounted outside the combustion chambers and the fuel is mixed

with the air before entering the combustion chambers. The main advantage of the GDI system is the

fuel efficiency due to higher injection pressures, resulting in smaller droplets that mix more easily

with the air. While the emissions of gaseous pollutants are equivalent, PM emissions are higher with

the GDI system (Jang et al. 2015; Lee et al. 2016; Saliba et al. 2017).

For diesel vehicles, a similar shift happened sooner than for petrol vehicles, from indirect

injection (IDI) to direct injection (DI). As the GDI system, DI is much more fuel efficient. It also

reduces the emissions of NOx and PM, while increasing the emissions of VOCs (Stone 1999).
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2.1.2 Evaporative emissions

Evaporative emissions are composed of VOCs emanating from the fuel system (tanks, injection system

and fuel lines). They are specific to petrol vehicles. They are considered to be negligible for diesel

vehicles due to the relatively low vapor pressure of this fuel and the presence of heavier hydrocarbons

(Gaudioso et al. 1994; Dai et al. 2013; Yue et al. 2017).

Three mechanisms are usually considered when representing evaporative emissions:

• diurnal emissions, related to the variations in ambient temperature throughout the day. The

fuel expands in the tank and, without an evaporative emission control system to trap the

increasing volume of fuel vapor, some of the vapor leaks into the atmosphere.

• running losses, resulting from the vapor generated in the tank during vehicle operation. This

mechanism is particularly important for old vehicles in which the temperature in the tank

increases significantly. Now, with GDI and returnless fuel systems, running losses are very low.

• hot-soak emissions, which happen once the engine is turned off as the fuel temperature increases

since it is no longer flowing.

The contribution of evaporative emissions to the total non-methane volatile organic compound

(NMVOC) emissions has decreased considerably due to an optimization of the processes, such as

GDI, and the development of evaporative emission control systems.

2.1.3 Non-exhaust emissions

Non-exhaust emissions of PM include emissions from tire and brake wear, road abrasion, and

resuspension of previously deposited materials. Tires are subject to high stress, as they must carry

the vehicle with the passengers, offer traction and steering, and absorb abnormalities of the road

surface. The wear rates of tires depend on many factors, including vehicle traction configuration,

tire and road condition, driving style and weather. PM emissions from tire wear are subject to large

uncertainties in both size and composition. Emissions of tire wear are released to the atmosphere,

but the main fraction is released to water or soil. According to Wik et al. (2009); Park et al. (2018);

Baensch-Baltruschat et al. (2020) , emissions to the atmosphere may represent between 0.1% and

10% of the total PM10 emissions from tire wear. The tire-wear emission ratio PM2.5/PM10 may also

present a wide variability, from 0.15 to 0.7 (Park et al. 2018; Ntziachristos et al. 2019a). The BC

fraction of tire-wear emissions ranges from 15.3% to 30% (Thorpe et al. 2008; Ntziachristos et al.

2019a).

Two main brake systems are widely used in modern vehicles: disc brakes, in which flat brake

pads are forced against a rotating metal disc, and drum brakes, in which curved brake shoes are

forced against the inner surface of a rotating cylinder. The former is used in smaller vehicles, such as

cars and motorcycles, while the latter is traditionally used for heavier vehicles. Wear rates of brakes

depend on the relative position of brakes on the vehicles. For cars and motorcycles for example,

the braking force is mainly applied to the front wheels. Wear rates also depend on the mechanism,

pneumatic or electric, for brake actuation. As tire-wear emissions, PM emissions from brake wear

are not emitted entirely to the atmosphere and are subject to large uncertainties. Emissions to the

atmosphere may represent a large part of the total PM emissions from brake wear, with a contribution

that could range between 63% and 98% for PM10, and between 39% and 70% for PM2.5 (Garg et al.

2000; Sanders et al. 2003; Thorpe et al. 2008; Grigoratos et al. 2015). The chemical composition

of PM is largely dependent on the physical properties of the brake pad, the manufacturer and the
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application. Nonetheless, they are mainly composed of metals, such as iron and copper, and OM

(Garg et al. 2000; Sanders et al. 2003; Thorpe et al. 2008; Grigoratos et al. 2015; Ntziachristos et al.

2019a).

The quantification of emissions from road abrasion is more difficult than those for tire and brake

wear. This is partly due to the chemical composition of the asphalt that is too complex to be

quantified by mass balance, and partly because of the mixing of the primary wear particles with road

dust and resuspended particles. Concerning the size resolution and chemical composition of PM from

road-abrasion emissions, few studies have been performed; probably due to the same difficulties as for

the quantification of emissions from brakes and tires (Thorpe et al. 2008; Ntziachristos et al. 2019a).

The contribution of road abrasion to airborne PM10 of 50% is suggested in Klimont et al. (2002).

Among the non-exhaust emissions, the resuspension of previously deposited particles probably

presents the highest uncertainties. Amato et al. (2016) measured emission factors of PM10 ranging

from 5.4 µg/veh/km to 17µg/veh/km, in France. In Portugal, Alves et al. (2020) reported PM10

emission factor of 340µg/veh/km and 41.2 µg/veh/km for cobblestone roads and asphalt pavement

roads respectively. Fitz et al. (2002) reported PM10 emission factors ranging from 64 µg/veh/km
to 124µg/veh/km, in the USA. As the particles that are resuspended can originate from multiple

sources, qualifying their chemical composition is extremely difficult (Thorpe et al. 2008; Casotti

Rienda et al. 2021).

2.2 The European emission standards

Emissions from road traffic have been regulated in Europe since 1970, with the directive 70/220/EEC

which presents the ”measures to be taken against air pollution by gases from positive-ignition engines

of motor vehicles” (CEU 1970). In 1992, the first stage of the European emission standards, Euro

1, came into force (CEU 1991). Since then, and to meet increasingly stringent regulations, vehicle

manufacturers continually improve engine technologies and develop various emission-control systems.

European emission standards establish limits for all vehicle categories: passenger car (PC),

light-commercial vehicle (LCV), heavy-duty vehicle (HDV) and motorcycles. Through the different

stages, more and more air pollutants have been regulated. As of today, they include CO, NOx, NH3,

total hydrocarbons (THCs), non-methane hydrocarbons (NMHCs), hydrocarbons (HCs)+NOx, PM

and particle number (PN). Road-traffic emissions of CO2 are also regulated through CEU (2018).

Table 2.1 presents the evolution of the European emission standards for PC. For Euro 1 and

Euro 2, solely CO, HCs+NOx and PM were regulated. Since Euro 2, different emission limits are set

for diesel and petrol vehicles. In Euro 2, CO limits were more stringent for diesel vehicles, but they

allowed higher NOx emissions. In Euro 3, HC+NOx limits have been replaced by limits on THC for

petrol vehicles. Diesel vehicles were exempted from THC and HC+NOx limits. Petrol vehicles were

also exempted from PM limits up to Euro 4. Starting at Euro 5, petrol vehicles equipped with DI

are subject to regulation for PM. Regulations of PN has been introduced with Euro 5b for diesel

vehicles and with Euro 6b for petrol vehicles.

Procedures to test emissions have been used, modified and replaced along the years. A chassis

dynamometer is used to measure emissions during a test cycle. Over time, test cycles have evolved to

stay up-to-date. The original test cycle, ECE15 + EUDC, includes urban and extra-urban segments.

It is performed from a hot start. With Euro 3, it has been modified to represent cold-start emissions.

This modified test is referred to as the New European Driving Cycle (NEDC). Between 2017 and 2019,

the NEDC has been progressively replaced by the worldwide harmonized light vehicles test procedure

(WLTP). Testing of the emissions on the real-driving emissions (RDE) test is mandatory since Euro
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6d-Temp. The RDE test takes place on an open road and last from 90 to 120 minutes, including three

segments: urban, rural and motorway, representative of the respective driving conditions, especially

regarding vehicle speed.

A proposal for the next stage of the European emission standards, Euro 7, is currently submitted

to the European Parliament and the Council (EC 2022). It should come into force at the beginning

of July 2025. Emission limits are presented at the bottom of Table 2.1. Compared to the previous

stages, it imposes the same limits for both diesel and petrol vehicles. THC and NMHC limits are

now set for diesel vehicles. HCs+NOx is no longed regulated. Two new compounds are added, NH3

and PM10 from brake wear.

Table 2.1: European emission standards for passenger cars. Emission factors are expressed
in g km−1.

Stage Date
(first registration) CO THCs NMHCs NH3 NOx HCs+NOx PM PN

[#/km]
Brake
PM10

Diesel

Euro 1[a] January 1993 2.72
(3.16) – – – – 0.97

(1.13)
0.14

(0.18) – –

Euro 2 01/1997 1.0 – – – – 0.7 0.08 – –
Euro 3 01/2001 0.66 – – – 0.50 0.56 0.05 – –
Euro 4 01/2006 0.50 – – – 0.25 0.30 0.025 – –
Euro 5a 01/2011 0.50 – – – 0.180 0.230 0.005 – –
Euro 5b 01/2013 0.50 – – – 0.180 0.230 0.0045 6×1011 –
Euro 6b 09/2015 0.50 – – – 0.080 0.170 0.0045 6×1011 –
Euro 6c 09/2018 0.50 – – – 0.080 0.170 0.0045 6×1011 –

Euro 6d-Temp 09/2019 0.50 – – – 0.080 0.170 0.0045 6×1011 –
Euro 6d 01/2021 0.50 – – – 0.080 0.170 0.0045 6×1011 –

Petrol

Euro 1[a] January 1993 2.72
(3.16) – – – – 0.97

(1.13) – – –

Euro 2 01/1997 2.2 – – – – 0.5 – – –
Euro 3 01/2001 2.3 0.20 – – 0.15 – – – –
Euro 4 01/2006 1.0 0.10 – – 0.08 – – – –
Euro 5a 01/2011 1.0 0.10 0.068 – 0.060 – 0.005[b] – –
Euro 5b 01/2013 1.0 0.10 0.068 – 0.060 – 0.0045[b] – –
Euro 6b 09/2015 1.0 0.10 0.068 – 0.060 – 0.0045[b] 6×1011[c] –
Euro 6c 09/2018 1.0 0.10 0.068 – 0.060 – 0.0045[b] 6×1011 –

Euro 6d-Temp 09/2019 1.0 0.10 0.068 – 0.060 – 0.0045[b] 6×1011 –
Euro 6d 01/2021 1.0 0.10 0.068 – 0.060 – 0.0045[b] 6×1011 –

Petrol and diesel
Euro 7 (proposed) 07/2025 0.50 0.10 0.068 0.02 0.060 – 0.0045 6×1011 0.007

[a] Values in parentheses are conformity of production (COP) limits.
[b] Applies only to vehicles with direct-injection engines.
[c] 6×1012/km within first three years from Euro 6b effective dates.

2.3 Modeling road-traffic emissions

The main components of emission models are the emission factors. They can be defined as ”empirical

functional relations between pollutant emissions and the activity that causes them” (Franco et al.

2013). Emission factors are obtained through measurements both in the laboratory and under

real-world operation. The main measurement techniques include engine dynamometer, remote sensing

and road tunnel studies (Franco et al. 2013).
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The applications of an emission model are defined by the level of detail with which it represents

the emission and the corresponding activity. Consequently, emission models with high levels of detail

require more information, i.e. input data. On the contrary, less detailed models assume typical and/or

average emission conditions to present aggregated emission factors, which requires less information.

A wide variety of emission models exists, but, in the context of this thesis, the following focuses on

three models. For more information, detailed reviews can be found in Masoud (2014) and Tsanakas

(2019).

In the COPERT model1 (Ntziachristos et al. 2009), emission factors depend on the vehicle and

road types, and are defined as continous functions of the average vehicle speed. It takes into account

exhaust emissions (both hot and cold), evaporative emissions, as well as non-exhaust emissions

(except the resuspension of previously deposited particles). The approach based on the average vehicle

speed may not be able to represent actual traffic conditions. Nonetheless, COPERT is well suited to

compute national and regional emission inventories. As presented in Section 2.4, it can be adapted to

compute emission factors in streets.

The HBEFA model2 (Notter et al. 2019) relies on discrete emission factors predefined for different

traffic situations. Traffic situations are determined based on four factors: (i) the road environnement

(urban or rural), (ii) the road type (e.g. motorway, trunk road and access), (iii) the speed limit, and

(iv) the service level (free flow, heavy, saturated and stop-and-go). Like COPERT, HBEFA is well

suited to compute emission inventories at national and regionals scales, and can be adapted to lower

scales. However, it requires more input data.

Finally, the PHEM model3 (Zallinger et al. 2008) computes instantaneous emissions using a

constant time step of 1 s. In order to do so, engine speed and power are first calculated, then, emissions

are derived from the engine parameters, taking into account driving resistances and transmission

losses. The temperature-dependent effects in the after-treatment devices can also be considered.

PHEM calculates exhaust emissions only, and can be coupled with a dynamic traffic model.

2.4 Pollemission: Emission-factor computational tool

In this section, a tool to compute emission factors from traffic, Pollemission, is presented. It has been

developed during this thesis to provide a flexible method that can be easily modified and adapted to

meet the needs. It is used throughout this thesis to compute traffic emissions for simulations with

MUNICH. Pollemission is freely available from Sarica (2021).

Pollemission is based on the 2019 version of the COPERT methodology, described in EMEP/EEA

(2019). The methodology, originally developed to compute national emission inventories, has been

adapted to compute emission factors in streets based on local traffic information. Pollemission takes

into account emissions during transient thermal engine operation (”cold-start” emissions), vehicle

wear (from tires and brakes) and road abrasion. Gasoline evaporation, included in the methodology,

is not represented in Pollemission, because it is difficult to spatialise emissions precisely and thus as

is it not suited for local computation.

First, the implementation of the COPERT methodology is described in Section 2.4.1. Then,

Pollemission is validated against the official COPERT software in Section 2.4.2. Finally, Section 2.4.3

presents the speciations provided by the methodology for VOCs and PM.

1https://www.emisia.com/utilities/copert/ (last visited 2023-04-21)
2https://www.hbefa.net/e/index.html (last visited 2023-04-21)
3https://www.fvt.at/em/en/simulation/phem.html (last visited 2023-04-21)
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2.4. Pollemission: Emission-factor computational tool

2.4.1 Methodology implementation

The COPERT methodology differentiates four categories of vehicle: PCs; LCVs; HDVs, composed

of heavy-duty trucks (HDTs) and buses; and mopeds & motorcycles (Lcat). These four categories

are subdivided according to the fuel used, the engine size (”segment” in the methodology) and the

European emission standard. In the following, a vehicle type is considered to represent a group of

vehicles sharing the same attribute for each level of decomposition.

The methodology allows to compute emissions for the main atmospheric pollutants emitted by

traffic: CO, NOx, VOCs, PM, methane (CH4) and NH3. Emission factors for NMVOCs are computed

as the difference between VOCs and CH4 emission factors.

The total emission factor eftotal for a given vehicle type and a given pollutant is the sum of each

contribution (exhaust and wear):

eftotal = efexhaust + efwear (2.1)

Note that wear emission factors are provided for PM only, and following COPERT convention,

emission factors are expressed in g km−1.

2.4.1.1 Exhaust emission factors

Emission factors at exhaust are computed following the most accurate method of the methodology,

Tier 3 (Ntziachristos et al. 2019b). However, some assumptions have to be made to adapt it to local

computation. Firstly, corrections of the emission factors by fuel improvements are not considered as

their implementation is complex and data are not available. Secondly, emission factors for HDVs are

dependent on the road slope and their load, but in the absence of data, the road slope is considered to

be zero and HDVs are considered to be charged at 50% of their capacities. Thirdly, the decomposition

by after-treatment devices proposed by the methodology is not taken into account, as the same

coefficients are applied either way. Except for Euro 5 HDVs for which decomposition between selective

catalytic reduction (SCR) and exhaust gas recirculation (EGR) makes a difference. Thus, for this

vehicle type, it is considered that 75% are equipped with SCR, as estimated by the methodology.

Exhaust emission factors are the sum of hot emission factors and cold-start emission factors:

efexhaust = efhot
exhaust + ef cold

exhaust (2.2)

Computable pollutants can broadly be separated into two groups depending on the computational

method for cold-start emission factors:

• Group 1: CO, NOx, VOCs, PM

Cold-start emission factors are computed as over-emission factors of the hot emission factors.

• Group 2: CH4, NH3

Cold-start emission factors are given as independent emission factors.

Note that cold-start emission factors are provided for PCs and LCVs only.

For exhaust emission, PM emission factors refer to PM2.5 as the coarser fraction (from PM2.5 to

PM10) is negligible in vehicle exhaust.

For some vehicle types and pollutants, the COPERT methodology provides only bulk emission

factors. They correspond to the total emission factors efexhaust presented in Equation (2.2) without

the possibility to compute hot and cold-start fractions separately. The formulation to compute these

bulk emission factors are similar to the ones for hot emission factors.
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To represent the deterioration of the performance of petrol PC and LCV equipped with three-way

catalysts, correction factors are calculated using the following emission degradation function:

MCC,i = AM +Mmean +BM (2.3)

With MCC,i the mileage correction factor for a given pollutant i, AM and BM two coefficients provided

by the methodology, and Mmean the mean mileage for the vehicle type considered.

Group 1
In this group, the computation of hot and bulk emission factors is based on the following equation,

with coefficients that depend on the vehicle type and pollutant:

efhot
exhaust =

α.V 2 + β.V + γ + δ/V

ϵ.V 2 + ζ.V + η
.(1−RF ) (2.4)

With V the average speed (in kmh−1). Other coefficients are directly provided by the methodology.

When cold-start emission factors are available, they are based on the following equation:

ef cold
exhaust = efhot

exhaust.(ξ − 1).b.Scold (2.5)

Where ξ is given by the methodology. b is also provided and introduced to reduce emission factors

for more recent Euro standards. Scold is the share of cold-running vehicles.

As the methodology does not give a way to compute PM cold-start emission factors for petrol

PCs and LCVs, they are inferred from the corresponding diesel vehicle type. PM cold-start emissions

from petrol vehicles are known to represent a higher part of the total PM emissions than for diesel

vehicles. To take this into account, a ratio of cold emission/total emission for petrol vehicles (about

46%) and diesel vehicles (about 37%) is taken from André et al. (2019). Thus, PM cold emission

factors for petrol PCs and LCVs can be computed by:

ef cold,PM
exhaust = efhot,PM

exhaust .
ef cold,PM

exhaust

ef total,PM
exhaust

∣∣∣∣∣
diesel

.
46

37
(2.6)

Group 2
In this group, the computation of all emission factors is based on Equation (2.7) and Equation (2.8),

with a twist only to take into account the share of cold-running vehicles. Thus, hot and bulk emission

factors for a given vehicle type and pollutant are computed using:

efhot
exhaust = (α.Cm + β).γ.(1−RF ).(1− Scold) (2.7)

And cold-start emission factors using:

ef cold
exhaust = (α.Cm + β).γ.(1−RF ).Scold (2.8)

In the formulae above, Cm is the mean cumulative mileage of the vehicle type. Scold is the share

of cold-running vehicles. Other coefficients are provided by the methodology.

For PCs running on CNG, cold-start emission factors of methane are considered to represent

62% of the corresponding VOC emission factors, as indicated in the methodology.
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2.4.1.2 Vehicle wear and road abrasion

Emission factors of total suspended particles (TSPs) from tire and brake wear, and road abrasion are

directly given by the method Tier 2 of the methodology (Ntziachristos et al. 2019a). They do not

take into account the resuspension of previously deposited materials.

Speed correction factors are provided for tire and brake wear emissions. These factors are

introduced to represent the higher emissions at low speeds, typical of urban areas.

2.4.2 Validation

In order to validate our implementation of the Tier 3 method for exhaust emissions, emission factors

from Pollemission are compared to emissions from the official COPERT program1, developed by

EMISIA SA. Several parameters must be set to ensure a fair comparison:

• COPERT computations are set to one vehicle driving 1 km for every vehicle type. A unit

conversion is then applied to correspond to Pollemission’s unit (from ton to g km−1);

• The mean speed is set to 20 kmh−1 for every vehicle type;

• The ambient temperature is set to 15 ◦C;

• The COPERT program does not take the percentage of cold-running vehicles Scold as an input

but the average trip length ltrip. Scold is computed internally using the following formula:

Scold = 0.6474− 0.02545× ltrip − (0.00974− 0.000385× ltrip)× ta

With ta the ambient temperature. A Scold of 30% corresponds to a ltrip of about 10.23 km.

Taking into account all the potential sources of uncertainties between Pollemission and the

COPERT program, only relative differences of absolute value larger than 15% are considered. Table 2.2

presents the relative differences in emissions between the COPERT program and Pollemission for

vehicle types with relative differences higher than 15%. Among the 380 vehicle types included in

the methodology, only 18 are significantly different. Furthermore, the fuels of these vehicle types

(LPG and CNG) are not preponderant in the case of a complete fleet. NMVOC emission factors are

computed as the differences between VOC and CH4 emission factors, thereby relative differences in

VOC or CH4 are passed down to NMVOC emission factors.

Non-exhaust emission factors being directly provided by the methodology, with only speed

correction, they do not need validation.

Pollemission is thus validated by comparison to the official COPERT program.

2.4.3 Speciation of NOx, VOCs and PM

Emission factors of NO and NO2 are determined from the emissions of NOx using mass fractions of

NO2 given by the COPERT methodology (Ntziachristos et al. 2019b).

The COPERT methodology provides five generic speciations for NMVOCs following vehicle

category, fuel and European emission standard. Table 2.3 shows the distribution by group of

NMVOCs according to the five speciations.

The compositions of the two speciations for petrol vehicles Euro I and on, and diesel PCs are

rather different for some groups, but others are relatively identical. In fact, alkanes (respectively 30%

and 25% for petrol and diesel vehicles) and alkenes (about 17% for both speciations) represent an
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Table 2.2: Relative differences (in %) between emissions from the COPERT program and
Pollemission for the vehicle types with relative differences higher than 15%. A negative
relative difference indicates that Pollemission emission is higher.

Category Fuel Segment Euro Standard CO VOCs NMVOCs
Passenger Cars LPG Mini Euro 4 18.74 -31.13 -37.06
Passenger Cars LPG Mini Euro 5 18.74 -31.13 -37.06
Passenger Cars LPG Mini Euro 6 18.74 -31.13 -37.06
Passenger Cars LPG Small Conventional
Passenger Cars LPG Small Euro 1
Passenger Cars LPG Small Euro 2
Passenger Cars LPG Small Euro 3 19.37 -30.80 -33.90
Passenger Cars LPG Small Euro 4 18.74 -31.13 -37.06
Passenger Cars LPG Small Euro 5 18.74 -31.13 -37.06
Passenger Cars LPG Small Euro 6 18.74 -31.13 -37.06
Passenger Cars LPG Medium Conventional
Passenger Cars LPG Medium Euro 1
Passenger Cars LPG Medium Euro 2
Passenger Cars LPG Medium Euro 3 19.37 -30.80 -33.90
Passenger Cars LPG Medium Euro 4 18.74 -31.13 -37.06
Passenger Cars LPG Medium Euro 5 18.74 -31.13 -37.06
Passenger Cars LPG Medium Euro 6 18.74 -31.13 -37.06
Passenger Cars LPG Large Conventional
Passenger Cars LPG Large Euro 1
Passenger Cars LPG Large Euro 2
Passenger Cars LPG Large Euro 3 19.37 -30.80 -33.90
Passenger Cars LPG Large Euro 4 18.74 -31.13 -37.06
Passenger Cars LPG Large Euro 5 18.74 -31.13 -37.06
Passenger Cars LPG Large Euro 6 18.74 -31.13 -37.06
Passenger Cars CNG Mini Euro 4
Passenger Cars CNG Mini Euro 5
Passenger Cars CNG Mini Euro 6
Passenger Cars CNG Small Euro 4
Passenger Cars CNG Small Euro 5
Passenger Cars CNG Small Euro 6
Passenger Cars CNG Medium Euro 4
Passenger Cars CNG Medium Euro 5
Passenger Cars CNG Medium Euro 6
Passenger Cars CNG Large Euro 4 28.60
Passenger Cars CNG Large Euro 5 28.60
Passenger Cars CNG Large Euro 6 28.60

important part of the two speciations. On the contrary, aromatics constitute the majority of the

speciation for petrol vehicles (almost 45%), whereas they constitute less than 20% of the speciation

for diesel vehicles. The contribution of cycloalkanes is twice as large for petrol vehicles compared to

diesel vehicles. For diesel vehicles, aldehydes represent the largest contribution (about 31%) and the
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contribution of ketones is larger (4% against 0.6%) for petrol vehicles.

Table 2.3: NMVOC speciations provided by the COPERT methodology. The acronym
PAH refers to polycyclic aromatic hydrocarbon (PAH), and POP to persistent organic
pollutant (POP).

Fraction [%] Petrol 4 stroke Diesel PCs & LCVs HDVsGroup Conventional Euro I & on IDI & DI LPG
Alkanes 17.29 29.8 24.53 31.53 77.1

Cycloalkanes 0.88 1.14 0.65 1.16 0.1
Alkenes 21.3 17.22 17.17 13.33 11.7
Alkynes 6.31 3.1 2.34 1.05 1.28

Aldehydes 4.32 3.32 31.1 24.47 5.27
Ketones 0.32 0.66 4.14 0 0.78

Aromatics 49.56 44.41 19.49 25.17 3.75
PAHs & POPs 0.02 0.35 0.58 3.29 0.02

Total 100 100 100 100 100

PM emission factors from exhaust consists of BC, OM and dust. The COPERT methodology

provides two ratios: BC/PM2.5 and OM/BC (Ntziachristos et al. 2019b). However, associated

uncertainties can be high, ranging from 5% to 50%. It is interesting to note that the majority of

exhaust PM emissions for petrol vehicles is OM whereas for diesel vehicles, the majority is BC.

For emission factors of PM from non-exhaust sources, the COPERT methodology also provides

information about size and chemical speciations (Ntziachristos et al. 2019a). Both tire- and brake-wear

emissions are mainly composed of dust, at 49% and 87% respectively. While 60% of the tire-wear

emissions are ranging in size between 1 µm and 2.5 µm, 60% of the brake-wear emissions are between

2.5 µm and 10µm. Emissions from road abrasion are considered to be only composed of dust with a

size distribution between 1 µm and 10µm. More information can be found in Section 3.2.
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In air quality modeling, there are many sources of uncertainties that can influence concentrations

to a greater or lesser extent. Some are related to the parameterization of the model, with the

representation of the flow field and of the aerosol processes. Others are induced by the input data

of the model, such as boundary conditions and missing sources. For simulations at the street scale,

the representation of road traffic emissions strongly influences the street concentrations of pollutants

emitted or formed from traffic emissions, such as NO2 and BC, but it is attached to uncertainties. As

detailed in chapter 2, road traffic emissions can be represented using different approaches (Section 2.3).
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The choice of the representation depends on the information available to compute these emissions,

such as vehicle number and speed. The COPERT methodology is one of the main European tool

to help countries build national emission inventories by calculating emission factors from traffic

(EMEP/EEA 2019). However, it can easily be adapted to generate emissions from traffic at a lower

resolution (see Pollemission in Section 2.4).

Although the COPERT methodology is based on numerous laboratory and real-situation mea-

surement studies, some uncertainties persist. The VOC speciations provided by the methodology for

exhaust emissions are based on measurements performed on vehicles compliant with old emission stan-

dards (pre-Euro 1 and Euro 1) and poorly describe the emitted intermediate-, semi- and low-volatile

organic compounds (I/S/LVOCs). Non-exhaust emissions are also subject to high uncertainties, in

particular tire-wear emissions. Emissions of organic aerosol precursors from road asphalt is a source

that is currently ignored in air quality modeling but which could impacts the concentrations of OM.

This chapter thus investigates the sensitivity of the concentrations in streets to these uncertainties

through emission scenarios. Section 3.1 presents a first study that simulates the month of April

2014 taking into account only the modification of traffic emissions at the local scale, i.e. for the

MUNICH simulation. It is published as a chapter of the Air Pollution Modeling and its Application

XXVIII (Sarica et al. 2022). However, the influence of the emission scenarios on the background

concentrations are not modeled. The second study tackles this issue in Section 3.2 by simulating

impacts on concentrations for year 2014 at both regional and local scales using Polair3D and MUNICH

respectively. It is published in Environmental Pollution (Sarica et al. 2023c).

Table 3.1: Influence of background concentrations on the concentrations in the streets. The
fixed and modified keywords represent the first and second study for which the background
concentrations were not modified and modified respectively. Average concentrations are
expressed in µg m−3. NMB represent the bias in regard to the respective reference simulation
S0/SCN0, in %.

S2/SCN2 S3/SCN3 S4/SCN4
Background fixed modified fixed modified fixed modified

PM10
mean 23.3 22.1 26.3 29.3 25.3 26.2
NMB -1.5 -5.3 9.8 23.0 6.6 11.8

PM2.5
mean 21.0 20.4 21.6 23.3 22.9 24.4
NMB -1.7 -5.5 1.0 7.2 7.3 12.7

BC mean 1.5 1.4 2.1 2.9 1.5 1.4
NMB 0.0 0.0 34.9 89.9 0.0 0.0

OM mean 3.9 3.9 5.3 7.6 5.8 8.0
NMB -7.5 -23.5 20.5 40.6 36.1 53.5

To highlight the impacts that background concentrations have on concentrations in the streets,

modeled concentrations from the two studies are compared for the month of April 2014. Table 3.1

presents this influence on the particulate pollutants for scenarios S2/SCN2, S3/SCN3 and S4/SCN4.

Scenarios S2, S3 and S4 refer to the first study without modification of the background concentrations

(Table 3.2). Scenarios SCN2, SCN3 and SCN4 refer to the second study with modification of the

background concentrations (Table 3.5). Scenarios S1 and SCN1 cannot be compared as they differ by

their emissions. Scenario SCN1 uses a more recent VOC speciation for diesel passenger cars that

is not in scenario S1. Since the biases are systematic, only the normalized mean bias (NMB) is

presented as it has the same numerical value as the normalized mean error (NME). The formulation
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of both NMB and NME is outlined in Appendix A2.

Taking into account the impacts of the emission scenarios on the background concentrations,

through regional-scale simulations with Polair3D, and their feedback on the concentrations in the

streets greatly amplify the impacts of the emission scenarios on street concentrations. For scenarios

S2/SCN2, which modify exhaust emissions of I/S/LVOCs, the reductions observed in S2 are amplified

in SCN2, from 1.5% to 5.3% for PM10, and from 7.5% to 23.5% for OM. For scenarios S3/SCN3

and S4/SCN4, the increases in concentrations are higher when considering the modification of the

background concentrations. Concentrations of BC and OM are especially impacted in SCN3, and

they increase from 35% to 90% and 20.5% to 40.6% respectively when the change of background

concentrations is taken into account. The road-asphalt emissions of organic aerosol precursors in

scenarios S4/SCN4 greatly impact OM concentrations with an increase from 36.1% to 53.5%, leading

to an increase from 7% to 12% of PM10 concentrations.

3.1 Modelling pollutant concentrations in streets: a sensitivity
analysis to asphalt and traffic related emissions

Higher concentrations of NO2 and particles (OM and BC) are often observed in streets compared

to urban background. Road traffic is generally seen as one of the dominant sources of emissions in

streets. The main goal of this work is to evaluate the impact of uncertainties of traffic emissions

(speciation of VOCs at exhaust and non-exhaust emissions) on pollutant concentrations in streets,

and to evaluate the potential impact of asphalt-related emissions, which are usually ignored.

3.1.1 Introduction

Despite increasingly stringent regulations, road transport remains a source of air pollution (NO2

and particles to a lesser extent) in urban areas. The European emission standards (Euro norms)

drive in Europe the reduction of automobile-related emissions through several regulations, from

Euro 1 in 1992 to the Euro 7 regulation expected for 2025. However, only emissions at exhaust are

considered by these regulations and non-exhaust emissions are omitted. The COPERT methodology,

described in the EMEP/EEA air pollution emission inventory guidebook (EMEP/EEA 2019), lists

traffic-related pollutant emission factors for the different Euro norms and vehicle technologies. It

is often used in Europe to build emission inventories. However, uncertainties remain high for some

emission factors, such as those linked to non-exhaust emissions, and the methodology lacks a detailed

speciation of some emitted pollutants such as VOCs. Non-exhaust emissions and VOC speciation

may influence particle concentrations (BC and OM respectively) (Lugon et al. 2021b; Sartelet et al.

2018). Depending on the speciation, VOCs may contain precursors of organic aerosols (I/SVOCs,

toluene, xylenes etc.).

Numerical modelling is an effective tool to evaluate the impacts of emission changes but also the

importance of urban topology on pollutant concentrations at street scale. In this work, MUNICH is

used to compute concentrations of pollutants at street scale (Kim et al. 2018; Lugon et al. 2020).

MUNICH is coupled with the modular box model SSH-aerosol (Sartelet et al. 2020) to represent

formation and aging of primary and secondary gases and particles in streets. Four sensitivity scenarios

are designed to study uncertainties in the COPERT methodology linked to VOC speciation at the

exhaust, non-exhaust emissions and asphalt emissions.
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3.1.2 Simulated scenarios

Simulations are performed over the month of April 2014 using the street network presented in Kim

et al. (2018). This street network is composed of 577 street segments representing a district of

Le Perreux-sur-Marne, a suburb 13 km east of Paris. Meteorological parameters and background

concentrations originate from Lugon et al. (2021b). Deposition and scavenging of both gas and

particle phases are taken into account. The size distribution of particulate species are represented in

the model by 6 size bins of diameters ranging between 0.01 µm and 10µm (Lugon et al. 2021b).

Fleet composition and traffic flows and speeds have been determined for a typical weekday and a

typical weekend day from simulations using the traffic simulator SymuVia (André et al. 2020). The

fleet is composed on average by 77% of PCs and 14% of LCV. Diesel is the most widespread fuel

in the fleet representing respectively 65.2% and 97.5% of PCs and LCVs. Traffic flows of PCs are

higher during the weekday than weekend day with peaks at up to 1 400 vehicles per hour at morning

and afternoon rush hours over the main street section of interest for this study. During the weekend

day, the maximal flow is about 200 vehicles per hour. For both days the PC speed profiles are similar,

and vary between 24 kmh−1 and 32 kmh−1.

Table 3.2: List of the simulations performed.

Scenario Description

S0 Reference simulation - COPERT methodology only
S1 More recent NMVOC speciations for petrol PCs and LCVs
S2 I/S/LVOCs are estimated from Sartelet et al. (2018)
S3 Higher tire-wear emissions following Lugon et al. (2021b)
S4 Emissions from road asphalt derived from Khare et al. (2020)

Table 3.2 presents the reference simulation S0 and the four sensitivity scenarios, S1 to S4,

performed in this study. The reference simulation S0 is based on the COPERT methodology described

in EMEP/EEA (2019) for exhaust emissions of CO, NOx (NO+NO2), VOCs, CH4 and PM2.5, and

non-exhaust emissions of PM10. NO2 fractions, VOC speciations and PM decomposition into BC,

OM and dust are also provided by the COPERT methodology. At exhaust, the ”cold-start” emissions

when the operational temperature of the internal combustion engine and after-treatment devices

have not yet been reached are taken into account. In all scenarios, only the street emissions for the

local-scale simulation with MUNICH are modified. The impact of the scenarios on the background

concentrations is not taken into account.

Scenario S1 evaluates the impacts of using finer and more recent NMVOC speciations for petrol

PCs and LCVs. These new speciations originate from laboratory measurements performed during the

MAESTRO project1. With these new speciations, the fractions of IVOCs and SVOCs are reduced from

6.0% to less than 2.0% and from 4.9% to less than 0.2% compared to COPERT respectively. Scenario

S2 investigates the implications of estimating I/S/LVOC emissions from the NMVOC emissions as

presented in Sartelet et al. (2018), with formulae based on chamber measurements performed in the

United-States for petrol and diesel vehicles. The primary organic aerosols emitted in S0 are not

considered in this scenario, as they are assumed to be LVOCs. Using this method, the averaged

total emission of I/S/LVOCs is reduced by 71% compared to the reference S0, 78µg s−1 against

1Modélisation/caractérisation des précurseurs gazeux et des AErosols Secondaires du Transport Routier –
joint project between LCE-AMU, IRCELYON, UGE-EASE and CEREA
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272 µg s−1. The volatility distribution is also modified with a larger fraction of IVOCs and a lower

fraction of LVOCs. Non-exhaust emissions originating from tire, brake and road wears are bound to

high uncertainties partly due to the difficulties to differentiate the origin of the measured materials.

Following Lugon et al. (2021b), the tire emission factors are multiplied by 9 in scenario S3 as the

simulation S0 underestimates the concentrations of BC compared to observations. Furthermore, the

chemical speciation of tire-wear emissions assumes 25% of BC (compared to 15.3% in simulation S0).

Finally, scenario S4 considers emissions of SOA precursors in the gas phase from road asphalt due to

pavement heating and exposure to sunlight, as detailed in Khare et al. (2020). As a first assessment,

these emissions are assumed to occur during daytime at a constant rate of 0.025mg/min/kg asphalt.

This rate is derived assuming a temperature of the road asphalt of 20 ◦C during the simulation period.

3.1.3 Concentration levels

The reference S0 is compared to observations, performed on one segment of the street network, using

the statistical criteria presented in Hanna et al. (2012). Although NOx and NO concentrations are

underestimated, NO2 concentrations are well modelled and satisfy the strictest criteria. Particles

are also well modelled: PM10 and PM2.5 both comply with the strictest criteria, although PM10

are slightly underestimated and PM2.5 are slightly overestimated. However, BC concentrations are

significantly underestimated and none of the criteria are satisfied. These results and comparisons to

observations are in accordance with previous works (Kim et al. 2018; Lugon et al. 2021b).

Scenario S1 with the use of more recent speciations for NMVOC emissions of petrol PCs and

LCVs has low impacts on pollutant concentrations. PM10 and PM2.5 average concentrations are

decreased by about 0.12% compared to the reference S0. Organics in the particle phase are impacted

with a reduction of the average concentration of 0.6%. The gas-phase concentrations of IVOCs and

SVOCs are also reduced by 12.6% and 5.2% respectively. This low sensitivity was expected as petrol

is not the preponderant fuel in the fleet. 30% and 2% of the PCs and LCVs respectively are running

on petrol. Scenario S2 PM10 and PM2.5 average concentrations are 1.6% and 1.8% lower compared to

the reference S0 respectively. Organics are the most impacted compounds of PM with a reduction of

8.7%, showing that the IVOC and SVOC speciation of VOCs may have a large influence on organic

concentrations in the particles.
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Figure 3.1: Hourly simulated concentrations of organics (a) and PM10 (b) at a segment of the
street network for the reference simulation S0 and scenarios S3 and S4. PM10 concentrations
are compared to observations [µgm−3].
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There is a high increase in the PM concentrations in scenario S3, due to higher emission factors

and modified chemical speciation of tire wear. PM10 and PM2.5 average concentrations are 10.9% and

1.1% higher compared to the reference S0 respectively. BC and organics are the particle compounds

that increase the most by 41.9% and 23.8% respectively. In scenario 4, taking into account road

asphalt emissions results in a large increase of the concentrations of gas-phase IVOCs and SVOCs by

as much as 492.0% and 321.5% respectively. The impacts on particle-phase organics are not as high,

36.0% for the organics. The PM10 and PM2.5 average concentrations increase by 6.6% and 7.4%

respectively, compared to the reference S0. These results are plausible and confirm the conclusion of

Khare et al. (2020) that road asphalt can be a major missing source of SOA precursor emissions.

3.1.4 Conclusion

The impacts of different sources of uncertainties linked to traffic emissions on pollutant concentrations

in streets have been evaluated using the street network model MUNICH, coupled with the complex

chemistry module SSH-aerosol. The reference simulation S0 presents concentrations that compare

well to the observed concentrations and previous works.

The impacts of considering more recent NMVOC speciations for petrol PCs and LCVs in scenario

S1 are limited as petrol is not the preponderant fuel in the fleet. Nevertheless, slight reductions of

PM and organics are observed, as the fraction of IVOCs and SVOC are lower in the new speciations

than in COPERT. Computing IVOC and IVOC emissions using the method presented in Sartelet

et al. (2018), which is not specific to European cars, in scenario S2 results in larger modifications

of organic concentrations in streets compared to the reference S0. Having access to more recent

NMVOC speciations for diesel European vehicles is decisive to fully assess the impacts of NMVOC

speciation on pollutant concentrations.

The simulated BC concentrations are closer to observation in the scenario S3, which has higher

emission factors and modified chemical speciation for tire wear. This indicates the necessity to better

measure and characterize non-exhaust emissions. Taking into account SOA precursor emissions from

road asphalt in scenario S4 results in a huge increase of the gas-phase IVOC and SVOC concentrations.

Nonetheless, the impacts on PM and organics concentrations are in the range of the modifications

induced by the other scenarios. Further work is needed to assess the significance and uncertainties of

this source of emissions before systematically considering it in emission inventories.

The impacts of the scenarios on the background concentrations is not taken into account in

this study. Because traffic emissions do affect background concentrations, the impacts on the street

concentrations would be larger if the impacts on background concentrations were taken into account.

Simulations using background concentrations modified accordingly to the scenarios have to be

performed in order to fully assess the impacts of the scenarios on the concentrations in streets.

3.2 Sensitivity of pollutant concentrations in urban streets to
asphalt and traffic-related emissions

The higher concentrations of atmospheric particles, such as BC and OM, detected in streets compared

to the urban background are predominantly attributed to road traffic. The integration of this source

of pollutant in air quality models nevertheless entails a high degree of uncertainty and some other

sources may be missing. Through sensitivity scenarios, the impacts on pollutant concentrations of

sensitivities related to traffic emissions and road asphalt emissions are evaluated. The 3D Eulerian

model Polair3D and the street network model MUNICH are applied to simulate various scenarios
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and their impacts at the regional and local scales. They are coupled with the modular box model

SSH-aerosol to represent formation and aging of primary and secondary gas and particles. Traffic

emissions are calculated by means of the COPERT methodology. Using recent VOC speciations for

light vehicles with more detailed information pertaining to I/S/LVOCs leads to limited reductions of

OM concentrations (10% in streets). Changing the method of estimating I/S/LVOC emissions leads

to an average reduction of 60% at emission and a decrease of the OM concentrations of 27% at the

local scale. An increase in 219% of BC emissions from tire wear, consistent with the uncertainties

found in the literature, doubles the BC concentrations at the local scale, which remain underestimated

compared to observations. Emissions of I/S/LVOCs are several orders of magnitude higher when

considering emissions from road asphalt due to pavement heating and exposure to sunlight. However,

simulated concentrations of PM at the local scale remain within acceptable ranges compared to

observations. These results suggest that more information is needed on I/S/LVOCs and non-exhaust

sources (tires, brakes and road abrasion) that impacts the concentration of particles. Furthermore,

currently unconsidered emission sources such as road asphalt may have non-negligible impacts on

pollutant concentrations in streets.

3.2.1 Introduction

In urban areas, populations are exposed to high concentrations of pollutants due to unfavorable

dispersion conditions and proximity to traffic. In 2019, more than 90% of the European urban

population was exposed to concentrations of NO2 and PM2.5 exceeding the World Health Organization

2021 air quality guidelines (EEA 2022). The main components of PM include BC, dust, inorganic

aerosols, organic aerosols and metals. As organic aerosols, BC has strong impacts on health, ranging

from minor upper respiratory irritation to chronic respiratory and heart disease (Kampa et al. 2008;

Mabahwi et al. 2014).

While BC is a chemically inert primary pollutant, organic aerosols, or OM, can be classified

as POAs if directly emitted into the atmosphere, or SOAs if formed in the atmosphere from the

oxidation of VOCs and/or the condensation of semi volatile organic compounds. VOCs consist of

compounds existing only in the gas phase, i.e., with saturation vapor pressure higher than that of

dodecane with 12 carbon atoms. Organic compounds with relatively low vapor pressure are further

classified as IVOCs, SVOCs and LVOCs (Gentner et al. 2017). The oxidation of gas-phase organic

compounds leads to the formation of lower-volatility compounds that may partition more easily to

particles. This process is highly dependent on oxidant concentrations that are mainly governed by

photochemical reactions of NOx and VOCs.

Road traffic could be one of the main sources of pollutants explaining the high concentrations of

NO2, BC and OM observed in streets (Kamara et al. 2021; Saarikoski et al. 2021). Traffic-related

emissions are categorized depending on their origins: exhaust and non-exhaust. Traffic exhaust

emissions arise from the combustion of fuels such as petrol, diesel and LPG in ICE vehicles. Incomplete

fuel oxidation, the oxidation of non-combustible species present in the combustion chamber and the

various after-treatment devices to comply with emissions legislation produce several by-products:

CO, CH4, NH3, NOx, VOCs and PM. Traffic non-exhaust emissions include fuel evaporation and

emissions which are not covered by existing emissions legislation, consisting of particles emitted as a

result of tire wear, brake wear and resuspension.

The representation of traffic emissions in a modeling framework raises many questions concerning

the representation of traffic characteristics and their temporal and spatial variations (Quaassdorff

et al. 2022; Tsanakas et al. 2020; Lejri et al. 2018). The resulting emissions may depend on a

great number of parameters and the way the corresponding information is aggregated over time
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(Borge et al. 2012) and translated into emission factors as per the Computer Program to Calculate

Emissions from Road Transport (COPERT) or the European Handbook Emission Factors for Road

Transport (HBEFA) methodologies. The assessment of real-world emissions can be carried out

directly for tailpipe emissions, but only for a few vehicles in a fleet. At the fleet level, it can be

done indirectly through a combination of observational and modeling approaches (Wiesner et al.

2021; Krecl et al. 2017). For the current work we rely on the COPERT methodology which is

described in the EMEP/EEA air pollutant emission inventory guidebook (EMEP/EEA 2019). It

provides a formulation to calculate the emission factors of pollutants emitted by road traffic, both

exhaust and non-exhaust. Exhaust emission factors are relatively well known and documented with

numerous laboratory and real-situation measurements. However, the VOC speciations offered by the

methodology are based on measurements made with vehicles compliant with old emission standards

(pre-Euro 1 and Euro 1) and do not give detailed information about emitted I/S/LVOCs. Non-exhaust

emissions are subject to higher uncertainties due to the difficulties in measuring emissions during

vehicle use and differentiating the varying sources (e.g., tires, brakes, road abrasion and resuspension).

Tire emissions are particularly poorly characterized (Luhana et al. 2004; Boulter 2005). Road

asphalt emission could be an additional source of organic aerosol precursors that is currently ignored.

Although (Zhang 2015; Nilsson et al. 2018), they may persist afterward and depend on temperature

and incident solar flux, as recently suggested by Khare et al. (2020).

In air quality modeling, regional and street models can be used concomitantly to simulate

concentrations down to the street scale, representing the multiscale evolution of concentrations (San

Jose et al. 2022; Lv et al. 2022; Mu et al. 2022). For example, the 3D Eulerian model Polair3D may

provide concentrations at the regional scale, to feed the street network model MUNICH (Kim et al.

2018, 2022) which calculates concentrations in streets. Modeled concentrations can be significantly

affected by several sources of uncertainties linked to the representation of the flow field (Kim et al.

2022, 2015, 2013), of aerosol processes (Lugon et al. 2021a; Zhu et al. 2016b) and other missing

sources/sinks (Sartelet et al. 2018). In order to evaluate the sensitivity of the concentrations to the

most uncertain aspects of emission that are usually not considered, but that may be significant, four

scenarios investigating the influence of VOC speciations, non-exhaust emissions and road asphalt

emissions are presented and analyzed in this study. The following section presents the reference

simulation with the model setups and parameterizations. Then, Section 3.2.3 introduces the four

sensitivity scenarios and their impacts on emissions. Finally, the scenarios’ impacts on concentrations

are discussed in Section 3.2.4.

3.2.2 Simulation setup and reference simulation

This section presents the simulation setup of the reference simulation SCN0 and the methodology to

compute emissions. The regional- and local-scale simulations are performed for the year 2014 using

the Polair3D (Mallet et al. 2007) and MUNICH (Kim et al. 2022) models, as detailed below. They

are both coupled with the box-model SSH-aerosol to simulate the evolution of gas as well as primary

and secondary aerosols (Sartelet et al. 2020). As both Polair3D and MUNICH are coupled with

SSH-aerosol, this modeling chain enables the assessment of impacts of traffic and asphalt emissions

and their sensitivities on pollutant concentrations in streets, taking into account physicochemical

transformations at all scales.

SSH-aerosol takes into account gas-phase chemistry and aerosol dynamics (coagulation, condensa-

tion/evaporation). Because this study focuses on mass concentrations of particles, and not on the

number concentration, nucleation is not taken into account in aerosol dynamics. Indeed, it has a

low impact on mass concentrations (Sartelet et al. 2022): nucleation forms nanometric particles, and
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particles with a diameter of less than 20 – 30 nm have low mass. The smallest particle diameter

represented here is 10 nm, to be able to account for ultra-fine particles emitted by traffic exhaust

at around 60 nm. The size distribution of particles is represented in the models by 6 size sections

of diameters ranging between 0.01 and 10µm: [0.01 – 0.0398µm], [0.0398 – 0.1585 µm], [0.1585 –

0.4 µm], [0.4 – 1 µm], [1 – 2.5119 µm] and [2.5119 – 10 µm]. In this study, SSH-aerosol is applied with

a modified version of the gas-phase condensed chemical mechanism Carbon Bond 05 (Yarwood et al.

2005). It represents the oxidation of VOCs whose oxidation products may partition to particles to

form SOAs (e.g., benzene, toluene, xylene, phenol, naphthalene, IVOCs and SVOCs) with low and

high-NOx reaction paths and yields based on smog chambers experiments (Majdi et al. 2019).

3.2.2.1 Local-scale simulations

A district of Le Perreux-sur-Marne, a suburb 13 km east of Paris, is taken into consideration (Kim et al.

2018). It consists of 577 street segments (see Figure 3.2). Simulations are performed from 10 January

to 27 December 2014 using MUNICH (Kim et al. 2022). In each street segment, concentrations are

assumed to be homogeneous, and evolve depending on chemistry, on exchanges between the street

and the background, and from one street to the next via intersections. Dry deposition is modeled

on the road, the pavement and the building walls and wet deposition corresponds to scavenging by

precipitation, as detailed in Kim et al. (2022).
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Figure 3.2: Local-scale simulation network representing a district of Le-Perreux-sur-Marne.
The brown cross represents the position where observations have been performed.

In the streets of the network, emissions from road traffic are computed using Pollemission (Sarica

2021), which is based on the COPERT methodology, as described in the EMEP/EEA air pollutant

emission inventory guidebook (EMEP/EEA 2019). It uses an average-speed approach to determine

emission factors, both exhaust and non-exhaust. Five vehicle categories are considered: PCs, LCVs,

HDTs, buses (Bus) and two-wheeled vehicles (Lcat). The most common fuels are differentiated, i.e.,

petrol and diesel, but also LPG and CNG. Electric vehicles are assumed to only emit non-exhaust

pollutants. Finally, exhaust emissions depend on the cylinder size for PCs and Lcat, and weight for

LCVs, HDTs and Bus, as well as on European emission standards, e.g., Euro 1 and Euro 5 norms, as

each norm introduces new and/or improved powertrain technologies and after-treatment processes in

the wake of the lowering of emission limits.

Cold exhaust emissions, i.e., transient exhaust emissions during the cold start occur before the

operational temperatures of the ICE and after-treatment devices are reached. They are known to be
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higher than hot-exhaust emissions and to increase with low ambient temperatures (Joumard et al.

1990; Pielecha et al. 2021). They are estimated using the COPERT methodology, except for the

PM cold emission factors for petrol PCs and LCVs, which are absent from the methodology and are

inferred from the corresponding diesel vehicle type using a ratio of 1.24 (André et al. 2020). The

share of vehicles running during thermal transient operation is fixed to 30%, following Kyriakis et al.

(1998). Non-exhaust emissions related to tire and brake wear, and road abrasion consist of PM falling

mainly into the coarse particle category (between PM10 and PM2.5). Evaporation of VOCs from

petrol vehicles that occurs partly during parking phase is not considered at the local scale.

Fleet composition and traffic conditions (vehicle speed and number) correspond to a typical

urban fleet for the Île-de-France region for 2014 (André et al. 2019) (see Appendix 3.A for details).

Diesel is the most predominant fuel, with more than 65% of PCs. The complete fleet composition is

presented in Table S1. The traffic conditions for each street segment of the network were obtained

from simulations performed with the dynamic traffic model Symuvia (Leclercq et al. 2007), as detailed

in Kim et al. (2022). On average over the traffic simulations, PCs represent the majority of the fleet

at 77%, followed by LCVs at 14%. HDTs, Bus and Lcat are less present in the fleet at 3%, 4% and

2% respectively.

NOx emission factors are speciated into NO and NO2 using the fractions of NO2 provided by the

COPERT methodology for each vehicle type. The speciation of PM exhaust emission factors also

follows the COPERT methodology by using the fractions of BC and OM supplied for each vehicle

type. The OM fraction of the PM emissions is assumed to be emitted in the form of LVOCs. If a

fraction of PM remains after the BC and OM speciation, it is categorized as dust and unspeciated

species. The PM size distribution at emission is assumed to be the same as in Lugon et al. (2021a,b),

i.e., exhaust primary PM are assumed to be in the size bin [0.0398 – 0.1585 µm]. The emission factors

of NMVOCs are calculated as the difference between VOC andCH4 emission factors. In contrast

to NOx and PM, the COPERT methodology presents 5 NMVOC speciation profiles aggregated for

pre-Euro and Euro petrol PCs and LCVs, diesel PCs and LCVs, HDTs and Bus, and vehicles running

on LPG. These speciation profiles include about 60 different species and are presented in Table S2.

For heavy compounds that may be considered as precursors of SOAs, only aggregated species are

available. In the NMVOC speciations, the IVOC fraction regroups cycloalkanes, alkanes from C10

to C12, and aromatics C9 and C10. Similarly, the SVOC fraction gathers the alkanes and aromatics

containing at least 13 atoms of carbon.

Non-exhaust emissions of TSPs originate from tire, brake and road wear. The calculation of their

emission factors follows Tier 2 of the COPERT methodology (Ntziachristos et al. 2019a). Table 3.7

presents the size distribution and speciation into BC, OM and dust of the non-exhaust emissions

of particles, as specified by the methodology. Dust (and unspeciated species) are the most emitted

species for all three sources. Road wear emits only dust materials, as suggested by Tier 1 of the

methodology. The majority (90%) of the emissions falls into PM coarse and PM2.5-1. Appendix 3.B

presents the size distributions for the six size sections used in this work.

3.2.2.2 Regional-scale simulations

Because background concentrations can have a strong impact on concentrations in streets, simulations

at the regional scale are performed using the model Polair3D from the Polyphemus platform (Mallet

et al. 2007), on an area centered on the Île-de-France region with a horizontal resolution of 0.02◦x0.02◦

and 14 vertical levels from the ground to 12 km (see Figure 3.3). The simulation period is from 8

January to 27 December 2014. Biogenic emissions, boundary and initial conditions are taken from

Sartelet et al. (2018). Meteorological conditions are modeled using the WRF model (version 3.9.1.1),
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as detailed in Lugon et al. (2020). Dry and wet depositions are modeled as detailed in Sartelet et al.

(2007).
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Figure 3.3: (a) Regional-scale simulation domain with the position of the measurement
stations. In blue, stations measuring only NO2. In green, stations measuring NO2 and PM10.
In red, stations measuring NO2 and PM2.5. In magenta, stations measuring NO2, PM10 and
PM2.5. In cyan, the station measuring NO2 and BC. In yellow, the station measuring BC. In
light green, the station measuring OM. (b) Regional-scale simulation domain with the purple
area corresponding to Paris suburbs for the study of the impacts of the various scenarios
on emissions and concentrations. The pink area includes Paris city for assessment of the
scenarios’ impacts on concentrations. The orange hexagon indicates the position of the street
network at local scale.

Anthropogenic emissions are retrieved from the EMEP gridded emission inventory2. Non-traffic

emissions are processed as per Sartelet et al. (2018). Traffic emissions of NOx, VOCs and PM are

speciated similarly to the local scale (see Section 3.2.2.1 where details of the fleet composition are

available), i.e., taking into account the fraction of each vehicle type in the fleet. Thus, NOx emissions

are composed of 27% of NO2. Because EMEP emissions do not distinguish exhaust from non-exhaust

emissions, PM emissions are assumed to originate at 41% from exhaust, 25% from brake wear, 18%

from tire wear and 16% from road abrasion, as at the local scale. Following André et al. (2019),

19% of NMVOC emissions are considered to be evaporative emissions from petrol PCs and LCVs via

evaporation of fuel in the tank during driving and parking, and fuel permeation/leakage. Speciation

of these emissions are taken from the COPERT methodology considering ethanol blends.

3.2.2.3 Model evaluations

The reference simulation SCN0 is compared to observational data using the statistical indicators

presented in Appendix A1 and the two criteria from Hanna et al. (2012) and Herring et al. (2018).

The first criterion is the strictest, with −0.3 ≤ FB ≤ 0.3; 0.7 ≤ MG ≤ 1.3; V G ≤ 1.6; NAD ≤ 0.3;

NMSE ≤ 3; FAC2 ≥ 0.5. The second criterion is less strict, with −0.67 ≤ FB ≤ 0.67; 0.7 ≤ MG ≤
1.3; V G ≤ 1.6; NAD ≤ 0.5, NMSE ≤ 6; FAC2 ≥ 0.3. The most strict criterion is usually applied

to rural areas while the less strict is applied to urban areas, as uncertainties are generally higher in

these configurations.

At the regional scale, concentrations are compared to background and rural stations for NO2,

PM10, PM2.5, OM and BC (see Figure 3.3a for the position of the stations). These stations provide

2https://www.ceip.at/the-emep-grid/gridded-emissions (last accessed: 2023-03-15)
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measured concentrations over the whole simulation period. They are compared to concentrations in the

first vertical layer of the regional simulation. As shown in Table 3.3, the reference simulation compares

well to observations for NO2, PM10, PM2.5 and OM while satisfying the strictest criterion for the

most part. NO2, PM2.5 and OM concentrations are slightly overestimated and PM10 concentrations

underestimated. The underestimation is larger for BC, and the criteria are not respected for BC,

although the model to measurement correlation is high. These results are comparable to previous

studies with similar setups (Roustan et al. 2011; Sartelet et al. 2018; Lugon et al. 2020).

Table 3.3: Polair3D concentration evaluation against observations (obs and sim represent
average observed and simulated concentrations respectively; in µgm−3). Formulation of the
indicators is presented in Appendix A1.

Number of
stations obs sim Correlation FB MG VG NAD NMSE FAC2

NO2 (hourly) 17 27.43 27.97 0.58 0.14 0.84 2.16 0.28 0.71 0.65
PM10 (daily) 6 21.66 18.53 0.68 0.12 0.89 1.15 0.16 0.26 0.93
PM2.5 (daily) 4 13.94 15.77 0.65 -0.21 1.24 1.26 0.19 0.31 0.86
OM (daily) 1 3.15 4.14 0.46 -0.33 1.34 1.57 0.25 0.38 0.66
BC (daily) 2 1.18 0.62 0.82 0.62 0.52 1.87 0.33 1.00 0.50

At the local scale, measurements were performed at a section of Boulevard d’Alsace Lorraine

from mid-March to mid-June (see Figure 3.2 for the position of the section in the network). It is

shown in Table 3.4 that NO2 and PM10 concentrations are underestimated but still mostly conform

to the strictest criterion. The statistical indicators for PM2.5 concentrations also meet most of

the strictest criterion while slightly overestimating the observations. Concerning BC, although the

concentration is underestimated at the regional scale, many criteria are satisfied (for example FB is

0.62). However, at the local scale, the underestimation is more significant, with none of the criterion

satisfied. Uncertainties related to traffic emissions or the vertical transfer parameterization at rooftop

in MUNICH can be potential explanations. All these verifications are comparable to previous studies

(Kim et al. 2018, 2022).

Table 3.4: MUNICH hourly concentration evaluation against observations over a period of
three months of a segment of Boulevard d’Alsace Lorraine (obs and sim represent average
observed and simulated concentrations respectively; in µgm−3). Formulation of the indicators
is presented in Appendix A1.

obs sim Correlation FB MG VG NAD NMSE FAC2
NO2 52.16 47.86 0.54 -0.12 1.13 1.23 0.18 0.25 0.87
PM10 23.42 21.45 0.59 -0.11 1.12 1.31 0.18 0.22 0.83
PM2.5 12.72 19.62 0.39 0.36 0.68 1.63 0.27 0.55 0.68
BC 6.10 1.41 0.53 -1.16 4.08 9.65 0.63 3.65 0.09

3.2.3 Sensitivity scenarios and their impacts on emissions

Three scenarios are adopted for investigating traffic emission sensitivities related to the COPERT

methodology and their impacts on the concentrations in the street. Two scenarios focus on exhaust

emissions with the use of more recent and detailed VOC speciations for PCs and LCVs, or a different

approach to compute I/S/LVOC emissions based on Sartelet et al. (2018). The third scenario assesses

54



3.2. Sensitivity of pollutant concentrations in urban streets

sensitivities linked to tire wear emissions assuming that they are underestimated in the COPERT

methodology. The fourth scenario tests the possibility that road-asphalt emissions of organic aerosol

precursors are non-negligible using emission factors from Khare et al. (2020). Table 3.5 summarizes

the simulations performed in this work. This section presents the differences between emissions

of the reference simulation SCN0 and the sensitivity scenarios. A subset of the regional domain

corresponding to the city of Paris and its outlying suburbs (see Figure 3.3b), is extracted to study the

scenarios’ impacts on emissions where urbanization and transportation are most prominent. Their

impacts on total emissions of IVOCs and SVOCs in the gas phase and emissions of LVOCs and BC

in the particle phase are presented in Table 3.6.

Table 3.5: List of the simulations performed.

Scenario Description
SCN0 Reference simulation - COPERT methodology only
SCN1 More recent VOC speciations for light vehicles
SCN2 I/S/LVOC emissions estimated from total VOC emissions
SCN3 Higher tire wear emissions
SCN4 Addition of I/S/LVOC emissions from road asphalt

3.2.3.1 NMVOC speciation

The NMVOC speciations provided by the COPERT methodology are based on measurements

performed on pre-Euro and Euro 1 vehicles and applied to all European emission standards up

to Euro 6d. The first sensitivity scenario SCN1 evaluates the impact of using finer and more

recent NMVOC speciations for PCs and LCVs. These new speciations originate from laboratory

measurements on a PFI and a DI petrol Euro 5 PCs (Marques et al. 2022) and a diesel Euro 6 LCV

using the Artemis cold urban cycle. These speciation profiles are detailed in Table S3, S4 and S5 for

the petrol PFI, the petrol DI and the diesel vehicles respectively.

In terms of organic compounds that are known SOA precursors, the total BTEX (benzene, toluene,

ethylbenzene and xylenes) fraction is higher for the PFI technology at more than 41% against 26% for

the DI technology, partly because of the higher toluene fraction. For the COPERT petrol speciation,

the total BTEX fraction is similar to that of the DI technology. The diesel LCV speciation presents

a lower BTEX fraction at 3% against 3.9% for the COPERT speciation. This reduction happens

despite the increase of the benzene fraction from 2% to 2.6%. The fractions of other functionalized

compounds of between 6 and 11 atoms of carbon are higher in the recent speciations of the DI and

PFI vehicles, at 25% and 19% respectively, compared to 7% for the COPERT speciation. The

diesel LCV speciation presents a lower fraction of these functionalized compounds: 1.7% compared

to 2.4% for COPERT. The IVOC fractions are lower in the recent petrol speciations, at 1.7% for

the PFI technology and 2% for the DI technology, compared to the COPERT speciation which

is at 6%. Similarly, the SVOC fractions are lower in the PFI and DI speciations, at 0.18% and

0.01% respectively, compared to 5% for COPERT. For the diesel LCV speciation, IVOC and SVOC

fractions are also lower than COPERT: 21% and 0.6% respectively compared to 31% and 3.6% for

COPERT.

To evaluate the impact of these speciations, they are applied to all petrol and diesel PCs and

LCVs from Euro 1 to Euro 6d. For petrol vehicles, it is assumed that all vehicles up to Euro 4 are
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PFI designed, and that 20% of Euro 5 and later norm vehicles are DI designed3. As detailed in

the previous section, in the reference simulation SCN0, exhaust IVOCs and SVOCs are estimated

as fractions of the NMVOC emissions following the COPERT data. Exhaust LVOC emissions are

taken equal to the OM emissions of particles. In the scenario SCN1, LVOC emissions are not

modified, but exhaust IVOCs and SVOCs are estimated using the NMVOC speciations presented

above. Appendix 3.C presents the processing of these speciations, in particular the determination of

the IVOC and SVOC fractions. The scenario SCN1 induces reductions in emissions of I/SVOCs of

46% at the regional scale and 50% at the local scale. The reduction is greater for the local scale as

traffic is the only direct emission source considered in the street.

The second sensitivity scenario SCN2 implements the method presented in Sartelet et al. (2018)

to estimate the IVOC, SVOC and LVOC emissions from the total NMVOC emissions, based on

chamber measurements performed in the United States on petrol and diesel vehicles (Zhao et al.

2016). This method was successfully applied to represent exhaust aging in a Euro 5 petrol vehicle

(Sartelet et al. 2018). Distinct formulations are available for diesel vehicles whether equipped or

not with a diesel particulate filter. For petrol vehicles, cold-start emissions are treated individually.

I/SVOC emissions are more impacted than in SCN1 with a reduction of 67% at the local scale.

LVOC emissions are also greatly reduced by 54% at the local scale.

Table 3.6: Normalized mean bias (NMB) of emissions for the scenarios compared to the
reference for the Paris suburbs and at local scale [%].

NMB SCN1 SCN2 SCN3 SCN4

IVOCgas
Polair3D -45.6 -56.2 0.0 117.5
MUNICH -50.0 -66.6 0.0 3.2×105

LVOCpart
Polair3D 0.0 -59.8 194.0 0.0
MUNICH 0.0 -53.6 219.4 0.0

BC Polair3D 0.0 0.0 175.4 0.0
MUNICH 0.0 0.0 213.4 0.0

3.2.3.2 Tire wear emissions

As previously observed in Lugon et al. (2021b), the reference simulation SCN0 tends to underestimate

the concentrations of BC compared to observations. The third sensitivity scenario SCN3 follows

scenario 4 presented in Lugon et al. (2021b), who argued that the underestimation of BC concentrations

may in turn be due to an underestimation of tire wear emissions and uncertainties in the PM speciation

of the COPERT methodology. The tire wear emission factor in PCs follows the literature (Malmqvist

1983; Luhana et al. 2004; Boulter 2005) and a value of 100mg/km/veh is applied. This value is

about 9 times higher than the COPERT value of 10.7mg/km/veh. This ratio of 9 is also employed

to increase tire wear emissions in the other vehicle categories. The chemical speciation of tire wear

emissions assumes 25% of BC, which is the average weight fraction between 22% and 30% indicated

in Thorpe et al. (2008), against the 15.3% provided by the COPERT methodology. The OM fraction

remains consistent with the COPERT methodology (36%) and the remaining 39% are classified as

dust and unspeciated compounds. The size distribution follows the reference SCN0 except for the

PM2.5/PM10 ratio, which is taken from the NORTRIP model (10%) (Denby et al. 2013). The size

distributions and chemical speciations are presented in Table 3.7. As expected, this scenario has

3https://www.aftonchemical.com/Generic/PFI-vs-GDI (last accessed: 2023-04-21)
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strong impacts on emissions. LVOC and BC emissions both increase by 194% and 175% respectively

at the regional scale and even more at the local scale by 219% and 213% respectively.

Table 3.7: Fractions of the size distributions and chemical speciations of non-exhaust PM
emissions from tire, road and brake wear. Dust refers to dust and unspeciated compounds.
PM10-2.5 represents coarse particles of diameters between 2.5 µm and 10 µm. PM2.5-1 represents
the particles of diameters between 1 µm and 2.5 µm.

Source Scenario Size distribution Speciation
PM10/TSP PM10-2.5 PM2.5-1 PM1 BC OM Dust

Tire All except SCN3 0.6 0.3 0.6 0.1 0.153 0.36 0.487
SCN3 0.6 0.9 0.086 0.014 0.25 0.36 0.39

Brake All 0.98 0.6 0.3 0.1 0.026 0.107 0.867
Road All 0.5 0.46 0.54 0.0 0.0 0.0 1.0

3.2.3.3 Road asphalt

Khare et al. (2020) highlight a possible major missing source of SOA precursors in streets: emissions

of road asphalt due to pavement heating and exposure to sunlight. This emission of SOA precursors

entails a high degree of uncertainty linked to: i) the mixture used in the process of producing the

asphalt, ii) the meteorological conditions to which the asphalt is exposed (mainly temperature and

solar radiation), iii) the time elapsed since the paving process. Measurements were performed (Khare

et al. 2020), using real-world PG 64-22 asphalt4 during road paving in New Haven, Connecticut.

The derived emission factors were observed to decay exponentially after paving. Because of the

freshness of the samples (hours to days after paving operations), these emission factors may be too

high to represent an asphalt layer of several months or years old. In our study, as a first assessment,

road asphalt emissions are assumed to only occur during daytime with a constant emission factor

corresponding to the asymptotic value of 0.1mg min−1 kg−1 asphalt presented in Fig. 3.A of Khare

et al. (2020). This value, measured at an asphalt temperature of 60°C, is corrected by a factor 0.25 to

take into account that temperatures are lower in our simulation than during the measurements. The

factor 0.25 is determined from Fig. 1.B of Khare et al. (2020), which shows that the emission factor

doubles between 20°C and 40°C, and between 40°C and 60°C. Finally, as per the Supplementary

Material S8 in Khare et al. (2020), a factor 0.23 is applied to the total emission factor to take into

account that only a fraction, the superficial layer, of the total road asphalt laid is exposed to solar

radiation. The surface mass originates from the Office des Asphaltes in Paris,5 while the averaged

value of 80 kg m−2 is considered a typical representation of road asphalt in France. At the regional

scale over the whole of Île-de-France, the street network in Lugon et al. (2021a) is used to calculate

road asphalt emissions based on the quantity of road surface per cell of the domain (m2 cell−1). Only

the Île-de-France region is represented as data are not available for its vicinity and that there are far

fewer roads in the rest of the area. Asphalt emissions are speciated as IVOCs, SVOCs and LVOCs in

the gas phase with a variable volatility distribution in line with Fig 3.C of Khare et al. (2020). At the

local scale, I/SVOC emissions are about 15 times higher when asphalt emissions are considered. At

4The Performance Grade (PG) of an asphalt is defined by two numbers which represent pavement
temperatures for optimal use conditions. The first number (64°C in this case) is the 7-day average maximum
pavement temperature. The second number (-22°C in this case) is the minimal temperature.

5https://www.asphaltes.org/ (last accessed: 2023-03-15)
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the regional scale, they are only two times higher than the average reference over the year, because of

the significant contribution of other sources such as residential heating.

3.2.4 Impacts on concentrations

This section investigates the impacts of the scenarios on concentrations at both the regional and

local scales. As for emissions, impacts at the regional scale are studied on a subset of the domain

corresponding to Paris city and its suburbs, and also to Paris city alone for the impacts on dense

traffic areas (see Figure 3.3b). Furthermore, the concentrations presented at the regional scale are

surface concentrations, i.e., they correspond to those simulated in the first vertical level of the domain

(from 0m to 30m). As the sensitivity scenarios influence the emissions of I/S/LVOCs and/or BC,

the impacts on concentrations are presented for OM (Table 3.8) and BC (Table 3.9). The impacts on

PM10 and PM2.5 can be found in Appendix 3.D. Since the biases are systematic, only the normalized

mean bias (NMB) is presented as it has the same numerical value as the normalized mean error

(NME). The formulation of both NMB and NME is outlined in Appendix A2. The impacts of the

scenarios on the size distribution of the particles and the concentrations of I/S/LVOCs are presented

in Section 3.2.4.1. Seasonal variations of the reference simulation SCN0 and scenario SCN4 are

described in Appendix 3.F.

Table 3.8: Impacts of the sensitivity scenarios on OM concentrations over the Paris suburbs
and Paris city and at the local scale. Average concentrations are expressed in µg m−3 and
NMB in %.

OM SCN0 SCN1 SCN2 SCN3 SCN4
Polair3D

Paris suburbs
Average 4.6 4.3 3.9 5.4 4.9
NMB - -6.8 -15.7 15.9 6.5

Polair3D
Paris city

Average 5.9 5.1 4.3 7.4 6.8
NMB - -13.2 -27.2 25.1 15.3

MUNICH Average 5.9 5.3 4.2 8.5 9.3
NMB - -9.9 -27.0 39.7 58.9

Table 3.9: Impacts of the sensitivity scenarios on BC concentrations over the Paris suburbs
and Paris city and at the local scale. Average concentrations are expressed in µg m−3 and
NMB in %.

BC SCN0 SCN1 SCN2 SCN3 SCN4
Polair3D

Paris suburbs
Average 0.7 0.7 0.7 1.2 0.7
NMB - -0.1 0.0 59.2 0.0

Polair3D
Paris city

Average 1.1 1.1 1.1 2.0 1.1
NMB - -0.1 -0.1 78.8 0.0

MUNICH Average 1.5 1.5 1.5 3.1 1.5
NMB - -0.1 0.0 98.3 0.0

The lower emissions of I/S/LVOCs in the first two scenarios lead to reductions in concentrations

of OM, thus PM10 and PM2.5. The concentrations of BC are not significantly influenced by these

scenarios, because its emissions are not modified and it is an inert compound. The use of more recent

speciations for NMVOC emissions of PCs and LCVs in the scenario SCN1 leads to limited impacts on
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OM concentrations in average over the Paris suburbs with a decrease of 7%. However, the influence

of the speciations is higher in Paris city, with an average impact that reaches 13%. PM10 and PM2.5

concentrations are almost identical to the reference SCN0 with a decrease of 3% in average over the

Paris suburbs reaching 6% over Paris city. At the local scale, OM concentrations are reduced by 10%

and PM10 and PM2.5 concentrations by more than 4% using the most recent SCN1 speciation.

Using a different formulation to determine I/S/LVOC emissions in SCN2 induces a decrease in

PM10 and PM2.5 concentrations by about 4.5% over the Paris suburbs reaching more than 8% over

Paris city. At the local scale, the decrease is similar over Paris city at 8%. Similarly to the scenario

SCN1, the OM concentrations are the most impacted with a decrease of 16% over the Paris suburbs,

reaching 27% over Paris city and at the local scale.

Considering higher tire wear emissions in scenario SCN3 leads to the highest increase among

all scenarios of concentrations of PM10. The NMB is 11% for the Paris suburbs, 18% for Paris

city and 29% at the local scale. Due to the higher fraction of coarse particles of emissions in the

SCN3 scenario than in the reference (Table 3.7), PM2.5 concentrations are less influenced, and they

increase by only 11% at the local scale. OM concentrations are however strongly impacted with an

increase of 40% at the local scale. BC is the most impacted component of particles, because not

only is the tire emission factor of PM10 increased, but also the fraction of BC in PM10 at emission

(from 0.153 to 0.25). The increase in BC concentration is as high as 98% in average at the local

scale (Figure 3.4b). However, despite this high increase, BC concentrations are still underestimated

compared to the measurements performed in one of the streets. These results differ from those of

Lugon et al. (2021b) in which increasing tire emission factors led to a good modeling of observed BC

concentrations. Lugon et al. (2021b) approximated (and probably overestimated) the traffic flow in a

number of streets in the network. Here, detailed information of the traffic flow (from the traffic model

Symuvia) enabled more accurate calculations of emission factors for each segment of the network.

However, discrepancies between simulations and observations remain for BC concentrations and need

to be assessed. They could be linked to other emission sources not yet considered, or to uncertainties

in the measurements (Malik et al. 2021).
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Figure 3.4: Relative differences in concentrations of BC between the SCN3 scenario and
the reference at the regional scale (a) and the local scale (b). For information, the annual
mean concentrations for the reference are available in Appendix 3.E.

In scenario SCN4, concentrations of OM are higher than in the reference SCN0, as road asphalt

emissions in IVOCs, SVOCs and LVOCs have been taken into account. At the regional scale, the

increase is larger than 6% over the Paris suburbs. The average increase reaches 15% over Paris city.

PM10 and PM2.5 concentrations increase by 5% over Paris city. At the local scale, the influence is
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greater because of the proximity of roads and because of higher regional background concentrations

above the streets. The OM concentrations increase by almost 60% on average. This leads to an

increase in PM10 and PM2.5 concentrations by about 18%. Note that despite this large increase,

PM10 and PM2.5 still satisfy the less strict criteria compared to observations. Several streets in the

network have low traffic emissions. Adding road asphalt emissions thus significantly increases OM

concentrations for these streets by up to about 75% (Figure 3.5b). The concentrations simulated in

this scenario are plausible and confirm the conclusions in Khare et al. (2020) that road asphalt could

possibly be a major missing source of SOA precursor emissions. However, uncertainties as to the

emission factors remain high and the significance of this source after years or decades of use needs to

be assessed.
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Figure 3.5: Relative differences in concentrations of OM in scenario SCN4 at regional scale
(a) and local scale (b). For information, the annual mean concentrations for the reference are
available in Appendix 3.E.

3.2.4.1 Impacts of the scenarios on particulate size distribution and on
gas-phase I/S/LVOC concentrations

Figure 3.6 presents the annual mean size distribution of PM for the scenarios at both the regional (for

the Paris suburbs area) and local scales. For the reference simulation SCN0, about 80% of the mass

of PM is in PM1, followed by PM2.5-1 and finally coarser particles, PM10-2.5. The first two scenarios,

SCN1 and SCN2, present similar size distributions as they only impact the OM concentrations,

at both the regional and local scales. However, they display smaller total mass compared to the

reference.

The higher tire wear emissions of PM in scenario SCN3 induce higher total mass in both scales.

Because the emissions of coarse particles by tire wear are higher in this scenario (see Table 3.7), the

size distribution of the concentrations demonstrates a higher fraction of coarse particles, PM10-2.5.

At the local scale, this results in 20% of the PM present in the coarse fraction. Finally, for scenario

SCN4, which considers road asphalt emissions of SOA precursors, the total mass of PM is also higher

than in the reference. However, the impact on the size distributions is limited, because condensation

of the SOA precursors mostly modifies the mass of fine particles.

The concentrations of I/S/LVOCs in the gas phase are impacted by the sensitivity scenarios, as

can be seen in Figure 3.7. For the reference simulation, in the Paris suburbs area, the IVOC fraction

is at 58%, followed by SVOCs at 40% and LVOCs at 2%. At the local scale, the IVOC fraction is

lower but still has a majority at 52%, with SVOCs at 45% and LVOCs at 3%. The first scenario

SCN1 with recent VOC speciations presents lower total mass of I/S/LVOCs at both scales while
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Figure 3.6: Annual mean size distribution of PM for the reference SCN0 and the sensitivity
scenarios at the regional scale for the Paris suburbs area (a) and the local scale (b). The
total is expressed in µg m−3.
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Figure 3.7: Annual mean fractions of gas-phase I/S/LVOCs for the reference SCN0 and
sensitivity scenarios at the regional scale for the Paris suburbs area (a) and the local scale
(b). The total is expressed in µg m−3.

having a limited impact on the fractions. IVOC and LVOC fractions are slightly higher while the

SVOC fraction is lower. For the second scenario SCN2, the totals are also lower than the reference

but at the local scale, the IVOC fraction is higher at 71% and the SVOC fraction lower at 26%.

Despite higher tire wear emissions in the third scenario SCN3, thus higher emissions of LVOCs in

the particle phase, the totals of gas-phase I/S/LVOCs are lower than the reference at both scales.

However, the fractions of LVOCs are slightly higher at both scales. Finally, scenario SCN4 with road

asphalt emissions of SOA precursors in the gas phase presents a total mass that is far greater than

the other simulations. The impact is less significant at the regional scale where other sources are also

considered. At the local scale, the total mass of I/S/LVOCs is more than three times higher than the

reference’s total. The fractions are also modified at both scales according to this new emission source.

The IVOC fraction is higher while fractions of SVOCs and LVOCs are reduced.

3.2.5 Conclusions

Four sensitivity scenarios have been defined to investigate specific sensitivities related to the repre-

sentation of traffic and road asphalt emissions in the modeling. For exhaust emissions, replacing

the outdated NMVOC speciation profiles of the COPERT methodology by recent speciations from
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Euro 5 and Euro 6 vehicles leads to a reduction in the modeled concentrations of OM by up to 10%

on average. In particular, different estimations of exhaust I/S/LVOC emissions lead to differences

in OM concentrations reaching 30% on average. These results highlight the necessity of accurately

representing the speciation of NMVOC emissions, in particular the fractions of I/S/LVOCs. At the

local scale, the simulated BC concentrations remain strongly underestimated compared to observations

even when using higher tire wear emissions as suggested in the literature. Further work is needed

to assess the discrepancies between modeled and observed BC. This could be linked to missing

sources, uncertainties in the measurements, or specific modeling assumptions. Note that although

the sensitivity study was performed for 2014 emissions, which is somewhat dated, it still holds for

more recent years. Indeed, in chemistry-transport models, the representation of the uncertain sources

studied here is not updated as often as in technology and fleet evolutions: VOC speciations are

generally based on measurements performed on old vehicles and applied to all vehicles, old or recent.

For example, in the COPERT methodology, VOC speciations are based on measurements performed

before the year 2000 and applied to all vehicles. Tire wear emission factors are also rarely updated,

even with the penetration of electric vehicles in the fleet.

Currently, not considered in emission inventories, emissions of organic aerosol precursors from

road asphalt could be several orders of magnitude higher than emissions from traffic. Impacts

on concentrations of OM are yet limited to a 60% increase in average, leading to realistic PM

concentrations. However, uncertainties on asphalt emissions are high and need further assessment.

Other sources of sensitivities linked to traffic emissions may be relevant, such as the influence of

the fraction of vehicles running under cold-transient conditions (it could be lower for recent vehicles

than the value of 30% considered here), as well as the influence of the traffic emission model (Badin

et al. 2017; Borge et al. 2012).

Acknowledgments

This work was partially funded by the MAESTRO (Modeling / Characterization of Gaseous Precursors

and Secondary Aerosols in Road Transport) project of the ADEME program CORTEA, and by the

POLEMICS project of the ANR program (grant ANR-18-CE22-0011).

62



3.2. Sensitivity of pollutant concentrations in urban streets

Appendices

3.A Traffic information

Diesel is the predominant fuel in the fleet with more than 65% of PCs being diesel-fueled. Out of the

remaining, 30.7% of PCs are fueled with petrol, followed by petrol hybrid, LPG and electric (2.6%,

0.6% and 0.8% respectively). 97.5% of LCVs run on diesel, 2.2% use petrol and the remaining 0.3%

are electric. Most HDTs are diesel-fueled (99.5%), with only 0.5% electric. Buses are also mostly

diesel-fueled (99%) with 1% running on CNG. Lcat all run on petrol.

Two days, the 25th and 30th March 2014, were chosen to represent typical traffic conditions for

the weekdays and the weekend and holidays respectively. The morning and evening rush hours for

weekdays are respectively around 08:00 and 18:00 local time, with up to 1,400 vehicles per hour in the

morning. The peak of vehicles is much lower during the weekend day, around 200 vehicles per hour at

11:00 and 17:00 local time. To apply these profiles for each month of the year, the monthly temporal

factors introduced with EMEP gridded emissions are used (Guevara et al. 2021). Mean speed profiles

of the weekday and weekend day are similar with higher speeds during the night and morning, 32 km

h−1 at 03:00 for the weekday and 31 km h−1 at 07:00 for the weekend day. Throughout the whole

day, speeds remain between 24 km h−1 and 32 km h−1.

3.B Size distribution of non-exhaust emissions for the six size sections

Table 3.B.1: Fractions of the size distributions of non-exhaust PM emissions from tire, road
and brake wear for the six size section used in this work.

Source Tire Brake Road
Scenario All except SCN3 SCN3 All All

Size distribution

[0.01 – 0.0398µm] 0 0 0 0
[0.0398 – 0.1585µm] 0 0 0 0

[0.1585 – 0.4µm] 0 0 0 0
[0.4 – 1 µm] 0.1 0.014 0.1 0

[1 – 2.5119 µm] 0.6 0.086 0.3 0.54
[2.5119 – 10µm] 0.3 0.9 0.6 0.46

3.C Processing of the NMVOC speciations for SCN1

Two Euro 5 petrol passenger cars and one Euro 6 diesel light commercial vehicle (recorded as DIEveh)

were tested using the Artemis cold urban cycle. The petrol vehicles differed mainly by the method of

injection, one using PFI and the other DI. They are respectively referred to as PFIveh and DIveh

hereafter. NMVOC speciations for the three vehicles were obtained using GC-MS and PTR-ToF-MS.

GC-MS enabled the measurement of alkanes, cycloalkanes, monoaromatics C6-C10 and naphthalene.

PTR-ToF-MS facilitated the measurement of all the other compounds. However, these two techniques

were not able to speciate parts of the emissions; approximately 15, 22 and 27% for PFIveh, DIveh

and DIEveh respectively. These unspeciated parts are composed of small saturated and unsaturated

compounds C≤6. For the petrol vehicles, Saliba et al. (2017) is used to reconstitute these missing

parts. For the diesel vehicle, the COPERT speciation is applied.

Some species were detected (molecular formula known) but not identified between the several

isomers. The unidentified parts represent 0.3, 0.4 and 0.2% of the total masses of NMVOCs for
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PFIveh, DIveh and DIEveh respectively. As a result, it was decided to not take into account these

unidentified species.

As the limit between IVOCs and SVOCs is somewhat blurry, it was decided to compute saturation

concentrations for compounds 15≤C≤22. The online tool UManSysProp 6 allows the log10 of the

vapor pressure for a given compound at a given temperature to be calculated. The calculations are

based on group contribution methods. This website proposes three different methods to calculate

vapor pressure (Nannoolal et al. 2008; Myrdal et al. 1997; Compernolle et al. 2011) and three different

methods to calculate the boiling point (Joback et al. 1987; Stein et al. 1994; Nannoolal et al. 2004);

all these methods are reviewed in Barley et al. (2010) and O’Meara et al. (2014). Vapor pressures can

be calculated using nine configurations to highlight variability and to obtain a better determination of

the limit between IVOCs and SVOCs. Once calculated, vapor pressures are converted to saturation

concentrations (C*) using the following formula:

C* =
P vap.Mw

Rgas.T
(3.C.1)

with P vap the vapor pressure, Mw the molecular mass, Rgas the gas constant and T the temperature

set to 298K.

According to the literature (Chrit et al. 2018; Majdi et al. 2019), IVOCs have a log10(C*)

between 4 and 6, and SVOCs have a log10(C*) inferior to 4. Linking this information to Table 3.C.1,

compounds containing 18 or more carbons are considered to be SVOCs.

Table 3.C.1: Averages over the nine configurations of the log10 of the saturation concentra-
tions µg m−3 for compounds C≥15, at a temperature of 25°C.

Species Number of Carbons log10(C*) [µg m−3]
Pentadecane 15 4.93

Nonylcyclohexane 15 4.87
Hexadecane 16 4.47
Heptadecane 17 4
Octadecane 18 3.53
Nonadecane 19 3.05

Eicosane 20 2.57
Heneicosane 21 2.09
Docosane 22 1.6

6http://umansysprop.seaes.manchester.ac.uk/tool/vapour_pressure (last visited 2023-04-21)
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3.D Impacts of sensitivity scenarios on concentrations

Table 3.D.1: Impacts of the sensitivity scenarios on the PM10 concentrations over the Paris
suburbs and Paris city and at the local scale. Average concentrations are expressed in µg
m−3 and NMB in %.

PM10 SCN0 SCN1 SCN2 SCN3 SCN4
Polair3D

Paris suburbs
Average 16.6 16.1 15.8 18.5 16.9
NMB - -3.0 -4.4 11.0 1.8

Polair3D
Paris city

Average 19.8 18.7 18.2 23.4 20.7
NMB - -5.7 -8.1 18.2 4.6

MUNICH Average 20.1 19.2 18.4 26.6 23.5
NMB - -4.2 -8.0 29.4 17.3

Table 3.D.2: Impacts of the sensitivity scenarios on the PM2.5 concentrations over the Paris
suburbs and Paris city and at the local scale. Average concentrations are expressed in µg
m−3 and NMB in %.

PM2.5 SCN0 SCN1 SCN2 SCN3 SCN4
Polair3D

Paris suburbs
Average 15.5 15.0 14.8 15.7 15.8
NMB - -3.2 -4.7 1.2 2.0

Polair3D
Paris city

Average 18.1 17.0 16.5 18.5 19.0
NMB - -6.2 -8.8 2.1 5.0

MUNICH Average 18.7 17.9 17.1 20.8 22.1
NMB - -4.4 -8.3 10.9 18.3

3.E Annual mean concentrations of BC and OM for SCN0
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Figure 3.E.1: Annual mean concentrations of BC for the reference SCN0 at the regional
scale (a) and the local scale (b) in µg m−3.
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Figure 3.E.2: Annual mean concentrations of OM for the reference SCN0 at the regional
scale (a) and the local scale (b) in µg m−3.

3.F Seasonal variations of emissions and concentrations

This appendix presents seasonal variations in emissions and concentrations. The first 3 sensitivity

scenarios, from SCN1 to SCN3, are not presented as they follow the same trends as the reference

simulation SCN0. On the contrary, the seasonal variations for the sensitivity scenario SCN4, which

considers road asphalt emissions depending mainly on temperature and incident solar flux, are high.

Table 3.F.1 displays the average emissions for the four quarters of the year 2014, referred to as Q1 to

Q4.

For the Paris suburbs area, emissions of BC and the organics and their precursors are mainly

driven by the traffic sector but also by residential heating. Emissions of I/SVOCsgas and LVOCspart
are more important during Q2 and Q3, which is consistent with the monthly temporal factors of EMEP

for traffic emissions. BC emissions are more uniform throughout the year, as levels of residential

heating are higher during Q1 and Q4. In scenario SCN4, road asphalt emissions of I/SVOCsgas
drive seasonal variations. Emissions are significantly higher during the summer period (Q2 and Q3)

with warmer conditions and more sunlight hours. At the local scale, emissions for Q1 are the lowest

in the year due to less traffic during this period. Higher traffic during Q2 and Q3 induces higher

emissions. With the same level of traffic as for Q2 and Q3, and lower temperatures, thus higher levels

of cold-start emissions, Q4 presents the highest emissions. As for the regional scale, road asphalt

emissions in scenario SCN4 drive emissions with higher emissions during Q2 and Q3.

Table 3.F.1: Average emissions per quarter for the reference simulation SCN0 and scenario
SCN4 for I/SVOCsgas expressed in ng m−2 s−1 for the Paris suburbs area and in µg s−1 for
the local scale.

Average emissions Q1 Q2 Q3 Q4

I/SVOCsgas

Polair3D
SCN0 51.7 54.3 53.1 53.4
SCN4 90.2 111.1 105.7 88.1

MUNICH SCN0 192.2 189.0 181.3 207.0
SCN4 2580 3652 3434 2354

LVOCspart
Polair3D SCN0 10.4 11.9 12.2 11.6
MUNICH SCN0 109.2 117.3 118.8 120.1

BC Polair3D SCN0 9.2 9.4 9.0 9.3
MUNICH SCN0 84.9 90.4 91.4 93.2
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Concentrations of pollutants also present seasonal variations as shown in Table 3.F.2. However,

relations with emissions are more difficult to establish as chemical reactions, meteorological conditions,

initial conditions and background concentrations all impact on their measurement. For the Paris

suburbs area, OM concentrations are higher during the second part of the year and especially during

Q3. At the local scale, OM concentrations are higher during the colder periods, i.e., Q1 and Q4.

In scenario SCN4 with road asphalt emissions, OM concentrations follows the same trend as the

reference at each scale but with higher values. At both scales, BC concentrations are higher during

the colder periods, possibly linked to emissions from residential heating. Concentrations of PM10 and

PM2.5 are also higher during Q1 and Q4 at the local scale, but at the regional scale, concentrations

are higher during the first half of the year.

Table 3.F.2: Average concentrations per quarter for the reference simulation SCN0 and
scenario SCN4 for OM expressed in µg m−3 for the Paris suburbs area and at the local scale.

Average concentrations Q1 Q2 Q3 Q4

OM
Polair3D

SCN0 4.1 4.0 5.6 4.8
SCN4 4.4 4.2 5.9 5.3

MUNICH SCN0 5.8 4.6 6.2 7.1
SCN4 10.8 6.7 7.9 12.3

BC Polair3D SCN0 0.8 0.6 0.6 0.9
MUNICH SCN0 1.6 1.2 1.3 1.8

PM10
Polair3D SCN0 17.9 16.9 15.6 16.1
MUNICH SCN0 22.7 18.6 17.7 21.8

PM2.5
Polair3D SCN0 16.8 15.8 14.6 15.0
MUNICH SCN0 21.4 17.1 16.2 20.6
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Despite efforts by the authorities to mitigate air pollution, populations are still exposed to high

concentrations of pollutants, especially in urban areas. In 2020, among the 75% of the European

population living in urban areas, 89% are exposed to NO2 concentrations above the 2021 WHO

guidelines, reaching 96% for PM2.5 (EEA 2023). Exposure to these high concentrations of both gas

and particle pollutants causes detrimental health effects, ranging from coughing and eye irritation to

chronic diseases, e.g. chronic bronchitis and lung cancer (Section 1.1.2.2) (Li et al. 2022a).

Numerous studies investigated the impacts of road traffic on urban air pollution, and ways to

reduce its emissions (Roustan et al. 2011; Xia et al. 2015; Tang et al. 2019; André et al. 2020; Zhang

et al. 2020; Holnicki et al. 2021; Lugon et al. 2022). Promoting alternative transport (cycling and

public transport) in Adelaide, South Australia could reduce concentrations of PM2.5 by 25% (Xia

et al. 2015). Although not justified in terms of road safety, raising speed limits in urban areas from
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30 kmh−1 to 50 kmh−1 could also reduce NO2 and PM10 concentrations by 3% and 2% respectively

(Tang et al. 2019). The use of recent vehicles appears to be an effective measure to reduce NO2

and BC concentrations. For example, modernizing the fleet in Warsaw, Poland, to the most recent

European emission standards would reduce the population’s exposure to NOx by almost 50% (Holnicki

et al. 2021). Lugon et al. (2022) modeled several scenarios of fleet renewal and evolution (business

as usual and promotion of petrol and electric vehicles) from 2014 to 2024 over Paris, France, and

observed reductions in concentrations of NO2 and BC by up to 50% and of PM10 and PM2.5 by

20%. Despite these large reductions of concentrations due to fleet renewal, more than 20% of the

Paris population would still be exposed to NO2 and PM2.5 concentrations exceeding the air quality

guidelines. However, this exposure may be overestimated, because the decrease of emissions from

sectors other than traffic is not taken into account.

The estimation of the population exposure to outdoor concentrations is strongly linked to the

modeling scale. The high concentrations observed in streets are not represented by regional-scale

modeling, which provides estimation of the background concentrations. Although traffic emissions do

affect those background concentrations, their influence is larger at the local scale (Lugon et al. 2022).

This study aims to evaluate the impact of introducing very-low-emission vehicles in the traffic

fleet on the concentrations of pollutants, taking into account the evolution of emissions from the

different activity sectors. The exhaust emission factors of these very-low-emission vehicles go further

than those proposed for the European emission standard Euro 7. The impact is estimated for the

year 2030 on the Paris region and in the streets of a district in the eastern suburb of Paris. The

concentrations are compared with those simulated for the year 2014.

Section 4.1 introduces the emission factors related to the very-low-emission vehicles, as well as

the two prospective scenarios and their impacts on fleet composition. The evolution of emissions

related to the different activity sectors and to the two scenarios are presented in Section 4.2. Finally,

the impacts of the scenarios on concentrations are discussed in Section 4.3.

4.1 Road-traffic evolution

The baseline simulation for year 2014, named 2014b, corresponds to the reference simulation, SCN0,

from Section 3.2. It uses the COPERT methodology, described in the EMEP/EEA air pollutant

emission inventory guidebook (EMEP/EEA 2019) to calculate traffic emissions in streets. The emission

factors and fleet evolution are presented below, following the nomenclature of the methodology for

vehicles categories and European emission standards.

4.1.1 Emissions from very-low-emission vehicles

Table 4.1 presents the emission factors at exhaust for the very-low-emission vehicles used in this

study. For PCs and LCVs, the emission factors for CO, NMVOCs and NH3 are set to 50% of the

limit values proposed for the European emission standard Euro 7 (Table 2.1). NOx emission factors

go even further, 10mg km−1 against 60mg km−1 for PCs. They are based on the improvement and

addition of after-treatment devices, such as afterburners, to reduce cold-start emissions in particular

(Gao et al. 2019; Clenci et al. 2022). These emissions factors take into account both hot and cold

emissions.

For HDVs and Lcat, the emission factors of CO, NOx, NMVOCs and NH3 of the very-low-emission

vehicles are set to 50% of the most recent European emission standards (Euro VI for HDVs and Euro

5 for Lcat). These values are also based on the improvement and addition of after-treatment devices.
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Concerning PM, emission factors for the very-low-emission vehicles are identical to the emission

factors of the most recent emission standards for the corresponding vehicle category.

Table 4.1: Emission factors at exhaust for very-low-emission vehicles.

PCs LCVs HDVs Lcat
CO 250 mg km−1[a] 250 mg km−1[a] 50 % Euro VI 50% Euro 5
NOx 10 mg km−1 20 mg km−1 50 % Euro VI 50% Euro 5

NMVOCs 34 mg km−1[a] 34 mg km−1[a] 50 % Euro VI 50% Euro 5
NH3 10 mg km−1[a] 10 mg km−1[a] 50 % Euro VI 50% Euro 5
PM 100 % Euro 6 100 % Euro 6 100 % Euro VI 100 % Euro 5

[a] 50 % of the European emission standard Euro 7 proposal.

Emissions factors from non-exhaust sources (tire and brake wear, and road abrasion) are computed

using the values provided by the COPERT methodology. Despite their high uncertainties (Section 3.2)

(Lawrence et al. 2013; Jeong et al. 2019; Lugon et al. 2021b), non-exhaust emissions are not expected

to change much compared to current emission levels, unless mobility changes. Concerning the

speciation of the emissions of NOx, NMVOCs and PM, in the absence of information specific to

future vehicles, information provided by the COPERT methodology for the most recent emission

standards are used.

4.1.2 Prospective scenarios and fleet evolution

Two scenarios of the fleet evolution are considered, one with a realistic evolution of the fleet (2030r

with r for ”realistic fleet”) and one with a theoretical fleet made of only very-low-emission and

electric vehicles (2030t with t for ”theoretical fleet”). The second scenario is introduced to assess the

maximum emission and concentration reduction.

The scenario 2030r is representative of a gradual evolution of the fleet, assuming a replacement of

the oldest vehicles by newer vehicles, also considering electric vehicles. This fleet evolution is modeled

using SIBYL baseline1. It is a projection tool for estimating vehicle fleet for 37 European countries

based on historical data. In this study, the penetration rates of new vehicles are corrected for years

2021 and 2022 using information from the European automobile manufacturers’ association (ACEA)

(ACEA 2022b,a). In the scenario 2030t, the fleet is only composed of the most recent vehicles with

very low emissions, and electric vehicles.

Table 4.1 presents the distribution of PCs and LCVs in the three fleets of this study according to

European emission standards and for electric vehicles. For the other vehicle categories, the distributions

are available in Appendix 4.A. The fleet for the baseline simulation 2014b is representative of the

year 2014, thus Euro 6 a/b/c is the most recent emission standard for PCs, but only with 2% of

the category. More than 4% are pre-Euro and Euro 1, and the majority falls into Euro 4 and Euro

5 standards, at 28% and 42% respectively. Electric vehicles represent less than 1% of the PCs.

Concerning LCVs, a similar trend is observed, with about 4% of the vehicles being pre-Euro and

Euro 1. The majority also falls into Euro 4 and Euro 5 standards, but with more Euro 4 than Euro

5, at 41% and 33% respectively.

The fleet evolution modeled in scenario 2030r leads to the disappearance of pre-Euro and Euro 1

PCs and negligible levels for LCVs. Other emission standards already present in fleet 2014b are less

1https://www.emisia.com/utilities/sibyl-baseline/ (last visited 2023-04-21)
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represented, e.g. Euro 5 goes from 42% to 17% for PCs. Euro 6 d standard becomes preponderant

for PCs, at 23%, while it is Euro 6 a/b/c standard at 19% for LCVs. The very-low-emission vehicles

represent 12% of the two categories and electric vehicles a higher portion for PCs, at 13%. In fleet

2030t, it is considered that all non-electric vehicles are very-low-emission vehicles, while keeping the

portion of electric vehicles similar to scenario 2030r.

Table 4.1: Distribution of PCs and LCVs in fleets according to European emission standards
and for electric vehicles, in %.

2014b 2030r 2030t
PCs Pre-Euro 1.3 - -

Euro 1 2.9 - -
Euro 2 7.2 0.6 -
Euro 3 15.9 1.1 -
Euro 4 28.1 8.3 -
Euro 5 41.6 16.9 -

Euro 6 a/b/c 2.1 18.3 -
Euro 6 d-temp - 6.2 -

Euro 6 d - 23.0 -
VLEV[a] - 12.3 86.8
Electric 0.9 13.2 13.2
Total 100 100 100

LCVs Pre-Euro 2.1 2.1×10−6 -
Euro 1 2.1 4.7×10−4 -
Euro 2 5.2 0.3 -
Euro 3 17.1 5.4 -
Euro 4 40.8 12.6 -
Euro 5 32.5 16.3 -

Euro 6 a/b/c - 19.3 -
Euro 6 d-temp - 5.0 -

Euro 6 d - 17.0 -
VLEV[a] - 12.0 87.9
Electric 0.3 12.1 12.1
Total 100 100 100

[a] VLEV = Very-low-emission vehicles.

4.2 Evolution of emissions

At the regional scale, the domain is centered on the Île-de-France region, and a district in the eastern

suburbs of Paris is defined at the local scale. Biogenic emissions are taken from Sartelet et al.

(2018). Their evolution is not considered to have a consistency with the meteorological conditions for

2014. Anthropogenic emissions at the regional scale are computed using the EMEP gridded emission

inventory for 20142. Below are presented the reductions applied to anthropogenic emissions to be

2https://www.ceip.at/the-emep-grid/gridded-emissions (last visited 2023-04-21)
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representative of the year 2030, given the prospective scenarios. Impacts on total emissions are also

discussed.

4.2.1 Non-traffic sectors

In order to model background concentrations consistent with year 2030, emission reductions of the

non-traffic sectors are taken into account. Table 4.1 presents the emission ratios between 2030 and

2014 used. The majority of the ratios are taken from Allemand et al. (2021) following scenario AME.

This scenario, developed in 2021, projects anthropogenic emissions by activity sector in 2030, taking

into account the regulations in place until December 31, 2019. For CO and NH3, some ratios are

calculated using the average from the other pollutants, except SO2. For the emissions of NH3 and

PM from the solvent industry, ratios are extrapolation from year 2014 using information specific to

Île-de-France region, provided by the Parisian air quality monitoring association3. As no information

was available for the emissions (except SO2) from the sector ”Other Stationary Combustion”, it was

decided to not modify these emissions.

Overall, emissions are reduced from 2014 to 2030, except for NH3 emissions from the waste and

public power sectors, for which they increase by 78% and 69% respectively. In the case of the waste

sector, it is related to the quantity of waste entering the composting facilities and the degradation of

livestock manure. For the public power sector, it is due to the incomplete combustion of the different

energies sources, coupled with an increase in the combustion capacity. Offroad, shipping and aviation

transport sectors present large reductions in emissions, especially for NOx (70%) and PM (62%).

Emission reductions for the agricultural sectors are limited, with up to 15% for CO. In the other

sectors, mainly related to the industry, emissions of NOx are PM are largely reduced, while emissions

of NMVOCs and NH3 present a lower decrease.

Table 4.1: Emission ratios for the non-traffic sectors between 2030 and 2014.

Sector CO NOx NMVOCs NH3 PM SO2

Offroad 0.52[a] 0.30 0.58 0.81 0.38 0.65
Shipping 0.52[a] 0.30 0.58 0.81 0.38 0.65
Aviation 0.52[a] 0.30 0.58 0.81 0.38 0.65
Waste 0.83 0.94 0.83 1.78 0.92 0.75

Agri Livestock 0.85 0.94 0.98 0.95 0.93 1.00
Agri Other 0.85 0.94 0.98 0.95 0.93 1.00
Fugitive 0.68[a] 0.47 0.66 0.68[a] 0.91 0.43

Other Stationary Combustion 1.00[b] 1.00[b] 1.00[b] 1.00[b] 1.00[b] 0.11
Solvents 0.59[a] 0.73 0.92 0.18[c] 0.54[c] 0.84
Industry 0.59 0.60 0.70 0.66 0.38 0.52

Public Power 0.91 0.38 0.77 1.69 0.36 0.18
Other 0.62 0.39 0.47 0.84 0.46 0.41

[a] Average of other pollutants (except SO2).
[b] No information found.
[c] Extrapolation from the Parisian air quality monitoring association3.
Other ratios are taken from the AME scenario in Allemand et al. (2021).

3https://www.airparif.asso.fr/surveiller-la-pollution/les-emissions (last visited 2023-04-21)
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4.2.2 Traffic sector

Traffic emissions are first calculated at the local scale. Emissions in the streets of the network are

computed for both prospective scenarios using Pollemission (Section 2.4). However, it is updated to

take into account emission factors of very-low-emission vehicles. In the absence of a reliable method

to estimate future traffic conditions (vehicle speed and number), these are identical to the baseline

simulation. They correspond to a typical urban fleet for the Île-de-France region for 2014 (André

et al. 2019).

Then, the influence of the prospective scenarios on reductions of traffic emissions at regional scale

is defined. The reductions observed at the local scale over the simulation period are averaged and

presented in Table 4.1. As Pollemission does not compute SO2 emission factors, the emission ratio of

65% is taken from Allemand et al. (2021) following scenario AME. Emissions present large reductions

for both scenarios. They are particularly important for NOx and NH3, for which scenario 2030t

induces even larger reductions, at 97% and 96% respectively. For PM, the decreases are limited to

less than 40% as the majority of the emissions come from non-exhaust sources, left identical in this

study. Emissions of NOx, VOCs and PM are speciated similarly to the local scale, i.e., taking into

account the fraction of each vehicle type in the fleet.

Table 4.1: Emission ratios for the traffic sector for the two prospective scenarios between
2030 and 2014.

Scenario CO NOx NMVOCs NH3 PM SO2

2030r 0.48 0.35 0.40 0.77 0.66 0.65
2030t 0.33 0.03 0.33 0.04 0.61 0.65

4.2.3 Impacts on total emissions

Following the work presented in Section 3.2, a subset of the regional domain, corresponding to the

city of Paris and its outlying suburbs, named Paris suburbs, is extracted to study the prospective

scenarios’ impacts on emissions where urbanization and transportation are most prominent.

Table 4.1 presents the reductions in total emissions induced by scenarios 2030r and 2030t at

regional scale. Both scenarios lead to significant emission reductions. Emissions of NO and BC are

reduced by around 58%. Gas-phase I/SVOCs and NO2 emissions are the most reduced, at 75%

and 80% respectively. The further reductions in traffic emissions from scenario 2030t induce larger

reductions in total emissions compared to scenario 2030r. The additional reduction for BC is only

5% as traffic is not the preponderant emitting sector at this scale and PM emission factors are not

reduced for very-low-emission vehicles (Table 4.1). For gas-phase I/SVOCs, the additional reduction

is around 10%. Nitrogen oxides present the largest additional reductions. It is at almost 20% for

NO2, 25% for NOx and 30% for NO. The total reductions are at 87%, 89% and 96% for NO, NOx

and NO2 respectively.

Table 4.2 presents the reductions in traffic emissions induced by scenarios 2030r and 2030t at

local scale. As at the regional scale, both scenarios lead to significant emission reductions. Overall,

reductions are larger at the local scale, except in scenario 2030r for NO2 and gas-phase IVOCs.

Reductions in NO2 emissions are at 80% against 68%, for gas-phase I/SVOCs, it is 75% against

62%. This is due to the emission reductions applied to all activity sectors at the regional scale. For

other pollutants, the reductions are around 65%, except for BC, which presents a larger reduction at

72%. Reductions observed in scenario 2030r are only due to the replacement of the oldest vehicles
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Table 4.1: Reductions in total emissions for the two prospective scenarios compared to the
baseline simulation for the Paris suburbs area. Average emissions are expressed in ngm−2 s−1,
and the relative differences in %.

Average Relative difference
2014r 2030r 2030f

NO 380.1 -57.4 -87.1
NO2 184.9 -79.6 -96.2
NOx 767.8 -62.7 -89.2
BC 9.2 -58.3 -63.1

I/SVOCsgas 53.1 -74.6 -82.2

by new ones, with lower emissions. Reductions from scenario 2030t are larger than the ones from

scenario 2030r. This is expected as only the most recent vehicles, i.e. with the lowest emissions, are

considered. The additional reductions induced by scenario 2030t are limited to about 10% for BC

and gas-phase I/SVOC emissions. For the nitrogen oxides, the additional reductions are superior to

30%, with total reductions at 97%, 98% to 99.5% for NO, NOx and NO2 respectively.

Table 4.2: Reductions in traffic emissions for the two prospective scenarios compared to the
baseline simulation at local scale. Average emissions are expressed in µg s−1, and the relative
differences in %.

Average Relative difference
2014r 2030r 2030t

NO 2727.7 -62.9 -96.5
NO2 2067.3 -67.7 -99.5
NOx 6249.8 -64.6 -97.5
BC 90.1 -71.6 -79.0

I/SVOCsgas 192.3 -62.3 -71.1

The absolute differences in emissions of NO2 and BC over the whole simulation domain for

scenario 2030r are presented in Figure 4.1. For scenario 2030t, absolute differences present similar

behaviors, with larger values. They are available in Appendix 4.B. Absolute differences are used

here instead of relative differences because emissions in rural areas of the domain are extremely low,

resulting in an explosion of the relative differences in these areas. Urban areas of the domain, i.e. the

city of Paris and its outlying suburbs, are the most affected, with reductions up to 0.4 µgm−2 s−1

and 0.015 µgm−2 s−1 for NO2 and BC emissions. In scenario 2030t, emissions of NO2 and BC are

reduced by up to 0.45 µgm−2 s−1 and 0.015 µgm−2 s−1 respectively.

Figure 4.2 presents the relative differences in emissions of NO2 and BC over the street network

for scenario 2030r. For scenario 2030t, relative differences present similar behaviors, with larger

values. They are available in Appendix 4.B. Emissions in the streets with high traffic circulation are

greatly reduced. NO2 and BC emissions are reduced up by to 70% and 75% respectively. In scenario

2030t, emissions of NO2 and BC are reduced up by to 90% and 85% respectively. On the contrary,

streets with no traffic circulation are not affected.
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Figure 4.1: Absolute differences (in µgm−2 s−1) in emissions of NO2 (a) and BC (b) at the
regional scale for scenario 2030r. For information, the annual mean emissions for the baseline
simulation are available in Appendix 4.B.
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Figure 4.2: Relative differences (in %) in emissions of NO2 (a) and BC (b) at the local scale
for scenario 2030r. For information, the annual mean emissions for the baseline simulation
are available in Appendix 4.B.

4.3 Impacts on concentrations

This section presents the impacts of the scenarios on concentrations at both the regional and local

scales. Evaluation of the multiscale modeling chain against observations for the baseline simulation,

2014b, is available in Section 3.2.2.3. As for emissions and the work presented in Section 3.2, impacts

at the regional scale are studied on a subset of the domain corresponding to Paris city and its suburbs,

and also to Paris city alone for the impacts on dense traffic areas. Furthermore, the concentrations

presented at the regional scale are surface concentrations, i.e., they correspond to those simulated in

the first vertical level of the domain (from 0 m to 30 m).

4.3.1 Modelling tools

Polair3D is used to simulate background concentrations on the regional domain with a horizontal

resolution of 0.02◦x0.02◦. Concentrations in the streets of the network are simulated with MUNICH.

The simulation periods are from 8 January to 27 December 2014 for the regional scale, and 10 January

to 27 December 2014 for the local scale. Both models are coupled to SSH-aerosol to take into account

gas-phase chemistry and aerosol dynamics.
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Boundary and initial conditions are taken from Sartelet et al. (2018). Meteorological conditions

are modeled using the WRF model (version 3.9.1.1), as detailed in Lugon et al. (2020). Boundary,

initial conditions and meteorology are kept the same in the reference and in the prospective scenarios.

4.3.2 Regulated pollutants

This section presents the concentration levels of NO2, PM10 and PM2.5. The concentration levels of

these pollutants are regulated by the European air quality directives (Table 1.1). The annual average

limits are 40 µgm−3 for NO2 and PM10, and 25 µgm−3 for PM2.5. In its air quality guidelines, WHO

proposes more stringent annual average limits, 10 µgm−3 for NO2, 15 µgm−3 for PM10 and 5 µgm−3

for PM2.5.

Table 4.1 presents the average concentrations and relative differences for the two prospective

scenarios compared to the baseline simulation for NO2, PM10 and PM2.5. The emission reductions

induced by the two prospective scenarios are reflected in the concentrations at both regional and local

scales. For the three pollutants, but particularly NO2, the average concentrations are lower when

considering the Paris suburbs area than with the Paris city area and the local scale (28 µgm−3 against

46 µgm−3 and 50 µgm−3 respectively). This is due to the Paris suburbs area including districts less

urbanized than the city itself, and its larger footprint on the domain increases the influence of the

other activity sectors, with emissions not as reduced as traffic emissions (Tables 4.1 and 4.1).

Table 4.1: Impacts of the prospective scenarios on regulated pollutant concentrations over
the Paris suburbs and Paris city areas, and at the local scale. Average concentrations are
expressed in µgm−3 and relative differences in %.

NO2 2014b 2030r 2030t
Polair3D

Paris suburbs
Average 28.2 14.3 7.7

Relative difference - -49.8 -72.6
Polair3D
Paris city

Average 45.8 24.6 13.7
Relative difference - -46.5 -70.2

MUNICH Average 49.9 23.4 9.6
Relative difference - -52.5 -79.4

PM10 2014b 2030r 2030t
Polair3D

Paris suburbs
Average 16.6 14.6 14.3

Relative difference - -11.4 -13.7
Polair3D
Paris city

Average 19.8 16.3 15.7
Relative difference - -17.8 -20.5

MUNICH Average 20.1 16.3 15.7
Relative difference - -17.9 -20.9

PM2.5 2014b 2030r 2030t
Polair3D

Paris suburbs
Average 15.5 13.7 13.3

Relative difference - -11.6 -14.0
Polair3D
Paris city

Average 18.1 14.8 14.2
Relative difference - -18.4 -21.3

MUNICH Average 18.7 15.1 14.4
Relative difference - -18.6 -21.9

For NO2, the emission reductions of 80% and 96% observed for scenarios 2030r and 2030t
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respectively for the Paris suburbs area lead to reductions in concentrations by 50% and 73%. Paris

city area presents slightly lower reductions, at 47% and 70% respectively, but with higher absolute

concentrations, e.g. 25 µgm−3 versus 14 µgm−3 for scenario 2030r. At the local scale, concentration

reductions are more important at 53% and 79% for scenarios 2030r and 2030t respectively, thanks to

the predominance of the traffic and larger emission reductions for both scenarios, at 68% and 99.5%.

When these concentrations for year 2030 are compared to the WHO guideline of 10 µgm−3 for NO2,

only scenario 2030t presents an annual average concentration slightly lower at the local scale, of

9.6 µgm−3. The average concentration of 7.7 µgm−3 observed for the Paris suburbs area is also lower

than the guideline, but this is due to the inability of regional-scale simulations to represent the higher

concentrations observed in streets. However, the less strict limit value of 40µgm−3 imposed by the

European air quality directives is respected in the two prospective scenarios.
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Figure 4.1: Relative differences in concentrations of NO2 (top panels) and PM10 (bottom
panels) for scenario 2030r at the regional scale (left panel) and local scale (right panel). For
information, the relative differences for scenario 2030t and the annual average concentrations
for the baseline simulation are available in Appendix 4.C.

As expected since PM emissions are less reduced, concentrations of PM10 and PM2.5 are much

less impacted than NO2 concentrations. The Paris suburbs area presents reductions of PM10

concentrations of 11% and 14% for the scenarios 2030r and 2030t respectively, while reductions

are at 18% and 21% for the Paris city area and the local scale. PM2.5 concentrations are slightly

more important, reaching 19% and 22% at local scale. Concentrations of PM10 at the local scale

for both scenarios are just above the WHO guideline of 15 µgm−3, at 16 µgm−3 for both scenarios.
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For PM2.5, concentrations remain superior to the WHO guideline of 5 µgm−3, at 15.1 µgm−3 and

14.4 µgm−3 respectively. When considering the limit values imposed by the European air quality

directives for PM10 (40 µgm−3) and PM2.5 (25 µgm−3), concentrations of the baseline simulation

2014b are already in accordance, at 20µgm−3 and 19µgm−3 respectively. With exhaust emissions

of PM already well regulated and controlled, the focus should be to better understand and reduce

non-exhaust emissions from tire and brake wear, and road abrasion to respect the more stringent

WHO guidelines.

The impacts of the scenario 2030r on the concentrations of NO2 and PM10 on the regional domain

and the street network are presented in Figure 4.1. The impacts are similar in the scenario 2030t with

more extreme values. They are available in Appendix 4.C. The figure for NO2 at the regional scale

displays important concentration reductions throughout the domain, with the highest reductions for

the most urbanized areas. PM10 concentration reductions are much more limited outside the city of

Paris and its suburbs. The reductions go up to 55% and 16% for NO2 and PM10 respectively. At

the local scale, concentrations reductions are larger than at the regional scale, particularly for streets

with high traffic circulation. These reductions reach 58% and 30% for NO2 and PM10 respectively.

Scenario 2030r can also be compared to scenario 2-BAU from Lugon et al. (2022). This scenario

”business-as-usual” simulates concentrations for 2024 with fleet evolution (promotion of Euro 5 and

Euro 6 diesel vehicles) from 2014 to 2024. The introduction of the very-low-emission vehicles in

the fleet in scenario 2030r induces a larger reduction of the concentrations of NO2 compared to

scenario 2-BAU, 53% to 38%. However, for PM10, the reduction is slightly more important in

scenario 2-BAU, 22% against 18%. Reductions for PM2.5 as very similar, at 19%, in both scenarios.

These differences on PM could be due to the different street networks considered. In scenario 2-BAU,

MUNICH represents the concentrations over the city of Paris, while, in this study, it represents a

district in the eastern suburbs of Paris. The city of Paris is much more urbanized and the influence

of traffic is thus greater.

4.3.3 Non-regulated pollutants

As presented in Section 1.1.2.2, BC and OM are known to have negative effects on the human

health. The impacts of the prospective scenarios on BC and OM concentrations are thus presented

in Table 4.1. The reductions for these two pollutants are larger than the ones for PM10 and PM2.5.

The BC emission reduction of 58% at the regional scale for scenario 2030r induces reductions of

BC concentrations by 30% and 35% for the Paris suburbs and Paris city areas. For the scenario

2030t, the emission reduction of 63% induces slightly larger concentration reductions, by 32% and

38% respectively. At the local scale, reductions in BC concentrations reach 42% and 45% for the

scenarios 2030r and 2030t. Concerning the OM concentrations, the differences in reduction between

the two scenarios are limited to 2% maximum. On the Paris suburbs area, reductions are around

17.5%, while they are almost the double for the Paris city area, around 31%. At the local scale,

concentration levels and reductions are very similar to the Paris city area, with 4 µgm−3 and around

31% of reduction.

Impacts of the scenario 2030r on the concentrations of BC and OM on the regional domain and

the street network are presented in Figure 4.1. The impacts of the scenario 2030t are similar with

more extreme values. They are available in Appendix 4.C. BC and OM concentrations at the regional

scale display similar behaviors to BC emissions (Figure 4.1). The most significant reductions take

place on the most urbanized areas while rural areas are less impacted. As for NO2, the impact of

keeping the boundary conditions identical are visible on the limits of the domain. The reductions

reach 35% and 25% for BC and OM respectively. At the local scale, concentration reductions are
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Table 4.1: Impacts of the prospective scenarios on non-regulated pollutant concentrations
over the Paris suburbs and Paris city areas, and at the local scale. Average concentrations
are expressed in µgm−3 and relative differences in %.

BC 2014b 2030r 2030t
Polair3D

Paris suburbs
Average 0.7 0.5 0.5

Relative difference - -29.9 -32.1
Polair3D
Paris city

Average 1.1 0.7 0.7
Relative difference - -35.0 -37.7

MUNICH Average 1.5 0.8 0.7
Relative difference - -41.5 -45.2

OM 2014b 2030r 2030t
Polair3D

Paris suburbs
Average 4.6 3.8 3.8

Relative difference - -17.1 -17.7
Polair3D
Paris city

Average 5.9 4.1 4.0
Relative difference - -30.1 -31.5

MUNICH Average 5.9 4.1 3.9
Relative difference - -30.1 -32.1

overall larger than at the regional scale, except for streets with low to no traffic circulation. On the

opposite, streets with high traffic circulation present the highest reductions, up to 60% for BC and

40% for OM.

When compared to scenario 2-BAU from Lugon et al. (2022), the reduction of the BC concentra-

tions in scenario 2030r is lower, at 42% against 48%. As for PM, this difference can be linked to the

different street networks and greater influence of traffic in scenario 2-BAU, but also to the higher

tire-wear emissions considered in Lugon et al. (2022). The influence of the background concentrations,

with emission reductions from all the activity sectors, on OM concentrations in scenario 2030r leads

to a larger reduction than in scenario 2-BAU, at 30% against 24%.

4.4 Conclusions

Air quality for the year 2030 has been modeled with two prospective scenarios, taking into account the

introduction of very-low-emission vehicles in the fleet. Emission factors for these vehicles were defined

based on the development of technologies, such as afterburners, to reduce cold-start emissions in

particular, and they are lower than those postulated for the forthcoming European emission standard

Euro 7. The evolution of the fleet composition was modeled to replace the older vehicles by more

recent, and less polluting, vehicles. Reductions of the emissions for all activity sectors were considered

to generate background concentrations consistent with the simulated year.

In the first scenario, representative of a gradual evolution of the fleet, NO2 emissions are reduced by

80% and 68% at the regional and local scales respectively. However, the impacts on the concentrations

are limited to 53% at the local scale. Concentrations of PM10 and PM2.5 are reduced only by 18%

at both scales, as traffic exhaust emissions are not the main source of PM. When looking into the

concentrations of BC and OM, reductions are larger, up to 42% and 30% respectively on average at

the local scale. Despite these reductions, concentration levels are still superior to the WHO guidelines,

particularly for PM2.5, while satisfying the less stringent European air quality directives.

The second scenario, composed only of very-low-emission and electric vehicles, presents larger
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(c) Regional scale, OM concentrations
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(d) Local scale, OM concentrations

Figure 4.1: Relative differences in concentrations of BC (top panels) and OM (bottom
panels) for the scenario 2030r at the regional scale (left panel) and local scale (right panel).
For more information, the relative differences for the scenario 2030t and the annual average
concentrations for the baseline simulation are available in Appendix 4.C.

reductions than the first scenario for all pollutants. NO2 and BC emissions are reduced by up to

99.5% and 79%. The NO2 concentrations at the local-scale thus decrease by almost 80%, allowing

the WHO guidelines to be met (9.6 µgm−3 for 10µgm−3). However, concentrations of PM10 and

PM2.5 are less impacted (-22% at the local scale) and do not meet the guidelines. BC and OM

concentrations are slightly more impacted than PM, with a reduction of 45% and 32% respectively.

This study shows that the development of new vehicles, with more efficient technologies to reduce

exhaust emissions, is important for improving air quality in streets. Considering only the evolution

of the exhaust emissions in this study induced large reductions of the concentrations of NO2 while

having a limited impact on PM concentrations. The focus should now be to study the importance of

the non-exhaust emissions (tire and brake wear, and road abrasion) to reduce PM emissions from

traffic.
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Appendices

4.A Fleet evolution with prospective scenarios

Table 4.A.1: Distribution of HDTs, buses and Lcat in fleets according to European emission
standards and for electric vehicles, in %.

2014b 2030r 2030t
HDTs Pre-Euro 0.2 - -

Euro II 10.9 - -
Euro III 26.0 1.2 -
Euro IV 21.9 4.3 -
Euro V 34.8 10.1 -

Euro VI A/B/C 5.8 21.1 -
Euro VI D/E - 28.3 -

VLEV[a] - 26.7 91.7
Electric 0.5 8.3 8.3
Total 100 100 100

Bus Pre-Euro 0.5 - -
Euro I 1.2 - -
Euro II 11.8 - -
Euro III 21.8 2.0 -
Euro IV 15.4 6.3 -
Euro V 40.8 11.8 -

Euro VI A/B/C 7.8 19.4 -
Euro VI D/E - 27.0 -

VLEV[a] - 25.2 91.9
EEV (CNG) 0.8 - -

Electric 0.0 8.1 8.1
Total 100 100 100

Lcat Pre-Euro 6.1 - -
Euro 1 7.5 - -
Euro 2 25.0 - -
Euro 3 61.4 0.1 -
Euro 4 - 5.4 -
Euro 5 - 46.8 -

VLEV[a] - 34.0 86.3
Electric - 13.7 13.7
Total 100 100 100

[a] VLEV = Very-low-emission vehicles.
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4.B Impacts of prospective scenarios on emissions
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Figure 4.B.1: Absolute differences (in µgm−2 s−1) in emissions of NO2 (a) and BC (b) at
the regional scale for scenario 2030t.
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Figure 4.B.2: Annual mean emissions (in µgm−2 s−1) of NO2 (a) and BC (b) at the regional
scale for the baseline simulation 2014r.

2.48°E 2.49°E 2.5°E 2.51°E

48.84°N

48.85°N

48.86°N

∆
N

0 1
km −100

−80

−60

−40

−20

0

[%
]

(a)

2.48°E 2.49°E 2.5°E 2.51°E

48.84°N

48.85°N

48.86°N

∆
N

0 1
km −90

−72

−54

−36

−18

0

[%
]

(b)

Figure 4.B.3: Relative differences (in %) in emissions of NO2 (a) and BC (b) at the local
scale for scenario 2030t.
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Figure 4.B.4: Annual mean emissions (in µg s−1) of NO2 (a) and BC (b) at the local scale
for the baseline simulation 2014r.

4.C Impacts of prospective scenarios on concentrations
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(a) Regional scale, NO2 concentrations
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(b) Local scale, NO2 concentrations
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(c) Regional scale, PM10 concentrations
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(d) Local scale, PM10 concentrations

Figure 4.C.1: Relative differences in concentrations of NO2 (top panels) and PM10 (bottom
panels) for scenario 2030t at the regional scale (left panel) and local scale (right panel).

84



4.4. Conclusions

1.4°E 1.8°E 2.2°E 2.6°E 3°E 3.4°E

48.2°N

48.6°N

49°N

49.4°N ∆
N

0 20
km −35

−30

−25

−20

−10

0

[%
]

(a) Regional scale, BC concentrations
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(b) Local scale, BC concentrations
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(c) Regional scale, OM concentrations
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(d) Local scale, OM concentrations

Figure 4.C.2: Relative differences in concentrations of BC (top panels) and OM (bottom
panels) for scenario 2030t at the regional scale (left panel) and local scale (right panel).
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(a) 2014b, regional scale
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Figure 4.C.3: Annual average concentrations of NO2 for the baseline simulation 2014b at
the regional scale (left panel) and local scale (right panel) in µgm−3.
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(a) 2014b, regional scale
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Figure 4.C.4: Annual average concentrations of PM10 for the baseline simulation 2014b at
the regional scale (left panel) and local scale (right panel) in µgm−3.
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Figure 4.C.5: Annual average concentrations of BC for the baseline simulation 2014b at
the regional scale (left panel) and local scale (right panel) in µgm−3.
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(a) 2014b, regional scale
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Figure 4.C.6: Annual average concentrations of OM for the baseline simulation 2014b at
the regional scale (left panel) and local scale (right panel) in µgm−3.
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heterogeneities in streets using the
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Populations in urban areas are exposed to high local concentrations of pollutants, such as nitrogen

dioxide and particulate matter, because of unfavorable dispersion conditions and the proximity to

traffic. To simulate these concentrations over cities, models like the street-network model MUNICH

rely on parameterizations to represent the air flow and the concentrations of pollutants in streets. In

the current version MUNICH v2.0, concentrations are assumed to be homogeneous in each street

segment. A new version of MUNICH where the street volume is discretized is developed to represent

the street gradients and better estimate people exposure. Three vertical levels are defined in each

street segment. A horizontal discretization is also introduced under specific conditions by considering
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two zones with a parameterization taken from OSPM. Simulations are performed over two districts

of Copenhagen, Denmark, and one district of Greater Paris, France. Results show an improvement

of the comparison to observations with higher concentrations at the bottom of the street, closer to

traffic, of pollutants emitted by traffic (NOx, BC, OM). These increases reach up to 60% for NO2

and 30% for PM10 comparatively to MUNICH v2.0. The aspect ratio (ratio between building height

and street width) influences the extent of the increase of the first-level concentrations compared to

the average of the street. The increase is higher for wide streets (low aspect ratio and often higher

traffic), by up to 53% for NOx and 18% for PM10. Finally, a sensitivity analysis to the influence of

the street network highlights the importance to use the model MUNICH with a network rather than

with a single street.

This article is currently under review for publication in the special issue Air quality research at

street level – Part II from the journal Geoscientific Model Development (Sarica et al. 2023a).

5.1 Introduction

Pollution is estimated to be responsible for approximately 9 million premature deaths in 2015

(Landrigan et al. 2018). This figure remains valid in 2019 despite an improvement of the types of

pollution associated with extreme poverty (e.g., household air pollution and water pollution) (Fuller

et al. 2022). This is partly due to an increase in the number of premature deaths attributable

to ambient air pollution. The consequences of air pollution are particularly substantial in urban

areas, where individuals are exposed to local high concentrations of air pollutants due to unfavorable

dispersion conditions and proximity to traffic. As more than half of the world’s population already

lives in urban areas, rising to 68% by 2050 (United Nations 2019), it is crucial to estimate as

accurately as possible the exposure of population to atmospheric pollutant concentrations in urban

areas. For many years, various modelling approaches have been developed to contribute to the

understanding of the phenomena that drive the concentrations of pollutants in the atmosphere and

to provide decision support tools (Collett et al. 1997; Vardoulakis et al. 2003; El-Harbawi 2013; Conti

et al. 2017; Khan et al. 2021).

Regional-scale chemistry-transport models, such as Polair3D (Mallet et al. 2007; Sartelet et

al. 2018), CHIMERE (Menut et al. 2021; Falasca et al. 2018), CMAQ (Wong et al. 2012; Paz

et al. 2015), represent the urban background concentrations by solving the chemistry-transport

equation for spatial resolutions down to 1 km2. However, they can not represent street concentrations,

which are often higher than background concentrations for pollutants such as NO2 and particles

(Lugon et al. 2020). To represent these concentrations, local-scale models are thus developed with

different approaches of variable complexity and computational cost. Models based on CFD, such as

code saturne (Archambeau et al. 2004; Gao et al. 2018), OpenFoam (Lin et al. 2022) and PALM (Wolf

et al. 2020), are able to represent the dispersion of pollutants and the physicochemical processes taking

place in urban districts and streets with a fine spatial resolution by solving the Navier-Stokes equations

and mass conservation equations for pollutants. However, they suffer from high computational cost,

as they use fine meshes to describe the morphology of buildings and streets. Other models use

approaches that are less accurate than CFD but run faster. They are typically based on a Gaussian

or an Eulerian approach (Vardoulakis et al. 2003; Liang et al. 2023). Among these, can be mentioned

ADMS-Urban (McHugh et al. 1997; Hood et al. 2021), SIRANE (Soulhac et al. 2011, 2023), AERMOD

(Cimorelli et al. 2004; Rood 2014), EPISODE (Karl et al. 2019) and CALIOPE-Urban (Benavides

et al. 2019). They either consider each street independently of the others with exchanges between

the street and the background concentrations above the street (Berkowicz 2000b), or a street network
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with incoming/outcoming flows between streets at intersections (Soulhac et al. 2009; Kim et al. 2022).

OSPM couples a Gaussian-plume model for traffic emissions and a box model for the recirculation

in the street (Berkowicz 2000b). It is thus able to represent concentration heterogeneities in the

street, but cannot include complex chemistry. MUNICH uses solely an Eulerian box-model approach

(Lugon et al. 2020). As MUNICH is coupled with the SSH-aerosol model (Sartelet et al. 2020), the

formation and aging of primary and secondary gas and particles in streets are represented. In the

current version of MUNICH (v2.0) (Kim et al. 2022), concentrations are considered homogeneous in

each street segment. However, as shown by several on-site and modelling studies, the concentrations

are very heterogeneous in streets with traffic emissions (Xie et al. 2003; Vardoulakis et al. 2011; Lateb

et al. 2016; Sanchez et al. 2016; Amato et al. 2019; Lin et al. 2022). They are higher near the ground

than at the top of the street, especially for primary pollutants.

A “heterogeneous” version of MUNICH is developed in this study aiming to represent the

concentration heterogeneities in the street, while keeping the Eulerian approach of MUNICH to retain

the ability to accurately model chemistry and aerosol dynamics. The street volume is discretized

vertically in three subvolumes. Traffic emissions are not instantaneously diluted in the whole street

volume as in MUNICH v2.0, but only in the first subvolume, i.e. the one closest to the ground. With

this discretization we do not aim to reproduce finely the vertical profile of concentrations. The main

objective is to improve the representation of concentrations close to the ground by avoiding the

excessive dilution associated with the homogeneity assumption. To represent the street horizontal

heterogeneities, a recirculation zone of the shape of a trapeze is defined, based on a parameterization

of OSPM. It depends on the meteorological conditions and the street morphology, and it is applied

under specific conditions in MUNICH that are described later.

A description of the differences between the homogeneous version of MUNICH (v2.0) and the

new heterogeneous version is presented in Section 5.2. The applications to two street networks in

Copenhagen, Denmark, with comparisons to observations of NO2 and CO, and to concentrations

simulated by OSPM are discussed in Section 5.3. MUNICH is applied in Section 5.4 to the street

network near Paris, France, used to validate MUNICH v2.0 (Kim et al. 2022), and the impacts of the

heterogeneous version on concentrations of NO2 and particles are studied. To estimate the impact

of the modelling hypothesis on the transport of pollutants between streets in the new version of

MUNICH, a sensitivity analysis to the presence of a street network is performed in Section 5.5.

5.2 Model description

The homogeneous version of MUNICH (v2.0) and the new heterogeneous version (see Figure 5.1)

are briefly described in this section, focusing on the differences between the two versions. The

heterogeneous version was developed from MUNICH v2.0. In the following, the homogeneous and

heterogeneous versions of MUNICH are referred to as MUNICH-homo and MUNICH-hete respectively.

For a complete description of MUNICH, please refer to Section 1.2.2 and Kim et al. (2018, 2022);

Lugon et al. (2020, 2021a).

In order to solve the evolution equation of the street concentrations Cstr, a first-order operator

splitting between transport and chemistry is performed:

dCstr

dt
=

dCstr

dt

∣∣∣∣
tr

+
dCstr

dt

∣∣∣∣
ch

(5.1)

The transport term includes advection from one street to another and vertical transport between

the street and the background above it. The chemistry includes gas-phase chemistry, as well as

aerosol dynamics (coagulation, condensation/evaporation). As deposition and resuspension processes
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have minor effects compared to transport and chemistry (Lugon et al. 2021b; Kim et al. 2022), they

are omitted in the rest of this study.

Figure 5.1: Representation of the processes in the homogeneous version (a) and the
heterogeneous version (b) of MUNICH. The red dotted lines represent the street volume. In
(a), the street canopy is represented by a single volume, whereas in (b), it is divided into 3
subvolumes delimited by the blue dotted lines. The rose arrows represent the traffic emissions
(including brake, tyre and road wear), the light green arrows the fluxes entering the street
via the upwind intersection and the dark green arrows the fluxes leaving the street via the
downwind intersection. The yellow arrows symbolize the vertical turbulent exchanges with
the background and, in (b), the orange arrows the vertical exchanges among the subvolumes.

5.2.1 Homogeneous approach

Using a box-model approach, the concentrations are assumed to be homogeneous in the whole street

volume and the effect of the processes on the concentrations are represented by the equation:

dCstr

dt

∣∣∣∣
tr

=
1

V
(Qem +Qinflow +Qoutflow +Qvert) (5.1)

with V the volume of the rectangular cuboid street, Qem the traffic emission flux, Qinflow the flux

entering the street via the upwind intersection, Qoutflow the flux leaving the street via the downwind

intersection and Qvert the vertical turbulent flux between the background and the street.

The street volume is defined as V = HWL, with H the average building height over the street

segment, W the mean street width and L its length. MUNICH considers that buildings on each side

of the street are continuous, thus not representing inflow/outflow that could be induced by gaps in

the buildings. The inflow term Qinflow is obtained from the computation of the fluxes at the upwind

intersection (Kim et al. 2018; Soulhac et al. 2009) (see Section 5.5 for a brief description). The

outflow term Qoutflow is expressed as :

Qoutflow = HWustrCstr (5.2)

with ustr the mean horizontal wind speed in the street.

The vertical turbulent flux Qvert between the street and the overlying atmosphere is:

Qvert = qvertWL
(Cstr − Cbkgd)

H
(5.3)
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with qvert the vertical transfer coefficient and Cbkgd the background concentration.

The vertical transfer coefficient and the horizontal wind speed are the key parameters representing

the dispersion of concentrations. As their formulation differs between the homogeneous and the

heterogeneous versions of MUNICH, they are now detailed.

5.2.1.1 Vertical transfer coefficient for turbulent flux

Three parameterizations are implemented in MUNICH to determine the vertical transfer coefficient,

qvert, between the street and the overlying atmosphere (Maison et al. 2022). However, currently only

the parameterization adapted from Wang (2014) is designed to provide vertical profiles for both wind

speed and mixing length within the street. We therefore limit our analysis to the latter.

In MUNICH-homo, the vertical transfer coefficient at the roof level is expressed as:

qvert = σwlm(z = H) with lm(z) =
κz lc
lc + κz

(5.4)

where σw is the standard deviation of the vertical wind velocity at roof level, lm is the mixing length

defined as a harmonic mean between two length scales (Coceal et al. 2004) i) κz, with the Von

Kármán constant (κ = 0.42) and ii) lc a characteristic length of the street chosen equals to 0.5W

(Maison et al. 2022).

5.2.1.2 Mean horizontal wind speed in the street

As for the calculation of the vertical transfer coefficient, three parameterizations are proposed in

MUNICH to determine the mean horizontal wind speed in the street (Maison et al. 2022). In the

Wang parameterization, the mean horizontal wind speed in the street ustr is equal to:

ustr =
1

H − z0s

∫ H

z0s

uY (z) dz =
uH |cos(φ)|
(H − z0s)

∫ H

z0s

[J1I0(g(z)) + J2K0(g(z))] dz (5.5)

with uH |cos(φ)| the wind speed at roof level in the direction of the street and z0s the wall and

ground roughness length in the street (fixed to 0.01m). I0 and K0 are the first and second kind

modified Bessel function of order 0. J1 and J2 are integration coefficients equal to:

J1 =
1

I0(g(H))− I0(g(z0s))K0(g(H))/K0(g(z0s))
and J2 = −J1I0(g(z0s))

K0(g(z0s))
(5.6)

The function g(z) is calculated as:

g(z) = 2

√
CBar

z

lm(H)
(5.7)

with ar = H/W the aspect ratio of the street and CB a coefficient dependent on the wind angle

with the street and the aspect ratio (Maison et al. 2022).

5.2.2 Heterogeneous approach

In MUNICH-hete, the street is divided into 3 vertical levels to limit the artificial dilution of the

traffic emissions and the concentrations in the whole street volume (see Figure 5.1(b) and Figure 5.1).

Levels are ordered from the ground to the top of the street. The first level (i=1) contains the traffic

emissions. The thickness h1 is taken as 2m, which correspond to a zone where the traffic producing
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turbulence mixes and dilutes traffic emissions (Solazzo et al. 2008). This traffic-induced turbulence

is not explicitly considered in the model. The second level (i=2) thickness h2 is also of 2m. It

acts as a buffer zone between the first level where traffic emissions are and the third level where

exchanges with the background take place. Starting at 4m, the third level (i=3) goes to the roof level

(h3 =(H - 4)m). The minimum street height considered in the model is set at 6m. The three levels

of the heterogeneous version are referred to as munich-hete-l1, munich-hete-l2 and munich-hete-l3

respectively. Each level i is thus associated to a specific volume, Vi, and the evolution equations may

be written as:

dCi
str

dt

∣∣∣∣
tr

=
1

Vi

(
Qi

em +Qi
inflow +Qi

outflow +Qi,i+1
vert +Qi−1,i

vert

)
(5.1)

with Qi
em the traffic emission flux (only in the first level (i=1)), Qi

inflow the flux entering the level

via the upwind intersection, Qi
outflow the flux leaving the level via the downwind intersection, Qi,i+1

vert

the vertical turbulent flux between the levels i and i+1 (for i=3, it exchanges with the background)

and Qi−1,i
vert the vertical turbulent flux between the levels i-1 and i (equals to zero if i=1).

Note that more than three vertical levels could be defined in MUNICH-hete, as the vertical

variations within the streets of winds and mixing lengths are parameterized when discretizing the

streets. However, the first vertical level at the bottom of the street should not be too thin because of

mixing due to traffic turbulence. A minimum height for the first layer of 1.5m seems reasonable.

In OSPM, the flow developing into a vortex in the street between buildings is represented by a

recirculation zone. It occupies the whole street volume for narrow streets, and it has the shape of a

trapeze for wider streets (Berkowicz et al. 1997; Berkowicz 2000b; Ottosen et al. 2015). When the

recirculation zone does not occupy the whole street volume, there is a ventilation zone (see Figure 5.1)

where concentrations of pollutants emitted by traffic are usually lower than in the recirculation

zone. In MUNICH-homo, the recirculation zone is not explicited, whatever the street ratio H/W

is. In MUNICH-hete, the volume of the recirculation zone is computed as in OSPM, as detailed in

Appendix 5.A. For now, concentrations in the ventilation zone are considered homogeneous and equal

to the background concentrations, i.e. concentrations above the street. The ventilation zone is thus

taken into account when it is not affected by traffic emissions. In practice, this means that the width

of the trapeze base can only be equal to or larger than the width W of the street (see Appendix 5.A).

The width Wi of the level i can thus be inferior to the width W of the street, reducing the level

volume (see Figure 5.1). Appendix 5.A presents the algorithm implemented in MUNICH-hete to

consider the volume reduction of the ventilation zone. Further work is needed to differentiate the two

zones for cases where the ventilation zone develops further into the street.

To quantify mass transfer through intersection, the fluxes are assumed to be vertically homogeneous

and remain determined as proposed by Soulhac et al. (2009), as the shape of intersections may differ

from one to another and turbulence is not quantified. The flux Qinflow entering the street is assumed

to be the same for each vertical level. The flux Qoutflow leaving a street is a surface-weighted average

of the fluxes leaving each vertical level of the street:

Qoutflow =

i=3∑
i=1

Qi
outflow =

i=3∑
i=1

Sv
i uiC

i
str (5.2)

with Sv
i the vertical surface of the level i as presented in Appendix 5.A and ui the mean horizontal

wind speed of the level i (see Section 5.2.2.2).
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Figure 5.1: Schematic of the discretization in MUNICH-hete. The red triangle represent the
ventilation zone that is present under specific conditions, and the white trapeze represents
the recirculation zone. zm

i is the middle height of level i.

5.2.2.1 Vertical turbulent fluxes

To compute the vertical turbulent transfer Qi,i+1
vert at the interface of the vertical levels i and i+1,

Equation (5.3) is modified to represent the vertical exchanges between the levels i and i+1:

Qi,i+1
vert = qivertWiL

(Ci − Ci+1)

∆zmi
(5.3)

with Ci and Ci+1 the concentrations in the levels i and i+1 respectively, Wi the width of the level

i that is inferior or equal to the width W of the street and ∆zmi the difference in altitude between

the middles of the levels i+1 and i, which are noted zm1 , z
m
2 and zm3 (see Figure 5.1). For i=3, i.e.

the highest level, zmi+1 is taken as the symmetric of zm3 to the roof level, and noted zmbkgd. It gives an

approximation of the volume that effectively exchanges with the third level.

Among the three parameterizations implemented in MUNICH to determine the vertical transfer

coefficient qvert, only the Wang parameterization is adapted to the discretization. It is thanks to its

explicit vertical dependency and validity for a wide range of street-canyon and wind characteristics

(Maison et al. 2022). To compute the vertical turbulent transfer Qi,i+1
vert , the vertical transfer coefficient

is taken at the height of the interface between the two vertical levels considered, and Equation (5.4)

is now written as:

qivert = σwκzi
lc

lc + κzi
(5.4)

with zi the height of the interface between levels i and i+1. The influence of the atmospheric

stability on vertical mixing is taken into account by modifying the standard deviation of the vertical

wind velocity at roof level and thus the vertical transfer rate depending on the length of Monin-

Obukhov, as in MUNICH-homo.

By combining Equation (5.3) and Equation (5.4), the vertical turbulent transfer Qi,i+1 can be
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written for each level as:

Q1,2
vert = σwκz1

lc
lc + κz1

WiL
C1 − C2

zm2 − zm1
(5.5)

Q2,3
vert = σwκz2

lc
lc + κz2

WiL
C2 − C3

zm3 − zm2
(5.6)

Q3,bkgd
vert = σwκH

lc
lc + κH

WiL
C3 − Cbkgd

zmbkgd − zm3
(5.7)

with C1, C2, C3 and Cbkgd the concentrations of the three levels and the background respectively.

5.2.2.2 Mean horizontal wind speed in the street

As for the vertical turbulent flux, the Wang parameterization is preferred among the three parameter-

izations available in MUNICH to compute the mean horizontal wind speeds in the street. It is thanks

to its explicit vertical dependency and the no-slip condition at the ground that is always satisfied

(u(z = 0) = 0) (Maison et al. 2022). Therefore, the mean horizontal wind speed can be computed at

each level in the street, by modifying Equation (5.5) to integrate vertically between the level heights:

u1 =
1

z1 − z0s

∫ z1

z0s

uY (z) dz (5.8)

u2 =
1

z2 − z1

∫ z2

z1

uY (z) dz (5.9)

u3 =
1

H − z2

∫ H

z2

uY (z) dz. (5.10)

with z1 and z2 the limits of the first two levels as presented in Figure 5.1.

5.3 Application to street networks in Copenhagen with
comparison to OSPM

This section presents two applications of MUNICH-hete to assess its capabilities compared to

MUNICH-homo and OSPM. Simulations are performed over the year 2019 to generate hourly

concentrations for two street networks in Copenhagen, Denmark. The first street network is centered

around the H. C. Andersens Boulevard and the second around the Jagtvej street. They are named

HCAB and JGTV respectively in the following. They have been selected as observational data of

CO, NO2, NOx and O3 are available for the HCAB and, NO2 and NOx for JGTV over the whole

year. OSPM simulations were also performed to compare model performances. As OSPM does not

represent air fluxes at intersections, OSPM simulations are performed only for the streets where

there are observations. Thanks to its coupled approach between a Gaussian plume model and a

box model, OSPM is able to calculate concentrations on the two sides of the street (Berkowicz et al.

1997; Berkowicz 2000b; Ottosen et al. 2015). Two receptors are used to compare with the observed

concentrations on each side of the street: OSPM-R1 and OSPM-R2. The height of the receptors

is taken as 2m to correspond roughly to the height at which observations were performed. They

are compared to the concentrations simulated at the first two levels of MUNICH-hete, which are

representative of the concentrations at 1m and 3m.

MUNICH and OSPM use the same input data to estimate the street concentrations. The

meteorological parameters originate from simulations performed with the Weather Research and
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Forecasting model (WRF) (Skamarock et al. 2008). The background concentrations are simulated

using the Urban Background Model (UBM) (Berkowicz 2000a), which is “a multiple source model that

applies a Gaussian approach for horizontal dispersion and a linear approach for vertical dispersion

up to the boundary layer” (Jensen et al. 2016). Traffic emissions are generated using the procedure

implemented in the local-scale Gaussian air pollution model OML-Highway (Olesen et al. 2015)

allowing for precise information for each street segment. Traffic data (average daily traffic, travel

speed, and share of heavy-duty vehicles) are used to generate emissions by use of the European

emission model COPERT IV. Traffic emissions include exhaust emissions of gases and particles, and

non-exhaust emissions of particles. Non-exhaust emissions consist of brake, tyre and road wear. The

street parameters (building height and street width) used in MUNICH originate from the OSPM

setups.

OSPM represents NO2 and O3 chemical transformations using a system of 2 reactions (Berkowicz

et al. 1997; Berkowicz 2000b). The first one describes the production of NO2 due to reaction of NO

with O3, and the second one the photodissociation of NO2 leading to reproduction of NO and O3.

For a fair comparison, MUNICH is configured to run with a simple chemistry scheme, the Leighton

photostationary state for O3 (Leighton 1961; Kim et al. 2018):

NO2 + hν NO + O(3P) (R1)

O(3P) + O2 + M O3 + M (R2)

NO + O3 NO2 + O2 (R3)

5.3.1 H. C. Andersens Boulevard

H. C. Andersens Boulevard is a wide, densely-trafficked boulevard, with an aspect ratio ar = H/W

of about 0.2 (H = 9.9m, W = 50m). It is open on one side with trees instead of buildings. This

configuration can be represented in OSPM. However, in MUNICH, a mean building height is

defined for each street. Here, it is estimated by averaging the building and the tree heights. The

simulated street network is composed of 86 street segments centered around the street where the

observation station is located (see brown cross on Figure 5.2). Figure 5.1 presents the monthly-

averaged concentrations of CO and NO2 from the OSPM and MUNICH simulations compared to

observations. Appendix 5.B contains monthly-averaged concentrations of NOx and O3, and statistical

indicators of the comparison for all four pollutants.

OSPM-R1 is the receptor that is close to the measurement station, thus better suited to be

compared to observations. Differences in concentrations between OSPM-R1 and OSPM-R2 highlight

the importance to take into account horizontal heterogeneities in the street. Observations lies

between the concentrations simulated at the two receptors, except for CO for which OSPM slightly

underestimates concentrations in the first half of the year. This underestimation could be linked to

underestimation of sources other than traffic, e.g. biomass burning, at the regional scale; but also to

the absence of volatile organic compounds in the simulation. Overall, the concentrations are well

estimated with OSPM with errors between 26% and 33% for CO, and between 34% and 46% for

NO2.

For CO, NO2 and NOx, which are emitted by traffic in the bottom of the street, the concentrations

are higher in the first level MUNICH-hete-l1 near the bottom and lower in the third level near the

roof level. For O3, the opposite behavior is observed as it is mainly imported by the atmosphere

above the street, and it is titrated by NO near the ground. The first two levels munich-hete-l1 and

munich-hete-l2 have higher concentrations of CO, NO2 and NOx than munich-homo, thus improving

the comparison to observations and OSPM concentrations. For CO, the error is improved from 36% in
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Figure 5.1: Monthly-average concentrations (in µgm-3) of CO (a) and NO2 (b) at HCAB
monitoring station. The solid blue line represents the homogeneous version of MUNICH. The
three green dashed lines represents the three levels of the heterogeneous version of MUNICH,
the lowest level (l1) with square markers, the intermediate level (l2) with cross markers and
the top level (l3) with diamond markers. The solid red line represents the OSPM receptor
that is close to the measurement station and the solid orange line the second OSPM receptor
located on the other side of the street. The observations are in solid black and the background
concentrations in solid grey.

MUNICH-homo to 28% in MUNICH-hete-l1, and for NO2, it is improved from 48% in MUNICH-homo

to 35% in MUNICH-hete-l1. Although the concentrations of NO2 and CO are underestimated in

MUNICH-homo compared to observations, they are well modelled in the first level MUNICH-hete-l1

with low errors and biases (see Appendix 5.B). For CO, the concentrations simulated in the first

level MUNICH-hete-l1 lies between the two OSPM receptors for most of the year. This is the case

for NO2 as well, except between April and August, when NO2 concentrations are underestimated

in MUNICH-hete compared to observations and OSPM concentrations. The formation of NO2 in

the lower levels (see Reaction (R3)) could be limited with the current model setup, because volatile
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organic compounds are not taken into account in the Danish cases. However, they may participate

in O3 and NO2 formation through HO2 and RO2 radicals (Atkinson 2000; Kwak et al. 2012; Zhong

et al. 2017; Dai et al. 2021). Furthermore, the vertical discretization is coarse, limiting O3 transport

deep into the street.
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Figure 5.2: CO and NO2 time-averaged concentrations (in µg m-3) for MUNICH-homo on
the upper and lower left panels respectively for the HCAB street network. Relative differences
(in %) between the first level of MUNICH-hete and MUNICH-homo for CO and NO2 on the
upper and lower right panels respectively for the HCAB street network. A positive relative
difference indicates higher concentrations for MUNICH-hete. The brown cross on panels (a)
and (c) represents the position of the measurement station.

Over the whole street network, as presented in Figure 5.2, the differences between the con-

centrations simulated in the first vertical level of MUNICH-hete compared to those simulated in

MUNICH-homo vary. For wide streets and avenue with dense traffic, the concentrations are higher in

MUNICH-hete-l1 than in MUNICH-homo, with an increase by up to 23% for CO and 30% for NO2.

This increase is lower in more narrow and less frequented streets. Although the concentrations in

MUNICH-hete-l1 are always higher than those in MUNICH-homo for CO, for NO2, in narrow streets,

the concentrations are lower in MUNICH-hete-l1. These lower NO2 concentrations are probably

related to the limited transport of O3 from the background to the bottom of the street, limiting the

titration of NO.
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5.3.2 Jagtvej

Jagtvej is a conventional street canyon with an aspect ratio of about 0.8 (H = 20.3m, W = 26.2m).

The simulated street network is composed of 265 street segments centered around the street where the

observation station is located (see brown cross on Figure 5.2). The monthly-averaged concentrations

of CO and NO2 from the OSPM and MUNICH simulations compared to observations, for NO2 only,

are presented in Figure 5.1. Appendix 5.C contains monthly-averaged concentrations of NOx and O3,

and statistical indicators of the comparison for NO2 and NOx.

OSPM-R2 is the receptor that is close to the measurement station, thus better suited to be

compared to observations. The differences between the concentration of the two OSPM receptors are

lower in JGTV than in HCAB (see Figure 5.1). JGTV is narrower with higher buildings on both sides,

thus limiting the ventilation zone and the penetration in the street of background concentrations that

would reduce the concentrations at the downwind receptor. OSPM tends to slightly overestimate NO2

and NOx concentrations (with errors between 41% and 53% and between 42% and 63% respectively).

Concentrations from the homogeneous version of MUNICH are close to OSPM concentrations

for CO. They are lower than OSPM concentrations for NO2, but they compare well to observations

with a bias of -3%, and an error of 46%. These lower NO2 concentrations are linked to lower NOx

concentrations (with a bias of -19% compared to observations and an error of 53%). As for HCAB,

the MUNICH-hete concentrations decrease from the bottom to the top of the street. For CO and

NOx, only the first level have concentrations higher than MUNICH-homo while for NO2, all three

levels have concentrations lower than MUNICH-homo. O3 concentrations are also higher for the

three levels (see Figure 5.C.1). The NOx concentrations of MUNICH-hete-l1 compare slightly better

to observations than MUNICH-homo, while MUNICH-homo is slightly better for NO2. However, the

statistics of the two models are quite close (Appendix 5.C).

Conclusions are similar for the whole street network (see Figure 5.2). The CO concentrations

are slightly higher in the first level of MUNICH-hete than in MUNICH-homo. However, NO2

concentrations at the bottom of the street in the first level of MUNICH-hete tend to be lower than in

MUNICH-homo. In some specific street segments of the network, the differences of concentrations for

both CO and NO2 are higher in MUNICH-hete-l1 than in MUNICH-homo. This is due to a mix of

different traffic emissions and street morphologies which favor the transport of pollutants.
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Figure 5.1: Monthly-average concentrations (in µgm-3) of CO (a) and NO2 (b) at JGTV
monitoring station. The solid blue line represents the homogeneous version of MUNICH. The
three green dashed lines represents the three levels of the heterogeneous version of MUNICH,
the lowest level (l1) with square markers, the intermediate level (l2) with cross markers and
the top level (l3) with diamond markers. The solid orange line represents the OSPM receptor
that is close to the measurement station and the solid red line the second OSPM receptor
located on the other side of the street. The observations (only available for NO2) are in solid
black and the background concentrations in solid grey
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(b) Relative differences of CO between
MUNICH-hete-l1 and MUNICH-homo
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(c) MUNICH-homo, NO2 concentration
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(d) Relative differences of NO2 between
MUNICH-hete-l1 and MUNICH-homo

Figure 5.2: CO and NO2 time-averaged concentrations (in µgm-3) for MUNICH-homo in
the upper and lower left panels respectively for the JGTV street network. Relative differences
(in %) between the first level of MUNICH-hete and MUNICH-homo for CO and NO2 in the
upper and lower right panels respectively for JGTV. A positive relative difference indicates
higher concentrations for MUNICH-hete. The brown cross on panels (a) and (c) represents
the position of the measurement station.
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5.4 Application to a street network in Greater Paris

The impacts of the discretization on gas and particle concentrations is evaluated over the street

network near Paris, France, which was used to validate MUNICH v2.0 (Kim et al. 2022) and in

several sensitivity studies (Lugon et al. 2021b; Sarica et al. 2022, 2023c). The street network

represents a district of Le Perreux-sur-Marne, a suburb 13 km east of Paris, France. It is composed

of 577 street segments (see Figure 5.2). The street parameters (building height and street width)

were obtained from the BD TOPO database (https://geoservices.ign.fr/bdtopo).Simulations

are performed from 22 March to 15 June 2014 to generate hourly concentrations with input data

(emissions, including exhaust emissions and brake, tyre and road wear, meteorological parameters

and background concentrations) from the reference simulation SCN0 of Sarica et al. (2023c). For this

case, MUNICH is coupled to SSH-aerosol (Sartelet et al. 2020) to represent gas-phase chemistry and

aerosol dynamics. Observational data are available for the whole simulation period for NO2, NOx,

PM2.5, PM10 and BC at a segment of Boulevard d’Alsace Lorraine (see brown cross on Figure 5.2).

They were performed at a height of about 2m and they are thus to be compared to the concentrations

of the first two levels (i=1 and i=2) of MUNICH-hete. The segment has an aspect ratio of about 0.3

(H = 8.6m, W = 26m).

The average daily profiles of NOx and PM10 concentrations are shown in Figure 5.1, and for NO,

NO2 and the statistical indicators in Appendix 5.D.1. As in the Danish streets, for pollutants emitted

by traffic, the concentrations are higher in MUNICH-hete at the bottom of the street decreasing to

the roof level. The concentrations of PM10, NO2, NOx and BC are higher on average by 12%, 21%,

40% and 30% respectively in MUNICH-hete-l1 than in MUNICH-homo. The lower concentration

difference for PM10 than for the other compounds reflects that non-traffic sources are more important

for PM10, and inversely they are small for BC. Despite the higher concentrations in MUNICH-hete-l1,

BC concentrations remain strongly underestimated compared to observations, in agreement with the

CFD simulations of Lin et al. (2022). For PM10, NO2 and NOx, the concentrations compare well to

observations, e.g. the error is 33% for NO2 and 37% for PM10, with slightly better statistics using

MUNICH-hete-l1 than MUNICH-homo. For all pollutants, the concentrations of the intermediate

level (i=2) are very close to the concentrations of MUNICH-homo. This is due to a mixture of

different parameters such as street morphology and dispersion conditions over the simulated period.

In streets, both BC and OM exhibit higher concentrations than in the background (Lugon et al.

2021a). OM consists of primary and secondary aerosols that are formed from the oxidation of VOCs

and/or the condensation of semi-volatile organic compounds. Concentrations of both BC and OM

simulated in MUNICH-homo and in the first level of MUNICH-hete are compared in Figure 5.2 (see

Figure 5.D.2 for NO2 and PM10). The concentrations simulated in MUNICH-hete-l1 are always

higher than in MUNICH-homo. In most streets of the network that are narrow and with limited

traffic, the increase in concentrations is limited. It is more important for more open and frequented

streets, such as the Boulevard d’Alsace Lorraine.

BC being a primary inert pollutant emitted by traffic, its concentrations are strongly influenced

by the discretization as emissions are no longer artificially diluted in the whole street volume. They

are now constraint at the bottom of the street inducing an average increase of 30% compared to the

homogeneous version. For OM and PM10, the increase is lower (16% and 12% respectively), because

of the stronger influence of non-traffic sources.
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Figure 5.1: Average daily profile of the concentrations of NOx (a) and PM10 (b) over the
simulation period at the Boulevard d’Alsace Lorraine monitoring station. The solid blue line
represents the homogeneous version of MUNICH. The three green dashed lines represents
the three levels of the heterogeneous version of MUNICH, the lowest level (l1) with square
markers, the intermediate level (l2) with cross markers and the top level (l3) with diamond
markers. The observations are in solid black and the background concentrations in solid gray.
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(d) Relative differences of BC between
MUNICH-hete-l1 and MUNICH-homo

Figure 5.2: OM and BC time-averaged concentrations (in µgm-3) for MUNICH-homo in
the upper and lower left panels respectively for the district of Le Perreux-sur-Marne. Relative
differences (in %) between the first level of MUNICH-hete and MUNICH-homo for OM and
BC in the upper and lower right panels respectively for the district of Le Perreux-sur-Marne.
A positive relative difference indicates higher concentrations for MUNICH-hete. The brown
cross on panels (a) and (c) represents the position of the measurement station.
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5.5 Sensitivity analysis

In this section, the influence of the aspect ratio ar on the concentrations in the heterogeneous version

of MUNICH is studied. The sensitivity of the heterogeneous version of MUNICH to the presence of a

street network, which influences the concentrations entering the street via the upwind intersection, is

also estimated.

5.5.1 Influence of the aspect ratio

The aspect ratio ar, defined as the ratio between building height H and street width W , is used

to determine general behaviors of streets with similar geometries. When ar is small, i.e. W larger

than H, the street is wide, such as a boulevard or an avenue. On the contrary, when ar is large, i.e.

H is larger than W , the street is narrow and closer to a typical street canyon. In the three cases

presented in this study in Greater Paris and Copenhagen, streets with small ar are associated with

higher traffic emissions.

Table 5.1 and Appendix 5.E present the influence of the aspect ratio on concentrations in the

first vertical level of the heterogeneous version of MUNICH, MUNICH-hete-l1, compared to the

homogeneous version. It is quantified using the normalized mean bias (NMB). The homogeneous

version of MUNICH presents higher concentrations of pollutants in wide streets (interval [0, 0.5[)

in Greater Paris, due to higher traffic emissions compared to narrower streets. The increase in

concentration in the first level from using the heterogeneous version of the model is more important

for wide streets, up to 53% for NOx. Concerning particles, PM10 concentrations are increased by up

to 18%, while the increase is about 42% and 23% for BC and OM respectively. In streets with larger

ar (interval [1, 1.5[), NOx concentrations are only 12% higher than in the homogeneous version, and

the PM10 concentrations 2.5%.

Concerning the two cases in Copenhagen, CO and NOx concentrations present similar behavior

than for the Greater Paris case. For the JGTV street network, the increase is limited compared

to the HCAB network, 3% against 11.5% respectively for CO. Wide streets (interval [0, 0.5[) have

higher concentrations of NO2 compared to the homogenous version of MUNICH, whereas for the

other intervals of ar, they are lower. Thus, O3 concentrations are lower for wide streets and larger

for the other intervals. This could be linked to the lack of volatile organic compounds in these 2

Copenhagen cases.

5.5.2 Sensitivity to the street network

The computation of inflow and outflow fluxes at intersections is performed by estimating the balance

of fluxes entering and leaving the intersection from the different street segments attached to it. If

this balance is not perfect, there are exchanges with the atmosphere above the intersection. When

the total flux entering the intersection is higher than the one leaving it, the flow overload is directed

to the atmosphere. When the total flux leaving the intersection is higher, a flux from the atmosphere

to the intersection is considered. Further explanation is available in Kim et al. (2018, 2022).

Without a street network around the street segment of interest, the pollutant mass fluxes entering

the street are determined from the background concentration. The contribution of the neighboring

streets is thus not taken into account and concentrations of pollutants emitted in streets are expected

to be lower than when there is a street network.

Table 5.1 and Appendix 5.F present the influence of the neighboring streets for the three cases of

the study. It is quantified using the normalized mean error (NME) and NMB between the simulations

without and with the neighboring streets. As expected, without the street network, the concentrations
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Table 5.1: Statistical indicators of the influence of the aspect ratio on concentrations
in MUNICH-hete-l1 for the street network in Greater Paris. Indicators are presented in
Appendix A2.

Mean concentration
[µg m-3]

NMB
[%]

Pollutant ar MUNICH-homo MUNICH-hete-l1

NO2

[0, 0.5[ 54.92 33.99
[0.5, 1[ 41.13 11.95
[1, 1.5[ 34.26 6.27
≥ 1.5 - -

NOx

[0, 0.5[ 84.31 53.06
[0.5, 1[ 59.85 22.90
[1, 1.5[ 43.71 12.02
≥ 1.5 - -

PM10

[0, 0.5[ 23.06 18.01
[0.5, 1[ 20.59 6.09
[1, 1.5[ 19.13 2.63
≥ 1.5 - -

PM2.5

[0, 0.5[ 21.10 16.01
[0.5, 1[ 19.01 5.32
[1, 1.5[ 17.91 2.50
≥ 1.5 - -

BC

[0, 0.5[ 1.56 41.84
[0.5, 1[ 1.19 16.28
[1, 1.5[ 0.96 7.78
≥ 1.5 - -

OM

[0, 0.5[ 5.60 22.58
[0.5, 1[ 4.91 7.98
[1, 1.5[ 4.46 3.27
≥ 1.5 - -

are lower. The bias is between 12% and 21% for NO2, 18% and 27% for NOx and 14% for BC. Biases

are lower for OM and PM (2%), because of stronger influence of background concentrations for those

compounds.
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Table 5.1: Statistical indicators of the influence of the street network on concentrations
simulated at each level with MUNICH-hete for the street segment of the Boulevard d’Alsace
Lorraine with the monitoring station. Average concentrations are expressed in µg m−3. NME
and NMB, expressed in %, are presented in Appendix A2.

Level NO2 NOx PM10 PM2.5 BC OM

l1

With network Average 58.92 104.74 24.58 22.18 1.84 6.13
Without network Average 51.50 85.46 24.15 21.97 1.58 5.98

NME 23.25 23.63 17.26 17.28 20.95 20.29
NMB -12.58 -18.41 -1.75 -0.98 -14.02 -2.37

l2

With network Average 47.81 75.36 21.94 20.08 1.42 5.30
Without network Average 42.67 62.34 21.77 20.04 1.25 5.25

NME 20.97 23.11 14.55 14.46 19.37 17.11
NMB -10.74 -17.28 -0.75 -0.20 -12.15 -0.96

l3

With network Average 37.97 52.63 19.91 18.41 1.09 4.69
Without network Average 35.65 47.01 19.89 18.44 1.02 4.69

NME 12.83 15.21 8.11 8.05 11.78 9.47
NMB -6.10 -10.67 -0.08 0.15 -6.70 -0.12

5.6 Conclusions

The street-network model MUNICH v2.0 has been modified to introduce concentration heterogeneities

in the street, and to better represent population exposure. To model the vertical gradients frequently

observed, the streets were discretized with three levels, thus limiting the artificial dilution of emissions

and concentrations. Based on a parameterization from OSPM, a ventilation zone is considered under

specific conditions to represent horizontal heterogeneities. In order to test these developments, the

heterogeneous version of MUNICH (MUNICH-hete) has been applied to two cases in Copenhagen,

Denmark, with comparisons to OSPM, and to one case near Paris, France. Overall, MUNICH-hete

improves the comparison to observations compared to the homogeneous version. The errors to

observations are reduced by up to 20% for NOx and 15% for BC.

As expected, in MUNICH-hete, concentrations of compounds emitted by traffic (CO, NO2, NOx,

PM10, BC and OM) are higher at the bottom of the street than at the top. These increases can reach

up to 60% and 30% for NO2 and PM10 respectively. The intermediate level, serving as a buffer,

presents concentrations higher or similar to the homogeneous version (MUNICH-homo). Finally,

concentrations in the highest level, in direct contact with the atmosphere above the street, are the

lowest of the street. For the Danish cases, the low NO2 concentrations observed in the lower levels

could be related to the absence of VOCs in the model setup and the coarse vertical discretization

limiting O3 transport deep into the street.

A sensitivity study of the influence of the street network on concentrations in the streets shows

the importance of considering neighboring streets in MUNICH. When no network is considered,

concentrations in the street are lower due to the overestimated impact of the atmosphere above.

At the bottom of the street, concentrations of NO2 and BC are reduced by up to 28% and 14%

respectively without a network. PM and OM are less impacted with a reduction of about 2% due to

a strong influence of non-traffic sources.

For the next step, the ventilation zone will be fully discretized vertically to facilitate the penetration

of background concentrations to the bottom of the street. The horizontal exchange fluxes between the

two zones will be also be modelled. Deposition and resuspension processes that were not considered in
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this development will be added. The fluxes that are currently assumed to be vertically homogeneous

will be discretized. Finally, chemistry of volatile organic compounds could be added in the Danish

cases if the background concentrations and emissions are available.

Code and data availability. MUNICH-hete is available at Sarica et al. (2023b). The configuration

files, the input data and also the scripts to generate the figures and statistics are available at Sarica

et al. (2023b).
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Appendices

5.A Volumes of the recirculation and ventilation zones

The algorithm used in the heterogeneous version of MUNICH to compute the volumes of the

recirculation and ventilation zones is based on the parameterization of OSPM (Berkowicz et al. 1997;

Berkowicz 2000b; Ottosen et al. 2015). This algorithm is applied at the beginning of each time step

as the size of the recirculation zone is dependent on wind speed and direction. Figure 5.A.1 presents

the shape of the recirculation zone and the associated parameters.

W1

W2

Recirculation zone

Wbase

W

h1

h2

h3

H

W3

Figure 5.A.1: Representation of the recirculation zone in the heterogeneous version of
MUNICH.

The first step is to compute the length of the vortex in the direction of the wind:

Lvortex = 2Hf (5.A.1)

with H the height of the street and

f =

{
1 if uroof ≥ 2ms−1

√
0.5uroof if uroof < 2ms−1

(5.A.2)

with uroof the wind speed at roof level.

The width of the trapeze base is the projection of Lvortex in the street:

Wbase = Lvortexsin(θ)) (5.A.3)

with θ the angle between the wind direction and the street orientation.

The width of the trapeze top is equal to half of the base:

W3 =
Lvortexsin(θ)

2
(5.A.4)
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Knowing these lengths and using algebraic considerations, the widthsW1 andW2 can be calculated:
W1 = W3 +

(h2 + h3)∆W

H

W2 = W3 +
h3∆W

H

(5.A.5)

with ∆W = Wbase −W3

The horizontal surfaces for vertical exchanges between the levels and with the concentrations

above the street are calculated as followed:
Sh
1 = W1L

Sh
2 = W2L

Sh
3 = W3L

(5.A.6)

with L the street length.

The vertical surfaces for advection via intersections are determined with:

Sv
1 =

W1(h1)
2(Wbase −W1)

2

Sv
2 =

W2(h2)
2(W1 −W2)

2

Sv
3 =

W3(h3)
2(W2 −W3)

2

(5.A.7)

Finally, the volumes associated to each level of the recirculation zone are :

V1 = h1L

(
W1 +

(Wbase −W1)

2

)
V2 = h2L

(
W2 +

(W1 −W2)

2

)
V3 = h3L

(
W3 +

(W2 −W3)

2

) (5.A.8)

In the current version of MUNICH-hete, it is assumed that traffic emissions are all affected to

the recirculation zone. Therefore, its base Wbase has to be superior or equal to the street width W .

If it is not the case, the recirculation zone is considered to fill the whole street volume.

When considered, the other widths are also limited by the street width:
W1 = min(W,W1)

W2 = min(W,W2)

W3 = min(W,W3)

(5.A.9)
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5.B Additional information for HCAB
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Figure 5.B.1: Monthly-average concentrations (in µg m-3) of NOx (a) and O3 (b) at HCAB
monitoring station. The solid blue line represents the homogeneous version of MUNICH. The
three green dashed lines represents the three levels of the heterogeneous version of MUNICH,
the lowest level (l1) with square markers, the intermediate level (l2) with cross markers and
the top level (l3) with diamond markers. The solid red line represents the OSPM receptor
that is close to the measurement station and the solid orange line the second OSPM receptor
located on the other side of the street. The observations are in solid black and the background
concentrations in solid gray.
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Table 5.B.1: Statistical indicators of the evaluation of the hourly simulated concentrations
to observations at HCAB monitoring station. Average concentrations are expressed in µg
m−3. Indicators are presented in Appendix A1.

CO NO2 NOx O3

Observations Average 285.35 34.64 72.30 44.33

MUNICH-homo

Average 210.88 25.34 43.77 50.44
MFE 0.36 0.48 0.55 0.38
MFB -0.29 -0.29 -0.42 0.14
FAC2 0.91 0.73 0.63 0.83

MUNICH-hete-l1

Average 249.29 32.37 74.95 47.34
MFE 0.28 0.35 0.35 0.37
MFB -0.14 -0.06 0.05 0.07
FAC2 0.96 0.87 0.86 0.84

MUNICH-hete-l2

Average 223.39 27.69 53.86 49.36
MFE 0.32 0.42 0.43 0.37
MFB -0.24 -0.21 -0.24 0.12
FAC2 0.93 0.80 0.78 0.83

MUNICH-hete-l3

Average 197.59 21.87 32.90 52.59
MFE 0.39 0.57 0.73 0.39
MFB -0.34 -0.43 -0.65 0.20
FAC2 0.88 0.61 0.42 0.82

OSPM-R1

Average 272.86 40.59 86.60 39.50
MFE 0.26 0.34 0.40 0.35
MFB -0.05 0.19 0.21 -0.11
FAC2 0.96 0.87 0.82 0.86

OSPM-R2

Average 227.84 30.53 55.43 45.77
MFE 0.33 0.46 0.61 0.36
MFB -0.23 -0.16 -0.33 0.05
FAC2 0.93 0.74 0.61 0.84
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5.C Additional information for JGTV
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Figure 5.C.1: Monthly-average concentrations (in µg m-3) of NOx (a) and O3 (b) at JGTV
monitoring station. The solid blue line represents the homogeneous version of MUNICH. The
three green dashed lines represents the three levels of the heterogeneous version of MUNICH,
the lowest level (l1) with square markers, the intermediate level (l2) with cross markers
and the top level (l3) with diamond markers. The solid orange line represents the OSPM
receptor that is close to the measurement station and the solid red line the second OSPM
receptor located on the other side of the street. The observations are in solid black and the
background concentrations in solid grey
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Table 5.C.1: Statistical indicators of the evaluation of the hourly simulated concentrations
to observations at JGTV monitoring station. Average concentrations are expressed in µg
m−3. Indicators are presented in Appendix A1.

NO2 NOx

Observations Average 24.50 46.94

MUNICH-homo

Average 21.69 32.10
MFE 0.46 0.53
MFB -0.03 -0.19
FAC2 0.75 0.66

MUNICH-hete-l1

Average 19.77 35.99
MFE 0.49 0.51
MFB -0.13 -0.11
FAC2 0.75 0.68

MUNICH-hete-l2

Average 18.37 27.78
MFE 0.52 0.58
MFB -0.20 -0.32
FAC2 0.71 0.61

MUNICH-hete-l3

Average 16.81 20.10
MFE 0.57 0.74
MFB -0.29 -0.58
FAC2 0.68 0.46

OSPM-R1

Average 25.60 40.46
MFE 0.53 0.63
MFB 0.15 0.03
FAC2 0.67 0.56

OSPM-R2

Average 28.41 47.21
MFE 0.41 0.42
MFB 0.25 0.18
FAC2 0.80 0.79
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5.D Additional information for the district of Le Perreux-sur-Marne
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Figure 5.D.1: Average daily profile of the concentrations of NO (a) and NO2 (b) over the
simulation period at the Boulevard d’Alsace Lorraine monitoring station. The solid blue line
represents the homogeneous version of MUNICH. The three green dashed lines represents
the three levels of the heterogeneous version of MUNICH, the lowest level (l1) with square
markers, the intermediate level (l2) with cross markers and the top level (l3) with diamond
markers. The observations are in solid black and the background concentrations in solid gray.
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Table 5.D.1: Statistical indicators of the evaluation of the hourly simulated concentrations to
observations at the Boulevard d’Alsace Lorraine monitoring station. Average concentrations
are expressed in µg m−3. Indicators are presented in Appendix A1.

NO2 NOx PM10 PM2.5 BC
Observations Average 52.16 147.19 23.42 12.72 6.10

MUNICH-homo

Average 48.49 74.62 21.89 20.06 1.41
MFE 0.36 0.65 0.38 0.53 1.17
MFB -0.11 -0.60 -0.08 0.38 -1.16
FAC2 0.87 0.52 0.84 0.67 0.09

MUNICH-hete-l1

Average 58.92 104.74 24.58 22.18 1.84
MFE 0.33 0.41 0.37 0.57 1.01
MFB 0.08 -0.30 0.03 0.47 -1.00
FAC2 0.91 0.80 0.86 0.61 0.16

MUNICH-hete-l2

Average 47.81 75.36 21.94 20.08 1.42
MFE 0.36 0.64 0.38 0.53 1.17
MFB -0.12 -0.59 -0.08 0.38 -1.16
FAC2 0.86 0.53 0.84 0.67 0.08

MUNICH-hete-l3

Average 37.97 52.63 19.91 18.41 1.09
MFE 0.49 0.90 0.42 0.50 1.30
MFB -0.35 -0.88 -0.18 0.30 -1.30
FAC2 0.71 0.25 0.80 0.70 0.06
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Figure 5.D.2: NO2 and PM10 time-averaged concentrations (in µg m-3) for MUNICH-homo
in the left panel for the district of Le Perreux-sur-Marne. Relative differences (in %) between
the first level of MUNICH-hete and MUNICH-homo for PM10 in the right panel for the
district of Le Perreux-sur-Marne. A positive relative difference indicates higher concentrations
for MUNICH-hete. The brown cross on panels (a) and (c) represents the position of the
measurement station.
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5.E Additional information for the influence of the aspect ratio

Table 5.E.1: Statistical indicators of the influence of the aspect ratio on concentrations
in MUNICH-hete-l1 for the street network around HCAB. Indicators are presented in
Appendix A2.

Mean concentration
[µg m-3]

NMB
[%]

Pollutant ar MUNICH-homo MUNICH-hete-l1

CO

[0, 0.5[ 201.26 11.61
[0.5, 1[ 196.24 4.71
[1, 1.5[ 192.05 3.12
>= 1.5 193.23 2.12

NO2

[0, 0.5[ 23.18 14.46
[0.5, 1[ 21.69 -0.09
[1, 1.5[ 20.62 -1.24
>= 1.5 20.56 -3.27

NOx

[0, 0.5[ 34.84 51.16
[0.5, 1[ 29.67 21.34
[1, 1.5[ 26.40 15.84
>= 1.5 25.87 9.29

O3

[0, 0.5[ 51.48 -2.08
[0.5, 1[ 52.33 1.68
[1, 1.5[ 53.01 1.57
>= 1.5 53.00 1.94
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Table 5.E.2: Statistical indicators of the influence of the aspect ratio on concentrations
in MUNICH-hete-l1 for the street network around JGTV. Indicators are presented in Ap-
pendix A2.

Mean concentration
[µg m-3]

NMB
[%]

Pollutant ar MUNICH-homo MUNICH-hete-l1

CO

[0, 0.5[ 180.72 2.82
[0.5, 1[ 181.49 2.06
[1, 1.5[ 179.85 1.28
>= 1.5 176.26 0.26

NO2

[0, 0.5[ 17.06 3.76
[0.5, 1[ 17.62 -0.75
[1, 1.5[ 17.31 -2.23
>= 1.5 16.14 -1.69

NOx

[0, 0.5[ 21.59 16.75
[0.5, 1[ 22.02 11.23
[1, 1.5[ 20.67 7.64
>= 1.5 18.30 1.91

O3

[0, 0.5[ 56.06 -0.31
[0.5, 1[ 55.54 0.85
[1, 1.5[ 55.67 1.11
>= 1.5 56.57 0.58
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5.F Additional information for the sensitivity to street network

Table 5.F.1: Statistical indicators of the influence of the street network on concentrations
simulated at each level with MUNICH-hete for the street segment HCAB with the monitoring
station. Average concentrations are expressed in µg m−3. NME and NMB, expressed in %,
are presented in Appendix A2.

Level CO NO2 NOx O3

l1

With network Average 249.29 32.37 74.95 47.34
Without network Average 214.27 23.28 46.69 52.98

NME 14.05 28.06 37.70 11.90
NMB -14.05 -28.06 -37.70 11.90

l2

With network Average 223.39 27.69 53.86 49.36
Without network Average 198.12 20.78 33.47 53.79

NME 11.32 24.95 37.86 8.99
NMB -11.32 -24.95 -37.86 8.99

l3

With network Average 197.59 21.87 32.90 52.59
Without network Average 186.96 18.65 24.33 54.78

NME 5.38 14.73 26.05 4.17
NMB -5.38 -14.73 -26.05 4.17

Table 5.F.2: Statistical indicators of the influence of the street network on concentrations
simulated at each level with MUNICH-hete for the street segment JGTV with the monitoring
station. Average concentrations are expressed in µg m−3. NME and NMB, expressed in %,
are presented in Appendix A2.

Level CO NO2 NOx O3

l1

With network Average 201.21 19.77 35.99 55.19
Without network Average 189.24 17.46 27.56 56.45

NME 6.09 12.38 23.63 3.13
NMB -5.95 -11.70 -23.43 2.29

l2

With network Average 189.49 18.37 27.78 55.54
Without network Average 181.01 16.52 21.80 56.64

NME 4.71 10.87 21.85 2.85
NMB -4.47 -10.03 -21.53 1.99

l3

With network Average 178.59 16.81 20.10 56.12
Without network Average 176.03 15.92 18.30 56.80

NME 1.84 6.16 9.57 1.83
NMB -1.43 -5.30 -8.92 1.21
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Conclusions and perspectives
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6.1 Conclusions

This thesis aimed to improve the understanding of the sources and uncertainties linked to the high

concentrations of NO2, PM, BC and OM observed in urban areas and streets. Different parts of the

modeling have been identified as having a poor representation and high uncertainties. To quantify

them, numerical simulations are performed, by using a multiscale modeling chain, composed of

Polair3D and MUNICH. The models are coupled to SSH-aerosol to have a consistent representation

of the gas-phase chemistry and aerosol dynamics at both the regional and local scales. The multiscale

modeling chain is described in Chapter 1, alongside the air pollution, its impacts on the environment

and the human health, and the existing regulations. Chapter 2 focuses on road transport, one of

the main sources of pollutants in urban areas. Its different exhaust and non-exhaust emissions are

presented, and the European emission standards are introduced. Finally, the different approaches to

model traffic emission are briefly described, and Pollemission, the traffic emission computational tool,

is presented.

The studies presented in Chapter 3, which look at the sensitivities of road traffic emissions, suggest

the need for more detailed information on I/S/LVOC exhaust emissions and non-exhaust emissions

of PM. Moreover, road asphalt appears to be a significant source of organic aerosol precursors,

currently missing from emission inventories. The access to recent speciations of NMVOCs at exhaust

from laboratory measurements on Euro 5 and Euro 6 vehicles provides a finer description of the

I/SVOC fractions. When replacing the outdated speciation profiles from the COPERT methodology

by these new speciations, OM concentrations are reduced by up to 10%. Using different estimations

of exhaust I/S/LVOC emissions induces larger differences in OM concentrations, reaching 30% on

average. Despite emission factors of PM from tire wear nine times higher, in accordance with the

literature, concentrations of BC remain strongly underestimated compared to observations. Emissions

of organic aerosol precursors from road asphalt may be several orders of magnitude higher than traffic

emissions, but impacts on OM concentrations are yet reasonable, corresponding to an increase of

60% on average. This leads to realistic PM concentrations. Modeling the influence of the urban

background on street concentrations considerably amplifies the impacts of the road traffic emission

sensitivities, by up to 50%.
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Air quality over the Paris region for the year 2030 is modeled in Chapter 4 taking into account

the introduction of very-low-emission vehicles in the fleet. Emissions of pollutants are greatly reduced,

but the concentrations, which are also greatly affected, remain mostly above the WHO air quality

guidelines. Emission factors for these very-low-emission vehicles are defined based on the use of

different technologies, such as afterburners, to reduce cold-start emissions in particular. This leads to

emissions lower than the Euro 7 standard to come. Both the evolution of the fleet composition and

the emission reductions for all activity sectors are modeled to generate emissions and background

concentrations consistent with the simulated year. NO2 emissions are reduced by 68% at the local

scale, which induces a 53% decrease in the concentrations. The non-exhaust emissions, not modified

in this study, contribute to the majority of the PM emissions. It thus limits the reduction of the

PM concentrations to 18%. NO2 emissions get reduced by 99% when the fleet is composed only

of very-low-emission and electric vehicles. The concentrations, decreased by 80%, now respect the

WHO air quality guideline for NO2 (9.6 µgm−3 for 10µgm−3). Concentrations of PM, still affected

by non-exhaust emissions, are reduced by 22% and do not meet the WHO air quality guidelines.

The development of a new version of MUNICH, able to represent concentration heterogeneities

in streets, is presented in Chapter 5. It improves the comparison to observations with higher

concentrations of pollutants emitted by traffic at the bottom of the street. The street volume is

vertically discretized in three levels to limit the artificial dilution of traffic emissions. Based on the

street model OSPM, a ventilation zone is considered under specific conditions to represent horizontal

heterogeneities in the street. This new version is applied to street networks in Paris and Copenhagen

with comparison to observations and to OSPM in Copenhagen. Concentrations of NO2 and PM10

at the bottom of the street, closer to traffic, are increased by up to 60% and 30% respectively.

Concentrations then gradually decrease in the two vertical levels above. A sensitivity study highlights

the importance of considering neighboring streets in MUNICH. In the absence of a street network,

concentration of NO2 and BC at the bottom of the street are reduced by up to 28% and 14%

respectively.

6.2 Perspectives

Building on the work presented in this thesis, multiple lines of research can be considered to further

improve the understanding of the emission sources, and their uncertainties. They can be classified in

two main categories, the lines of research to better represent the emission sources in the models, and

the development of the models themselves.

The first step is to continue the sensitivity study presented in this thesis. It should focus on

finding more information, especially measurement data, that are recent and representative of the

current vehicles and technologies. The description of the speciations of VOCs at exhaust, and the

I/SVOC fractions, needs to be more exhaustive. Non-exhaust emission of PM from tire wear is

still poorly understood and subject to high uncertainties. The emission factors of organic aerosol

precursors from road asphalt used in this study are based on measurement performed using fresh

samples (hours to days after paving operations) and representative of the United States. These

emissions will be replaced by data collected on used asphalt (several years of use) and representative

of France.

Other sources of sensitivities, also related to traffic emissions, could be relevant. The cold-start

emissions of the vehicles may be lower than 30% for recent vehicles, especially with the use of

afterburners and such in future very-low-emission vehicles. The influence of the traffic emission model

on the emission levels in streets have to be assessed. The COPERT methodology used in this thesis is
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not able to represent explicitly the traffic conditions, such as braking sections and traffic congestion.

Other models, such as HBEFA, could improve the representation of traffic emissions, especially with

the new heterogeneous version of MUNICH.

The sensitivity and prospective studies use simulations for the year 2014 as a reference. It could be

interesting to develop a new reference simulation representative of the recent year, 2022 for example.

The prospective study should focus on the non-exhaust emissions to reduce PM emissions from

traffic to meet the WHO air quality guidelines.

Concerning the development of the models, the first step is to continue the development of the

new heterogeneous version of MUNICH. The deposition and resuspension processes, not considered

in this development, will be added. The resuspension processes will then be limited to the first level at

the bottom of the street, instead of being artificially diluted like traffic emissions in the homogeneous

version. Concentrations in the first level are thus expected to increase when taking into account

the resuspension. The ventilation zone, currently considered only under specific conditions, will be

vertically discretized into three levels, just like the rest of the street volume. This will facilitate the

penetration of the background concentrations to the bottom of the street. Once the recirculation and

ventilation zones are discretized, horizontal exchange fluxes between the two zones will be added.

This future version of MUNICH will be able to calculate concentration heterogeneities with much

more accuracy in streets and would not be limited in the consideration of the ventilation zone. It

could be used in other multiscale studies investigating the relationship between outdoor and indoor

air pollution.

Finally, a new version of the Street-in-Grid (SinG) model coupled with SSH-aerosol could be

developed. In its current version, SinG integrates a two-way dynamic coupling between Polair3D

and MUNICH, but only for gas-phase species and inert particles. This new version of the model

would then be applied in place of the multiscale modeling chain used in this thesis, which integrates

a one-way coupling between Polair3D and MUNICH.
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Appendices

A Statistical indicators

A1 Statistical indicators for simulation evaluation

In the following formulae, o and s represent the observed and the simulated concentrations respectively.

The overbar represents the average.

• Correlation: Correlation = (o−o)(s−s)√
(o−o)2×(s−s)2

• Fractional bias: FB = 2×
(

s−o
s+o

)
• Geometric mean bias: MG = exp

(
ln(o)− ln(s)

)
• Geometric variance: V G = exp

(
(ln(o)− ln(s))2

)
• Normalized absolute difference: NAD = |o−s|

(o+s)

• Normalized mean square error: NMSE = (o−s)2

(o×s)

• Mean fractional error: MFE = 2×
(

|s−o|
s+o

)
• Mean fractional bias: MFB = 2×

(
s−o
s+o

)
• Factor of 2: fraction of data that satisfy 0.5 ≤ s

o ≤ 2.0

A2 Statistical indicators for simulation comparison

In the following formulae, X can represent emissions or concentrations with X0 for the reference

simulation and Xi for one of the four sensitivity scenarios. The overbar represents the average.

• Normalized mean bias:

NMB =
(Xi −X0)

X0

• Normalized mean error:

NME =
|Xi −X0|

X0
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