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Abstract. Black carbon (BC) is a primary and inert pollu-
tant often used as a traffic tracer. Even though its concentra-
tions are generally low at the regional scale, BC presents very
high concentrations in streets (at the local scale), potentially
with important effects on human health and the environment.
Modeling studies of BC concentrations usually underesti-
mate BC concentrations due to uncertainties in both emis-
sions and modeling. Both exhaust and non-exhaust traffic
emissions present uncertainties, but the uncertainties with re-
spect to non-exhaust emissions, such as tire, brake, and road
wear as well as particle resuspension, are particularly high. In
terms of modeling, street models do not always consider the
two-way interactions between the local and regional scales.
Using a two-way modeling approach, a street with high BC
concentrations may influence urban background concentra-
tions above the street, which can subsequently enhance the
BC concentrations in the same street. This study uses the
multiscale Street-in-Grid model (SinG) to simulate BC con-
centrations in a suburban street network in Paris, taking the
two-way coupling between local and regional scales into ac-
count. The BC concentrations in streets proved to have an im-
portant influence on urban background concentrations. The
two-way dynamic coupling leads to an increase in BC con-
centrations in large streets with high traffic emissions (with
a maximal increase of about 48 %) as well as a decrease in
narrow streets with low traffic emissions and low BC con-
centrations (with a maximal decrease of about 50 %).

A new approach to estimate particle resuspension in streets
is implemented, strictly respecting the mass balance on the

street surface. The resuspension rate is calculated from the
available deposited mass on the street surface, which is esti-
mated based on particle deposition and wash-off parameteri-
zations adapted to street-canyon geometries. The simulations
show that particle resuspension presents a low contribution
to BC concentrations, as the deposited mass is not significant
enough to justify high resuspension rates.

Non-exhaust emissions, such as brake, tire, and road wear,
may largely contribute to BC emissions, with a contribution
that is equivalent to exhaust emissions. Here, a sensitivity
analysis of BC concentrations is performed by comparing
simulations with different emission factors of tire, brake, and
road wear. The different emission factors considered are esti-
mated based on the literature. We found a satisfying model–
measurement comparison using high tire wear emission fac-
tors, which may indicate that the tire emission factors usually
used in Europe are probably underestimated. These results
have important policy implications: public policies replacing
internal combustion engines with electric vehicles may not
eliminate BC air pollution but only reduce it by half.

1 Introduction

Black carbon (BC) is a primary and chemically inert at-
mospheric pollutant, compound of PM2.5 (particulate matter
with a diameter lower than 2.5 µm). BC background concen-
trations in urban areas are generally quite low, but they can
reach high values in streets. The Parisian air quality agency
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(AIRPARIF) performed chemical speciation of particulate
matter between September 2009 and September 2010 and
found that the BC concentration represented approximately
4 % of the PM2.5 concentration in rural areas, 10 % in ur-
ban background regions, and reached up to 27 % in a street
with heavy traffic (AIRPARIF, 2012). BC is mainly emitted
by traffic and is often used as a traffic pollutant tracer (In-
vernizzi et al., 2011; de Miranda et al., 2019). During win-
ter, wood burning for residential heating is also an important
source of BC in some regions, such as Paris city (AIRPARIF,
2012). Special attention is paid to BC because of its poten-
tial impacts on human health. Recent studies have shown a
strong correlation between BC concentrations and the occur-
rence of cancers (Lequy et al., 2021), respiratory and cardio-
vascular problems (Jansen et al., 2005; Highwood and Kin-
nersley, 2006; Janssen et al., 2011; Dons et al., 2012), and
impacts on fetus development (Zhang et al., 2019a, b). BC
is also responsible for environmental impacts due to its ra-
diative properties (light absorption), which lead to visibility
reduction (Tao et al., 2009; Chen et al., 2016; Li et al., 2019)
and global warming (Jacobson, 2001; Chung and Seinfeld,
2005; Tripathi et al., 2005; Ramachandran and Kedia, 2010).

Although the BC concentration is high in urban streets,
the BC concentration and its dispersion are often not mod-
eled at the street scale. Most air quality studies regarding
BC employ statistical regression techniques that estimate BC
concentrations over a street network based on meteorological
data and point observations (Richmond-Bryant et al., 2009;
Awad et al., 2017; Van den Bossche et al., 2018; Sanchez
et al., 2018; Van den Hove et al., 2019; Boniardi et al., 2019;
Liu et al., 2019; Jones et al., 2020). When street or street-
network models are used, emission data are often modified
and/or are coupled to observational data to improve the mod-
eled concentrations. For example, Brasseur et al. (2015) used
a street model over two street canyons in Brussels. To achieve
the high BC concentrations observed in the streets, a cor-
rection factor of 3.0 was applied to traffic emissions calcu-
lated with COPERT IV, a database that provides traffic emis-
sion factors for European vehicles (Ntziachristos and Sama-
ras, 2018). This underestimation is also suggested in studies
using more complex local-scale models for BC dispersion.
For example, Tong et al. (2011) simulated BC concentrations
using the Comprehensive Turbulent Aerosol Dynamics and
Gas Chemistry (CTAG) model in the urban South Bronx re-
gion of New York. A good correlation between observed and
simulated BC concentrations was reached by combining field
measurements and numerical simulations and by increasing
the number of heavy-duty diesel vehicles in the morning
peaks (and, consequently, the BC emissions) by 15 %. The
corrections applied to BC emissions in these studies suggest
an underestimation of BC emissions.

Uncertainties in BC concentrations modeled with street-
network models are partly due to uncertainties in traffic
emissions. Traffic emissions are classified as exhaust emis-
sions and as non-exhaust emissions, such as tire, brake, and

road wear emissions as well as particle resuspension. On
the one hand, exhaust emissions are relatively well known,
as they are characterized under controlled laboratory condi-
tions. Nowadays, exhaust emission factors in Europe are de-
termined according to the vehicle technology and fuel, pro-
viding realistic emission factors for a diverse vehicle fleet.
Details about vehicle categories, technologies, and fuel are
given in the European Monitoring and Evaluation Program
(EMEP) guidelines (Ntziachristos and Samaras, 2018). How-
ever, Ntziachristos and Samaras (2018) also provided infor-
mation about BC emissions by reporting the speciation of
PM2.5 in the form of BC/PM2.5 ratios. These ratios vary de-
pending on the vehicle category (light-duty vehicles, LDVs,
or heavy-duty vehicles, HDVs), fuel, and the regulatory stan-
dard of the vehicle manufacturing (Euro-Norm), as presented
in Table 3.91 of Ntziachristos and Samaras (2018). The un-
certainties in the BC/PM2.5 ratios depend on the vehicle cat-
egory. For light-duty diesel vehicles, which present the high-
est BC/PM2.5 ratios, the uncertainties in the BC/PM2.5 ra-
tios are quite low, ranging from 5 to 10 %. For diesel vehi-
cles equipped with a particle filter, the uncertainties are high
(about 50 %) but with a lower BC/PM2.5 ratio than other
diesel vehicles as well as a lower PM2.5 emission rate.

On the other hand, non-exhaust emissions are still not well
known in the literature, and they are not included in regu-
latory emission legislation. Non-exhaust emissions consist
of particles emitted from vehicle operations and are linked
to tire, brake, and road wear as well as resuspension. Their
emission factors are greatly variable and are associated with
large uncertainties. Uncertainties in non-exhaust emissions
can be explained by the difficulty involved in dissociating
the emissions from the different processes and by the great
variability in (i) the tire, brake, and road constituents used
in different locations; (ii) the vehicle characteristics, such as
weight and the location of driving wheels; (iii) the vehicle
operational conditions, such as vehicle speed and ambient
temperature; and (iv) the methodologies to determinate wear
emission factors, such as direct measurements in situ, wind-
tunnel experiments, or receptor-oriented methods (Boulter,
2005; Thorpe and Harrison, 2008). These uncertainties are
reflected in the estimation of the contribution of non-exhaust
emissions to the PM concentration observed in the literature,
as detailed in Sect. 2.

Another aspect that may affect the underestimation of
BC concentrations in simulations is the one-way coupling
approach usually employed in street-network or local-scale
models. Street-network models often use prescribed back-
ground concentrations. Although the vertical mass transfer
between streets and the background influences the concen-
trations in streets, its influence on the background concentra-
tions is often neglected. The multiscale Street-in-Grid (SinG)
model combines the Model of Urban Network of Intersect-
ing Canyons and Highways (MUNICH) (Lugon et al., 2020a;
Kim et al., 2018) for modeling street concentrations and
Polaid3D for modeling background concentrations (Sartelet
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et al., 2007), allowing one to simulate the local and regional
scale simultaneously. SinG performs a two-way coupling
between the regional and local scales, taking the influence
of the vertical mass transfer between the background and
streets on both the background and street concentrations into
account in each iteration. This two-way coupling between
streets and the background can be especially important for
BC, as the concentrations observed in streets are consider-
ably larger than BC concentrations in the urban background.
Previous studies on gas-phase pollutants have observed an
important effect of two-way coupling on NO2, NO, and NOx
concentrations in streets, which may reach 60 % in streets
with high traffic emissions (Lugon et al., 2020a; Kim et al.,
2018).

This study presents simulations of BC concentrations in
a Parisian suburban street network using the SinG model. It
investigates the influence of non-exhaust emissions on BC
concentrations in streets, presenting a sensitivity analysis
of wear emission factors and a new approach to estimate
particle resuspension while respecting mass conservation
at the street surface. It also investigates the importance of
a two-way coupling between the regional and local scales
by comparing BC concentrations in streets calculated by
SinG with those calculated by MUNICH as a stand-alone
model (MUNICH-only). Emission factors of tire, brake,
and road wear are calculated based on the literature, and
sensitivity tests are performed. Model–data comparisons
are based on BC observations performed during the “Mul-
tiscale Modeling of Traffic Pollutants in Urban Area”
(TRAFIPOLLU) campaign (https://trimis.ec.europa.eu/
project/multiscale-modeling-traffic-pollutants-urban-area,
last access: 2 November 2021), in a street called “Boulevard
Alsace Lorraine”. The same measurement site was used
by Kim et al. (2018) for the evaluation of NOx and NO2
concentrations simulated by SinG. Section 3 describes SinG,
emphasizing the parameterizations of particles’ deposition,
wash-off, and resuspension. Section 4 summarizes the
simulations’ setup at the both regional and local scales.
Section 5 describes the sensitivity analysis to estimate the
importance of tire, brake, and road wear emissions on BC
concentrations, and Sect. 6 presents the influence of the
two-way coupling between the regional and local scales on
BC concentrations in streets.

2 Uncertainties and variability in emission factors
observed in non-exhaust emissions

As mentioned in Sect. 1, non-exhaust emissions still present
high uncertainties, and great variability in emission factors is
observed in the literature. This section presents an overview
of the different studies that estimate particulate non-exhaust
emissions. It also includes some studies that investigate their
BC content.

According to Berdowski et al. (2002), non-exhaust emis-
sions only contribute to 3.1 % of PM10 and 1.7 % of PM2.5
concentrations in European countries; in France, these val-
ues are 2.2 % of PM10 and 1.1 % of PM2.5. Similarly, Dore
et al. (2003) estimated that the contribution of non-exhaust
emissions is low: they estimated that 80 % of inhalable PM
is emitted from road traffic, of which only 3 % is non-
exhaust emissions. In contrast, other studies have estimated
that the contribution of non-exhaust emissions is very high.
Rauterberg-Wulff (1999) obtained tire wear emission factors
using wind-tunnel experiments under controlled conditions
that were of the same order of magnitude as diesel exhaust
emissions. Using tunnel measurement techniques, Lawrence
et al. (2016) quantified PM10 emission factors from exhaust
and non-exhaust sources for a vehicle fleet. They estimated
the non-exhaust PM10 emission factor to be 50 % higher than
the exhaust emission factor: 49 % of PM10 emissions were
estimated to be non-exhaust emissions, 33 % were estimated
to be exhaust emissions, and 18 % were considered to be un-
explained emissions. Brake and road wear presented an im-
portant contribution to PM10 emissions, with almost the same
emission factor as petrol exhaust. The resuspension process
had the highest emission factor (10.4 mg per vehicle kilome-
ter against 4.5 mg per vehicle kilometer of petrol exhaust and
8.3 mg per vehicle kilometer of diesel exhaust), followed by
unexplained sources (7.2 mg per vehicle kilometer). Harri-
son et al. (2001) measured PM10 and PM2.5 at five sites in
the United Kingdom in order to perform a correlation be-
tween emission sources and PM10 concentrations. They esti-
mated that the mass of coarse particles (PM2.5–10) from non-
exhaust emissions is approximately the same as the mass of
fine particles (PM2.5) from exhaust emissions. Note that im-
portant differences are observed in their size distribution. Ex-
haust emissions are composed of tiny particles, with diame-
ters lower than 1 µm (Ntziachristos and Samaras, 2018). Par-
ticles from non-exhaust emissions are coarser. According to
the European emission guidelines (Ntziachristos and Boul-
ter, 2016), 60 % of particles emitted from tire wear are PM10,
42 % are PM2.5, and only 6 % are PM1. Particles from brake
wear emissions have lower diameters: 98 % are PM10, 39 %
are PM2.5, and 10 % are PM1. The coarsest particles are those
from road wear: 50 % are PM10, 27 % are PM2.5, and there is
no PM1. The non-exhaust emissions can also be very impor-
tant for secondary particle formation, especially regarding
secondary organic aerosol (SOA). Khare et al. (2020) high-
lighted the importance of asphalt-related emissions in SOA
formation, which are still absent from emission inventories.
These emissions are dependent on the solar radiation and
temperature over the asphalt surface, and are variable accord-
ing to the asphalt life cycle stages (such as storage, paving,
and use). The annual estimation of asphalt-related SOA pre-
cursor emissions at urban scales is estimated to exceed those
from motor vehicles. These studies show that non-exhaust
emissions can be very important for air quality and that it
is necessary to improve the identification source techniques
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and the parameterizations to quantify non-exhaust emission
rates.

A few emission models try to integrate vehicle operational
conditions to estimate non-exhaust emission factors, based
on empirical factors and simplified parameterizations (Gue-
vara et al., 2020; Denby et al., 2013a). The High-Elective
Resolution Modelling Emission System (HERMES) model
(Guevara et al., 2020) employs the non-exhaust emission
factors proposed in the EMEP guidelines (Ntziachristos and
Boulter, 2016), which provide PM10 wear emission rates for
passenger cars, motorcycles, LDVs, and HDVs. A speed cor-
rection ratio is adopted for tire and brake wear emission fac-
tors, ranging from 1.39 to 0.902 for tire wear and from 1.67
to 0.185 for brake wear. Specifically for HDVs, PM10 tire
and brake wear emissions are calculated considering vehi-
cle weight, represented by a load factor ranging from 0 to
1. HDV tire wear emissions also take the vehicle size into
account by considering the number of axles. A detailed de-
scription of non-exhaust emission factors employed in the
HERMES model is available in the EMEP guidelines (Ntzi-
achristos and Boulter, 2016), and a brief summary is pre-
sented in Sect. 4.2 of this paper. PM10 emission rates from
tire, brake, and road wear indicated in the EMEP guidelines
are quite low. Tire wear emission rates are around 6 mg per
vehicle kilometer for LDVs and 18 mg per vehicle kilome-
ter for HDVs, brake wear emission rates are around 8 mg
per vehicle kilometer for LDVs and 40 mg per vehicle kilo-
meter for HDVs, and road wear emission rates are equal to
7.5 mg per vehicle kilometer for LDVs and 38 mg per vehicle
kilometer for HDVs. In contrast, the Non-exhaust Road Traf-
fic Induced Particle (NORTRIP) model considers the vehicle
speed to determine PM10 tire and road wear emission rates,
but it does not account for brake wear emissions, which are
assumed to be independent of vehicle speed. The NORTRIP
model adopts a linear regression based on tire and road wear
emission rates observed at a reference speed of 70 km h−1.
Road wear emissions also take the road characteristics into
account, as the pavement hardness. A detailed description
of non-exhaust emission factors employed in the NORTRIP
model is available in Denby et al. (2013a). Quite similar tire
and brake wear rates are obtained using the EMEP guidelines
and the NORTRIP model. The road wear emissions calcu-
lated using the NORTRIP model with the road characteris-
tics employed by Thouron et al. (2018) in “Boulevard Al-
sace Lorraine” (a street east of Paris) are higher than those
proposed in the EMEP guidelines by a ratio 6.0. This differ-
ence can be explained by their different algorithm and road
characteristics. More details about tire, brake, and road wear
emissions using the NORTRIP model and the EMEP guide-
lines emission factors are presented in Sect. 5.

Other studies assume constant non-exhaust emission fac-
tors for separate sources, and they show a great variability of
several orders of magnitude between emission factors for tire
wear. The bibliographic review presented in Boulter (2005)
shows different tire wear emission factors, ranging from 10

to 100 000 mg per vehicle kilometer. Tire wear emission fac-
tors of the order of 100 mg per vehicle kilometer for passen-
ger cars are observed in the literature: Luhana et al. (2004)
measured an average tire wear emission rate for passenger
cars of 97 mg per vehicle kilometer, and Baumann and Is-
meier (1997) reported a value of 80 mg per vehicle kilo-
meter. According to the bibliographic review presented in
the United States Environmental Protection Agency (EPA)
report (Table 3-1; available at https://cfpub.epa.gov/si/si_
public_file_download.cfm?p_download_id=525701, last ac-
cess: 2 November 2021), other studies have proposed tire
wear emissions rates for LDVs of around 100 mg per ve-
hicle kilometer, such as Gebbe (1997) (110 mg per vehicle
kilometer) and Malmqvist (1983) (120 mg per vehicle kilo-
meter). Higher LDV tire wear rates of around 200 mg per
vehicle kilometer were estimated by Councell et al. (2004)
and Baekken (1993), whereas Schuring and Clark (1988) re-
ported a value of around 300 mg per vehicle kilometer (rang-
ing from 240 to 360 mg per vehicle kilometer). Tire wear
emission rates could be even higher according to the ambi-
ent and operational conditions: Park et al. (2018) investigated
tire wear particles generated in a laboratory under different
tire/road contact conditions and observed important varia-
tions in tire wear emission factors and size distributions with
variation in road cornering conditions. Under constant speed
conditions (80 km h−1), the tire wear emission rates obtained
with a 2◦ tire slip angle were about 300 times larger than
those obtained with no tire slip angle, increasing from 3.5
to 1110.8 mg km−1 per tire. Considering a vehicle with four
tires, the tire wear emissions range from 14 to 4443.2 mg per
vehicle kilometer with just a 2◦ tire slip angle variation.

Brake wear emissions present a lower variability accord-
ing to the literature. However, greater variations in PM10
brake wear emissions were observed by Abu-Allaban et al.
(2003) using a receptor modeling technique, ranging from
0 to 80 mg per vehicle kilometer for LDVs and from 0 to
610 mg per vehicle kilometer for HDVs. Other experimen-
tal studies have estimated lower brake wear emission rates,
with typical values of around 8 mg per vehicle kilometer for
LDVs and 40 mg per vehicle kilometer (Grigoratos and Mar-
tini, 2015; Denby et al., 2013a; Sanders et al., 2003; Ntzi-
achristos and Boulter, 2016).

Road emission factors vary from 3.8 mg per vehicle
kilometer (Boulter, 2005) to 200 mg per vehicle kilometer
(Thouron et al., 2018). Compared with other non-exhaust
emission sources, road wear emission factors present the
worst-quality codes according to the EMEP European emis-
sion guidelines (Ntziachristos and Boulter, 2016), where dif-
ferent quality codes (ranging from B to D) are defined for
non-exhaust emissions as follows: B (emission factors not
statistically significant based on a small set of measured
reevaluated data), C (emission factors estimated on the ba-
sis of available literature), and D (emission factors estimated
by applying similarity considerations and/or extrapolation).
The poor quality of these codes for road wear highlight the
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difficulties in precisely separating the non-exhaust emission
sources as well as the dependence of road characteristics and
vehicles operational conditions.

Among the non-exhaust emissions, particle resuspension
is probably the process that presents the largest uncertain-
ties. Diverse studies have estimated resuspension emission
factors that are often higher than exhaust emissions but with
a variability of several orders of magnitude. Luhana et al.
(2004) observed relatively low resuspension factors: about
0.8 mg per vehicle kilometer for LDVs and 14.4 mg per ve-
hicle kilometer for HDVs. Note that the same study observed
an important contribution of tire wear, with an average emis-
sion factor of 94 mg per vehicle kilometer for passenger cars.
Lawrence et al. (2016) determined the emission factors for a
typical vehicle fleet (composed of 92 % of passenger cars)
using wind-tunnel experiments. Resuspension presented a
higher emission factor (10.4 mg per vehicle kilometer) com-
pared with lower emission factors from combustion (4.5 mg
per vehicle kilometer for gasoline vehicles and 8.3 mg per
vehicle kilometer for diesel vehicles), tire and brake wear
(4.4 mg per vehicle kilometer), road wear (4.5 mg per vehi-
cle kilometer), and unexplained sources (7.2 mg per vehicle
kilometer). For a similar fleet, Pay et al. (2011) measured
PM10 resuspension factors in Berlin and estimated them to
be 88 mg per vehicle kilometer for LDVs and 217 mg per
vehicle kilometer for HDVs. These values were adopted in
the HERMES model to calculate particles resuspension in
Spain (Pay et al., 2011) and led to a similar impact on PM10
concentrations as exhaust emissions. Note that other non-
exhaust emission factors used in the HERMES model are
based on the EMEP guidelines, but no resuspension emis-
sion rate is defined by Ntziachristos and Boulter (2016) due
to the great uncertainties observed in the literature. In the
HERMES model, resuspension emission factors are the most
important non-exhaust emission source, and no precise in-
formation about vehicle operational conditions or the avail-
able mass on the surface is considered. Other studies ob-
tained even higher resuspension factors: 10–1000 mg per ve-
hicle kilometer (Venkatram et al., 1999), 7600–8400 mg per
vehicle kilometer (Moosmüller et al., 1998), 40–780 mg per
vehicle kilometer for LDVs, and 230–7800 mg per vehicle
kilometer for HDVs (Abu-Allaban et al., 2003), showing the
huge uncertainties in particle resuspension factors.

Considerable difficulties are mentioned in experimental
studies with respect to differentiating tire, brake, and road
wear emissions from resuspension (Thorpe et al., 2007; Ntzi-
achristos and Boulter, 2016; Beji et al., 2020); this indicates
that these wear emission factors may be even higher than
expected and with different possible classification among
sources. Due these difficulties, Beji et al. (2020) classified
non-exhaust emissions as brake wear emissions and tire–road
contact particles, grouping tire and road wear and resuspen-
sion into the same source.

Resuspension emission factors can be employed in air
quality models (Pay et al., 2011), but besides the uncertain-

ties in these emission factors, the methodology does not nec-
essarily respect mass balance on the street surface. If re-
suspension is implemented in the model using resuspension
emission factors, a mass balance between total particle emis-
sions, deposition, drainage caused by rain (wash-off), and
resuspension factors may not hold. However, this mass bal-
ance may be used to determine the available particle mass
on the street surface that may be resuspended. The NOR-
TRIP model (Denby et al., 2013a, b) computes particle re-
suspension based on a street surface mass balance, also in-
tegrating particle wash-off. However, the NORTRIP model
artificially assumes that tire, brake, and road wear emissions
are instantly deposited over the street surface, and only these
sources are employed to calculate the particle mass on the
street.

Beyond the uncertainties attached to PM non-exhaust
emission factors, their chemical composition is still not well
known. Tire wear emissions contain a large fraction of BC, as
BC represents 22 %–30 % of tire weight (Thorpe and Harri-
son, 2008). Quite similarly, the BC fraction observed in par-
ticles emitted from tire wear has been reported to be about
13 %–19 % (Kreider et al., 2010), 18 % (Park et al., 2017),
and 15.3 % (Ntziachristos and Boulter, 2016) in the litera-
ture. Road and brake wear present lower BC fractions of
1.06 % (±50 %) and 2.6 %, respectively, according to Ntzi-
achristos and Boulter (2016). More recently, Lyu and Olofs-
son (2020) investigated BC emissions from disk brakes and
concluded that the BC fraction in PM1 emitted from brake
wear is higher than the BC fraction from combustion process.
The BC fractions observed in PM1 emitted by three different
types of brake ranged from 20.7 % to 72.4 %, with an av-
erage value of 41.5 %, depending on the surface conditions
and graphite content of the brake materials. These studies re-
garding non-exhaust emission characteristics emphasize that
the existing knowledge on the BC emissions from tire, brake,
and road wear is far from complete, and further studies are
required.

3 Model description

Street-in-Grid (SinG) is a multiscale model that performs a
dynamic two-way coupling between the MUNICH (Model
of Urban Network of Intersecting Canyons and Highways)
street-network model and the Polair3D 3D chemistry trans-
port model. As detailed in Lugon et al. (2020a), this dy-
namic coupling between local and regional scales allows a
direct interaction between concentrations in the street net-
work and those in the urban background: the mass transfer
between the street and the background concentrations influ-
ences both the street and the background concentrations. Fur-
thermore, SinG uses consistent chemical and physical param-
eterizations, such as the same chemical module and meteo-
rological data, at both local and regional scales. Note that
the MUNICH street-network model can also be used as a
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stand-alone model, with a one-way coupling approach. In
this case, the background concentrations influence the con-
centrations in streets, but the mass transfer between streets
and the background does not influence background concen-
trations. SinG and MUNICH are described in Lugon et al.
(2020a) and Kim et al. (2018), and Polair3D is presented by
Boutahar et al. (2004) and Sartelet et al. (2007), all available
in the Polyphemus platform (Mallet et al., 2007). The size
distribution of BC is modeled with a sectional approach, with
diameters typically ranging from 10−3 to 10 µm. Because BC
is an inert species, this study does not take chemical reac-
tions into account, and only BC concentrations are modeled.
The aerosol dynamics (nucleation, coagulation, and conden-
sation/evaporation) is also neglected, as it would have no ef-
fect on BC mass concentration and only a small effect on the
size distribution.

Particle resuspension is the non-exhaust emission process
that presents the largest uncertainty and variability. Different
studies in the literature propose constant resuspension emis-
sion factors (see Sect. 1), but this methodology does not nec-
essarily respect mass conservation on the street surface. This
study presents a new methodology to calculate particle resus-
pension, which is based on respecting mass conservation on
the street surface. At each time iteration, SinG calculates the
total particle mass available on the street surface (Mdep), con-
sidering particle deposition (Qdep), wash-off (Qwash), and re-
suspension (Qres) rates, by integrating the following equa-
tion:

dMdep

dt

∣∣∣∣
surf
=Qdep− (Qwash+Qres) . (1)

As detailed in Sect. 3.3, the parameterizations used to
calculate particle resuspension are based on the NORTRIP
model (Denby et al., 2013a) but with an important differ-
ence: NORTRIP calculates the deposited mass assuming that
all wear emissions are directly deposited and that deposi-
tion is not directly linked to the concentrations of particles
in the street. Here, the concentrations of particles are com-
puted with SinG, as detailed in Lugon et al. (2020a), and par-
ticle deposition is computed from the concentrations, mean-
ing that the time to deposit is taken into account (no in-
stantaneous deposit) and that particles from all origins (e.g.,
exhaust, non exhaust, and particles transported from other
sources) may deposit. The formulations used for deposition,
washout, and resuspension in the street surface mass balance
equation are now detailed.

3.1 Particle deposition

Particle and gas dry-deposition modeling follows the Cherin
et al. (2015) approach, designed for street canyons. This
parametrization calculates particle deposition over the dif-
ferent available surfaces in a street canyon separately, such
as pavement area and building walls. Note that only the par-
ticle deposition on the street pavement is considered when

computing the mass deposited on the street surface that is
available for resuspension. A complete description of this ap-
proach is detailed in Cherin et al. (2015), with the computa-
tion of deposition velocities for gas and particulate species.
The deposition mass rate Qdep is proportional to the deposi-
tion velocity vdep and the species concentration in the street
Csp. Particle deposition velocities vary with particle diame-
ter, which is indicated by the size section b:

Qdep = vdep,b×Csp,b . (2)

3.2 Particle wash-off

Particle wash-off over the street surface is computed using
the wash-off factor fwash concept, as described in Denby
et al. (2013a, b). In this parametrization, the particle mass
rate drained by water Qwash is proportional to fwash and the
deposited mass over the surface Mdep, as detailed in Eqs. (3)
and (4):

fwash =
1
δt

(
1− exp

(
−hdrain,eff

groad− groad,min

groad,min

))
(3)

Qwash = fwash×Mdep , (4)

where δt is the time step between two evaluations of groad
(600 s here), hdrain,eff is the drainage efficiency parameter,
groad is the amount of water present on the street surface
(mm), and groad,min is the minimum water content for the
drainage process (mm). Note that the drainage efficiency
hdrain,eff depends on particle properties and can range from
zero to one, depending on the species mixing state and sol-
ubility. As discussed in Denby et al. (2013a) and Vaze and
Chiew (2002), salt should be well mixed and very soluble in
water, thereby having high drainage efficiency. Because dust
and BC are insoluble species and may not be well mixed with
salts (Zhu et al., 2016; Majdi et al., 2020), their drainage effi-
ciency should be poor. Here, hdrain,eff is taken equal to 0.001,
as proposed in Denby et al. (2013b); groad corresponds to
the water rain calculated in each street and integrated in time
from the meteorology, and groad,min is 0.5 mm, as in Denby
et al. (2013b). Drainage is treated as an instantaneous pro-
cess in the model, as performed by Denby et al. (2013a) and
Denby et al. (2013b).

3.3 Particle resuspension

Particle resuspension is calculated based on a resuspension
factor fres, as proposed by Denby et al. (2013a) and em-
ployed in the NORTRIP model. This factor varies depending
on the traffic flow characteristics, such as the LDV and HDV
flow and speed:

fres =

2∑
v=1

Nv

(
uv

uref(r)

)
f0,v , (5)

where v indicates the vehicle type, Nv is the vehicle flow
(vehicles per hour), uv is the vehicle speed (km h−1), uref(r)
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is the reference vehicle speed for the resuspension process
(km h−1), and f0,v the reference mass fraction of the re-
suspension process (per vehicle). As used in Denby et al.
(2013a) and Thouron et al. (2018), this study adopts uref(r) =

50 km h−1, f0,HDV = 5×10−5 per vehicle, and f0,LDV = 5×
10−6 per vehicle.

The resuspension rate Qres is then calculated as detailed
in Eq. (6), as a function of the deposited mass on the street
surface Mdep (µg):

Qres = fres×Mdep . (6)

3.4 Solving particle mass balance over the street
surface

Using the formulations of wash-off and resuspension pre-
sented in Eqs. (4) and (6), the time evolution of the surface
mass (Eq. 1) can be rewritten as

dMdep

dt

∣∣∣∣
surf
=Qdep−Mdep(fwash+ fres) , (7)

with an analytical solution:

Mdep(t)

=


Qdep

(fwash+ fres)
+

(
Mdep(t−1)−

Qdep

(fwash+ fres)

)
×exp(−(fwash+ fres)δt) if (fwash+ fres) 6= 0,

Mdep(t−1)+Qdep× δt if (fwash+ fres)= 0 .

(8)

As indicated in the previous sections, Mdep is a deter-
minant to calculate the particle resuspension and wash-off.
It represents the maximal particle mass that can be resus-
pended, in order to ensure mass conservation on the street
surface. Besides respecting mass conservation on the street
surface, this approach presents other advantages: (i) particle
deposition is estimated from concentrations (and not from
wear emissions as in NORTRIP), following a formulation
adapted to street-network geometries, and (ii) no additional
hypothesis is necessary to determine chemical speciation of
resuspended particles, as resuspended and deposited parti-
cles are assumed to have the same composition. A limitation
of this approach lies in the difficulty to estimate the resus-
pension factor fres and its variations with chemical species.

To compute the concentrations in the street volume, MU-
NICH and SinG solve an equation describing the time evolu-
tion of the mass M in each street segment (Kim et al., 2018;
Lugon et al., 2020a). New terms are added to this equation:
the particle resuspension rate Qres; the tire, brake, and road
emission rates (Qemis,wear) as an inlet flux; and the particle
wash-off rateQwash as an outlet flux. They are highlighted in
Eq. (9), which is solved for each size section:

dM
dt

∣∣∣∣
volume

=
(
Qinflow+Qemis,exh+Qres+Qemis,wear

)︸ ︷︷ ︸
inlet flux

−
(
Qoutflow+Qvert+Qdep,v+Qwash

)︸ ︷︷ ︸
outlet flux

, (9)

where Qemis,exh is the exhaust traffic emission rate, Qinflow
is the mass inflow rate at intersections, Qvert is the turbulent
mass flux between the atmosphere and the street, Qoutflow
is the outflow flux, and Qdep,v is the deposition flux over the
street volume v, considering the street pavement and building
walls surfaces. These terms are detailed in Kim et al. (2018)
and Lugon et al. (2020a). Concentrations calculated in each
street using Eq. (9) are then used to compute the deposition
mass flux, as mentioned in Sect. 3.1.

4 Simulations’ setup

This section describes the input data and the model con-
figuration of the SinG simulations at both the regional and
local scales. Six particle size sections are employed with
the following bound diameters: 0.01, 0.0398, 0.1585, 0.4,
1.0, 2.5, and 10 µm. Simulations were run from 15 March
to 15 May 2014. Model–data comparisons are performed
for 12 April to 15 May, during which time BC concen-
trations were measured at the air monitoring station oper-
ated by AIRPARIF in the framework of the TRAFIPOLLU
project (https://anr.fr/Projet-ANR-12-VBDU-0002, last ac-
cess: 2 November 2021).

4.1 Regional scale

SinG is employed to simulate BC concentrations over a
regional-scale domain covering Paris with a spatial resolu-
tion of 1km× 1km (domain 4), as illustrated in Fig. 1. Ini-
tial and boundary concentrations are obtained from nested
simulations at the regional scale using the Polair3D model,
over Europe (domain 1, spatial resolution of 55km×55km),
France (domain 2, spatial resolution of 11km× 11km), Île-
de-France region (domain 3, spatial resolution of 2km×
2km), and Greater Paris (domain 4, spatial resolution of
1km× 1km). All four domains have the same vertical dis-
cretization with 14 levels from 0 to 12 km. Meteorological
data are calculated using the Weather Research and Fore-
casting (WRF) model (version 3.9.1.1), as detailed in Lugon
et al. (2020a).

BC emissions over Europe (domain 1) and France (do-
main 2) are obtained from the European Monitoring and
Evaluation Program (EMEP) emission inventory for the year
2014, with a spatial resolution of 0.1◦× 0.1◦.

Over the Île-de-France region (domain 3) and Greater
Paris (domain 4), sources other than traffic are obtained us-
ing the AIRPARIF emission inventory for 2012. Because the
simulated period corresponds to spring/summer in France
with a low contribution from the residential sector, the differ-
ences between the emissions for 2012 and 2014 for sectors
other than traffic have a low impact on BC modeling over
Paris. BC traffic emissions are computed using the emission
inventory for 2014 provided by the air quality agency of Paris
(AIRPARIF), except in the street-network region (see Fig. 2)
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Figure 1. Regional-scale nested domains: Europe (domain 1, spatial resolution 55km×55km), France (domain 2, spatial resolution 11km×
11 km), Île-de-France region (domain 3, spatial resolution 2km× 2km), and Greater Paris (domain 4, spatial resolution 1km× 1km).

where they are obtained from the TRAFIPOLLU project, as
detailed in Sect. 4.2. For BC traffic non-exhaust emissions,
over domain 4 (both in the street-network region and out-
side), different scenarios of non-exhaust emissions are stud-
ied, as described in Sect. 5 (see Table 1).

Note that in SinG, which is used over domain 4, traffic
emissions are not used for the regional-scale modeling in
the street-network region but only for the local-scale (street)
modeling, as the local and regional scales are two-way cou-
pled.

4.2 Local scale

At the local scale, SinG simulates the street network repre-
sented in Fig. 2, containing 577 streets including the “Boule-
vard Alsace Lorraine”, where the measurements were per-
formed. Meteorological data above each street are extracted
from the same WRF simulation as employed at the regional
scale.

BC exhaust traffic emissions are obtained from the
TRAFIPOLLU project, using the same street network and
exhaust inventory as detailed in Kim et al. (2018): the Symu-
Via dynamic traffic model was used to determine the hourly
traffic in each street of the network and pollutant emissions
were deduced using COPERT IV emission factors; emissions
were calculated for 2 typical days – 25 March 2014, repre-
sentative of weekdays, and 30 March 2014, representative of
a weekends and holidays. BC non-exhaust emission factors
from tire, brake, and road wear are computed using the for-
mulations proposed in the EMEP guidelines (Ntziachristos
and Boulter, 2016) to calculate PM10 wear emissions, and a
speciation represented by a BC fraction (f bc

s ) is defined for
each wear source. The values used in this study for EFtsp

s,v,
f

pm10
s , and f bc

s are detailed in Sect. 5.

EFbc
s,v = EFtsp

s,v × f
pm10
s × Ss(uv)× f

bc
s , (10)

where s is the non-exhaust source (tire, brake, or road wear,
indicated by ty, bk, and rd, respectively), v is the vehicle

Figure 2. The street network, with Boulevard Alsace Lorraine high-
lighted in the red rectangle.

type (v =LDV or HDV), EFtsp
s,v is the total suspended par-

ticle (TSP) wear emission rate for a determined source s and
vehicle v, f pm10

s is the PM10 fraction of TSPs emitted by
each wear source s, and Ss is the correction factor according
to vehicle speed uv. Ss varies according to the wear emission
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Table 1. List of the simulations performed, with the configuration options (with or without deposition, and with or without exhaust emission
correction), the PM10 fraction (f pm10

s ) adopted in each wear emission source (tire wear indicated by ty, brake wear indicated by bk, and
road wear indicated by rd), the BC fraction adopted in tire wear emissions (f bc

ty ), and the corresponding BC emission factors for each wear

emission source and vehicle type HDV and LDV (EFbc
v,s ) (in milligrams per vehicle kilometer).

Sim.∗ With With exh. f
pm10
ty f bc

ty EFbc
LDV,ty EFbc

HDV,ty f
pm10
bk EFbc

LDV,bk EFbc
HDV,bk f

pm10
rd EFbc

LDV,rd EFbc
HDV,rd

dep. emis. cor.

1 Yes No 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 Yes No 0.60 0.153 1.36 3.81 0.98 0.32 1.79 0.50 0.08 0.40
3 Yes No 0.10 0.153 0.71 3.58 0.80 0.21 1.04 0.18 0.47 2.40
4 Yes No 0.60 0.250 20.8 57.1 0.98 0.32 1.79 0.50 0.08 0.40
5 No No 0.60 0.250 20.8 57.1 0.98 0.32 1.79 0.50 0.08 0.40
6 Yes Yes 0.60 0.250 20.8 57.1 0.98 0.32 1.79 0.50 0.08 0.40

∗ The simulations are as follows: 1 – only exhaust emissions (Ntziachristos and Samaras, 2018); 2 – exhaust emissions (Ntziachristos and Samaras, 2018) and non-exhaust wear emissions
from Ntziachristos and Boulter (2016); 3 – exhaust emissions (Ntziachristos and Samaras, 2018) and non-exhaust wear emissions based on Denby et al. (2013a); 4, 5, and 6 exhaust emissions
(Ntziachristos and Samaras, 2018) and non-exhaust wear emissions based on Boulter (2005).

source, as shown in Eqs. (11), (12), and (13):

Sty(uv)

=


1.39 if uv < 40kmh−1,

−0.00974uv+ 1.78 if 40kmh−1
≤ uv

≤ 90kmh−1,

0.902 if uv > 90kmh−1
;

(11)

Sbk(uv)

=


1.67 if uv < 40kmh−1,

−0.0270uv+ 2.75 if 40kmh−1
≤ uv

≤ 95kmh−1,

0.185 if uv > 95kmh−1
;

(12)

Srd(uv)= 1.0 . (13)

The total suspended particle wear rates emitted by tire and
brake wear in HDVs (EFtsp

s,HDV) are computed as a function of
passenger car (PC) wear emissions. They consider the vehi-
cle characteristics in terms of HDV weight (represented by a
load correction factor LCFs) and the number of axles (Naxle),
as indicated in Eqs. (14) and (15):

EFtsp
ty,HDV =

Naxle

2
×LCFs ×EFtsp

ty,pc , (14)

EFtsp
bk,HDV = 3.13LCFs ×EFtsp

bk,pc , (15)

where LCFs is a load correction computed as a function of
the load factor LF, ranging from zero to one.

LCFs =
{

1.41+ (1.38LF) for tire wear,
1.00+ (0.79LF) for brake wear . (16)

The resulting non-exhaust emission rate (Qemis,wear) for
each wear emission source s is proportional to the LDV and
HDV flow (Nv), as indicated in Eq. (17):

Qemis,wear =

3∑
s=1

2∑
v=1

(
EFbc

s,v×Nv

)
. (17)

As particle resuspension is directly dependent on the par-
ticle mass deposited on the street surface, it is dependent on
the initial conditions of the simulation. In order to avoid this
dependence, a spin-up of 25 d is adopted to enable a mass
surface equilibrium between deposition, wash-off, and resus-
pension mass rates. More details are provided in Sect. 5.3.

5 Sensitivity analysis to BC non-exhaust emissions

As mentioned in Sect. 1, non-exhaust emissions are difficult
to estimate. The huge variability in car models and speed
regimes combined with the large diversity in tire, brake, and
road components contribute to the large uncertainties associ-
ated with non-exhaust emissions. Furthermore, experimental
studies report the complexity involved in differentiating re-
suspension from tire and road wear emissions.

This section presents a sensitivity analysis of BC street
concentrations to BC non-exhaust emissions, using different
tire, brake, and road emission factors from the literature.

5.1 The simulations

Different simulations were performed using SinG, with large
variations in tire wear emissions properties. The BC fractions
adopted for brake and road wear are constant in all simula-
tions and are the same in all emitted size sections. They fol-
low the EMEP guidelines (Ntziachristos and Boulter, 2016)
with values of f bc

bk = 0.026 and f bc
rd = 0.0106. Table 1 sum-

marizes the configuration used in each simulation, showing
the PM10 fraction employed in each source s (f pm10

s ), the BC
fraction adopted in tire wear emissions (f bc

ty ), and the resul-
tant BC emission factor from each vehicle type v (LDVs and
HDVs) and non-exhaust source s (EFbc

v,s).
To show the influence of non-exhaust emissions, simula-

tion 1 ignores non-exhaust emissions. Simulation 2 employs
the BC wear emission factors and size distribution indicated
in the EMEP guidelines, which are also used in the HER-
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MES model (Guevara et al., 2020; Ntziachristos and Boulter,
2016). TSP tire wear emission factors from HDVs EFtsp

HDV,ty
are deduced from Eq. (14), considering a load factor (LF) of
1.0 and a number of axles (Naxle) of 2.0. Simulation 3 uses
the PM10 wear emission factors and the size distribution indi-
cated in the NORTRIP model (Denby et al., 2013a). They are
of the same order of magnitude as those of the EMEP guide-
lines. Note that the road characteristics used in Boulevard
Alsace Lorraine by Thouron et al. (2018) were employed for
road wear emissions, leading to higher road wear emissions
than in the EMEP guidelines. As NORTRIP does not indicate
the BC fractions from each source, the same BC fractions as
in the EMEP guidelines (Ntziachristos and Boulter, 2016)
are adopted. Simulation 4 employs the same brake and road
wear emission factors as in the EMEP guidelines, but tire
wear emission factors are higher. The same size distribution
of non-exhaust emissions indicated in the EMEP guidelines
(Ntziachristos and Boulter, 2016) is employed. A LDV tire
emission factor EFtsp

LDV,ty of 100 mg per vehicle kilometer is
used, as proposed in several studies (Malmqvist, 1983; Bau-
mann and Ismeier, 1997; Gebbe, 1997; Luhana et al., 2004;
Boulter, 2005). As in simulation 2, the TSP tire wear emis-
sion factors from HDVs EFtsp

HDV,ty are deduced from Eq. (14),
considering a load factor (LF) of 1.0 and a number of axles
(Naxle) of 2.0. A PM10 fraction (f pm10

ty ) of 0.6 is adopted, as
in simulation 2. More details on the particle size distribution
of non-exhaust emissions are given in Table A2.

The tire wear BC fraction f bc
ty is higher than in simula-

tions 2 and 3. It is taken equal to 0.25, which is the average
BC mass weight fraction with respect to tire composition (be-
tween 22 %–30 %) indicated in Thorpe and Harrison (2008).
As in the EMEP guidelines and simulation 2, a speed cor-
rection factor Sty(uv) of 1.39 is employed in the simulation,
as the LDV and HDV speed in the street network is lower
than 40 km h−1 (average speed of around 32 km h−1 accord-
ing to TRAFIPOLLU measurements). The resulting PM10
and BC tire wear emission factors from LDVs and HDVs are
then EFpm10

LDV,ty = 83.4 mg per vehicle kilometer, EFpm10
HDV,ty =

232.7 mg per vehicle kilometer, EFbc
LDV,ty = 20.8 mg per ve-

hicle kilometer, and EFbc
HDV,ty = 57.1 mg per vehicle kilome-

ter.
In order to evaluate the impact of particle resuspension on

BC concentrations in streets, simulation 5 uses the same set-
tings as simulation 4, but it does not consider particle de-
position; thus, particle resuspension is not computed. This
simulation physically represents the concentrations obtained
with a maximal BC resuspension, which is equal to the BC
deposition. Finally, in order to evaluate the influence of un-
certainties in the BC speciation of exhaust emissions, simula-
tion 6 uses the same non-exhaust emission factors as simula-
tion 4, but BC exhaust emissions are artificially increased by
23 %. This correction factor is defined using a linear corre-
lation based on (i) the traffic-flow characteristics observed in
Boulevard Alsace Lorraine during the TRAFIPOLLU cam-

paign (percentage of diesel and petrol vehicles, according to
the vehicle category and technology), and (ii) the BC/PM2.5
uncertainties for each vehicle class detailed in Table 3-91 of
Ntziachristos and Samaras (2018).

5.2 Model–measurement comparisons

The different simulations are evaluated by model–
measurement comparisons of BC concentrations, measured
in Boulevard Alsace Lorraine. The statistical criteria applied
to evaluate the model performance are those defined by
Hanna and Chang (2012) and Herring and Huq (2018).
Two different criteria are defined: (i) a less strict criteria,
accepted in urban areas, of −0.67< FB< 0.67, NMSE< 6,
FAC2≥ 0.3, and NAD< 0.5; and (ii) a more strict cri-
teria of −0.3< FB< 0.3, 0.7<MG< 1.3, NMSE< 3,
VG< 1.6, FAC2≥ 0.5, and NAD< 0.3.1 The definitions of
the statistical indicators are given in Appendix A1.

Table 2 shows the statistical indicators obtained from the
model–measurement comparisons for each simulation of Ta-
ble 1. The BC concentrations observed in Boulevard Alsace
Lorraine are strongly underestimated in simulations 1, 2, and
3, with an FB equal to −1.26, −1.10, and −1.15, respec-
tively. They do not satisfy the performance criterion, even the
less strict ones, except for the normalized mean square error
(NMSE). However, the configurations used in simulations 4,
5, and 6, with higher tire wear emissions, result in satisfac-
tory statistical indicators. They respect both the less and more
strict performance criteria proposed by Hanna and Chang
(2012) and Herring and Huq (2018). The temporal evolution
of the BC concentrations obtained with simulation 4 is illus-
trated in Fig. 3, showing a good correlation between the BC
hourly concentrations observed and those simulated by SinG.
Both the NORTRIP and the HERMES models, whose emis-
sion factors are used in simulations 1, 2, and 3, have quite
low PM10 tire wear emission factors compared with simu-
lations 4, 5, and 6, which use a higher tire wear emission
factor for passenger cars, as proposed in the review by Boul-
ter (2005). The simulations performed by Pay et al. (2011)
and Denby et al. (2013a), using the HERMES and NOR-
TRIP models, respectively, achieved good correlations be-
tween simulated and measured particle concentrations. They
assume that resuspension is the main non-exhaust emission
process, using high resuspension rates and relatively low tire
wear emission factors. The PM10 resuspension rates used by
Pay et al. (2011), 88 mg per vehicle kilometer for LDVs and
217 mg per vehicle kilometer for HDVs, are similar to the
tire wear emission factors employed in simulations 4, 5, and
6, 83.4 mg per vehicle kilometer for LDVs and 232.7 mg per
vehicle kilometer for HDVs. These high resuspension rates
may compensate for the low non-exhaust tire wear emissions

1FB represents the fractional bias, MG is the geometric mean
bias, NMSE is the normalized mean square error, VG is the geomet-
ric variance, NAD is the normalized absolute difference, and FAC2
is the fraction of predictions within a factor of 2 of observations.
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employed in the HERMES and NORTRIP models. The ratio
between the total BC emissions in simulation 4 and simu-
lation 2 is 3.30. A quite similar ratio of 3.0 was employed
by Brasseur et al. (2015) to increase BC emissions from the
COPERT-IV emission inventory, as mentioned in Sect. 1.

The comparison between simulations 4 and 5 shows that
particle dry deposition has a low impact on BC concentra-
tions in streets (0.15 % on average). Because the BC mass
that may be resuspended is limited by the BC deposited mass,
BC resuspension is also not significant compared with the
other BC emission sources. Figure 4 illustrates the tempo-
ral evolution of BC deposition, wash-off, and resuspension.
The resuspension rate is limited by the deposited mass at
the surface, and both the resuspension and deposition rates
are of the same order of magnitude. BC wash-off mass rates
present the same order of magnitude for reposition and resus-
pension processes, and are concentrated on rainy days. This
finding of a low resuspension rate agrees with the observa-
tion of Luhana et al. (2004), who estimated that tire wear
emissions are the most important non-exhaust emissions and
that particle resuspension is not very important.

The comparison between simulations 4 and 6 shows that
increasing BC exhaust emissions by accounting for the un-
certainties in the BC speciation in exhaust emissions slightly
improves the BC concentrations in streets. Differences in BC
concentrations simulated by modifying the BC exhaust emis-
sions are less important than the differences simulated by
modifying the BC tire wear emissions, suggesting that non-
exhaust emissions are the most crucial emissions to improve.

5.3 Deposited mass over streets

A good representation of the deposited particle mass over
the street surface is required to calculate particle resuspen-
sion. This section compares the simulated deposited particle
mass over the Boulevard Alsace Lorraine with that observed
by Hong et al. (2016a) during the TRAFIPOLLU campaign.
Hong et al. (2016a) collected the total road dust in situ using
dry sampling with a vacuum cleaner on 14 October 2014 at
different points along the avenue. Figure 8a of Hong et al.
(2016a) indicates the estimated total weight of dry stocks
(in kg) as ranging from 1 to 21 kg, with an average value
about 8.90 kg. Considering that the road surface is 2661 m2,
as indicated in Hong et al. (2016a), the TSP mass density in
Boulevard Alsace Lorraine is 3.34 g m−2. The size distribu-
tion of these samples is presented in Fig. 5 of Hong et al.
(2016b), indicating that approximately 7.5 % of the total de-
posited mass is composed of particles with diameters lower
than 10 µm (PM10). Therefore, the average mass density of
PM10 in Boulevard Alsace Lorraine is about 250 mg m−2.
Note that a quite similar PM10 mass density was observed by
Amato et al. (2009) in Barcelona urban areas (ranging from
8.9 to 216 mg m−2). In the simulations, to deduce the PM10
deposited mass from the BC deposited mass, the fraction of
BC in the PM10 deposited mass at the surface is assumed

to be 2.11 %, following the observations of the chemical pat-
terns of PM10 in deposited road dust in an urban environment
performed by Amato et al. (2009).

Figure 5 illustrates the PM10 deposited mass density (in
mg m−2) obtained for each simulation for Boulevard Alsace
Lorraine. As mentioned in Sect. 4.2, a spin-up of 25 d is used
in each simulation, so that the deposited mass is independent
of the initial conditions. Hence, the model–measurement
comparisons here are performed starting from 12 April. In
Fig. 5, this initial model–measurement comparison period
(12 April) is indicated by the black vertical line. This spin-up
is important to avoid an underestimation of particle deposi-
tion due to initial conditions. Table 3 summarizes the average
PM10 mass density obtained from 12 April to 14 May in all
simulations, the PM10 mass density estimated using the mea-
surements performed by Hong et al. (2016a, b), and the cor-
responding FB between these mass densities. Good model–
data correspondence is observed for simulations 4 and 6 with
FB=−0.16 and−0.06, respectively. In simulations 1, 2, and
3, the deposited particle mass at the street surface is strongly
underestimated, with an FB of around−0.60. Note that simu-
lation 5 does not consider particle deposition, so no deposited
particle mass is present at the street surface.

6 Influence of the two-way coupling on BC
concentrations in streets

This section investigates the influence of the two-way cou-
pling between the regional and local scales on BC concen-
trations in the street network. For this, the concentrations
calculated by SinG, using the two-way approach, are com-
pared with those calculated by MUNICH as a stand-alone
model (one-way approach). As mentioned in Sect. 3, the cou-
pling between the local and regional scales is two way in
SinG, which couples the MUNICH street model to the Po-
lair3D chemistry transport model. However, MUNICH may
be used as a stand-alone model, simulating the street con-
centrations with a one-way coupling to the regional-scale
background concentrations. In the latter case, the regional-
scale (background) concentrations influence the street con-
centrations, but the street concentrations do not influence the
background concentrations, and the vertical mass transfer be-
tween the local and regional scales only influences concen-
trations in streets. Note that traffic emissions are used in both
the Polair3D regional-scale model and in the MUNICH street
model in the one-way coupling. Because SinG employs a
two-way coupling, the vertical mass transfer between the lo-
cal and regional scales enables one to calculate background
concentrations and concentrations in streets at each time step,
providing a direct interaction between concentrations in the
street network and those in the urban background. Therefore,
traffic emissions are only considered at the local scale, and
there is no double counting of traffic emissions in SinG.
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Table 2. Comparisons of BC measurements in Boulevard Alsace Lorraine: statistical indicators obtained for the different SinG simulations.
The reader is referred to Appendix A for the definitions of the statistical parameters shown in the table.

Sim. obs BC sim BC FB MG NMSE VG FAC2 NAD
(µgm−3) (µgm−3)

1 6.07 1.37 −1.26 0.22 3.69 11.62 0.04 0.63
2 6.07 1.74 −1.10 0.29 2.54 5.80 0.12 0.55
3 6.07 1.62 −1.15 0.27 2.85 6.97 0.09 0.58
4 6.07 4.91 −0.21 0.82 0.29 1.27 0.77 0.19
5 6.07 4.92 −0.20 0.82 0.29 1.27 0.77 0.19
6 6.07 5.12 −0.16 0.85 0.27 1.26 0.78 0.18

Figure 3. BC hourly concentrations in Boulevard Alsace Lorraine simulated by SinG (simulation 4) and observed during the TRAFIPOLLU
campaign (µgm−3).

Table 3. Average mass density of PM10 deduced from the measure-
ments in Boulevard Alsace Lorraine (obs PM10; mg m−2), average
simulated mass density of PM10 (sim PM10; mg m−2), and the frac-
tional bias (FB; unitless).

Sim. obs PM10 sim PM10 FB

1 250 125.9 −0.66
2 250 145.3 −0.53
3 250 132.0 −0.62
4 250 212.3 −0.16
5 250 0.0 −2.00
6 250 234.1 −0.06

Simulations of BC concentrations using Polair3D, MU-
NICH, and SinG are performed using the non-exhaust emis-
sion factors of simulation 4 (see Table 1). Specifically re-
garding the BC concentrations in Boulevard Alsace Lorraine,
both SinG and MUNICH as a stand-alone model (MUNICH-
only) resulted in similar concentrations, respecting the most
strict performance criteria (see Table A1). However, the dif-
ferences between MUNICH and SinG depend on the street
characteristics, as detailed in Lugon et al. (2020a). To ana-
lyze streets with different characteristics, this section focuses
on the comparison between the one-way and two-way cou-
pling approaches over the whole street network. As in Lu-

gon et al. (2020a), two factors are analyzed to investigate
the influence of the two-way coupling on the local-scale con-
centrations: (i) the strength of traffic emissions, and (ii) the
street aspect ratio αr (the ratio between street height and
width). The vertical mass flux between the local and regional
scales is proportional to the concentration gradient between
the street and the urban background, as shown in Eq. (8) of
Lugon et al. (2020a). Streets with high traffic emissions tend
to favor vertical mass transfer from the local to the regional
scales, as they tend to present a high gradient between the
street and the urban background concentrations. This verti-
cal mass flux is also dependent on the street geometry, which
is represented by the aspect ratio αr (see Eq. 9 in Lugon et al.,
2020a). Streets with a low aspect ratio (large streets) tend to
favor vertical transfer between the local and regional scales,
whereas the vertical mass transfer between scales tends to
be lower in streets with high aspect ratios (narrow streets).
Streets are classified as large streets when αr ≤ 0.3, interme-
diate streets when 0.3< αr < 0.6, and narrow streets when
αr ≥ 0.6 (Kim et al., 2018).

Figure 6 illustrates the average BC emissions in the street
network (panel a), the average BC concentrations simulated
by SinG (panel b), the absolute difference between the BC
concentrations simulated by SinG and MUNICH (panel c),
and the absolute relative differences between the BC concen-
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Figure 4. BC wash-off, deposition, and resuspension rates simulated by SinG, simulation 4 (µgs−1).

Figure 5. Temporal evolution of equivalent PM10 deposited mass density over the Boulevard Alsace Lorraine surface obtained with the
different SinG simulations (mg m−2).

trations simulated by SinG and MUNICH (panel d). A good
correlation between traffic emissions and concentrations is
observed, as expected. The differences between the average
BC concentrations simulated by SinG and MUNICH range
from−2.6 to 2.4 µg m−3, corresponding to relative errors be-
tween 0 % and 50 %. The BC concentrations simulated by
SinG are higher than those simulated by MUNICH, espe-
cially in the streets located on the left side of the street net-
work where the traffic emissions are the highest. This effect
is also observed in the streets adjacent to the high-emission
streets, which is probably due to the transport of pollutants
from one street to another. Even though the BC concentra-
tions are higher in SinG than in MUNICH near streets with
high traffic emissions, they are lower over a large part of the
domain (in the middle of the street network). This region si-
multaneously presents low BC emissions and concentrations,
and high aspect ratios αr. Therefore, the concentration gradi-
ents between the local and regional scales are low, leading
to small differences between local- and regional-scale con-
centrations. However, the absolute values of the relative dif-
ferences between the concentrations simulated by MUNICH
and SinG in this region are large and reach 50 %. These large
differences and the lower concentrations simulated in SinG

compared with MUNICH may be explained by the double
counting of traffic emissions performed by MUNICH with
the one-way coupling technique. Using the two-way cou-
pling approach in SinG, streets with low traffic emissions
and high aspect ratios present low vertical mass transfer be-
tween streets and the urban background. This mass transfer
is lower than the traffic emissions considered at the regional
scale in the one-way coupling approach (MUNICH). This re-
sults in lower background concentrations above streets us-
ing the two-way coupling approach (SinG), leading to lower
street concentrations.

In order to more precisely evaluate the influence of the
street geometry (represented by αr) in the relative differences
between the BC concentrations simulated by SinG and MU-
NICH, an analysis of different αr intervals is carried out. Fig-
ure 7 illustrates the percentage of streets present in different
ranges of αr intervals encountered in the street network for
different ranges of relative differences between the BC con-
centrations simulated by SinG and MUNICH. The sum of
each column corresponds to 100 %. Streets with low values
of αr (large streets) tend to have more cars passing and higher
emission rates. In this case, the BC concentrations tend to be
higher using SinG than using MUNICH, and the relative dif-
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Figure 6. Average BC emissions in the street network (a), average BC concentrations simulated by SinG (b), absolute differences between
the BC concentrations simulated by SinG and MUNICH (c), and absolute values of relative differences between the BC concentrations
simulated by SinG and MUNICH (d).

Figure 7. Percentage of streets (purple) present in different αr in-
tervals for different ranges of the relative differences between the
BC concentrations simulated by SinG and MUNICH.

ferences are mostly positives. The higher the street aspect
ratio αr, the higher the percentages of streets with a negative
relative difference between SinG and MUNICH. The impact
of the two-way coupling on BC concentrations in streets is
high, with relative differences ranging from −51 % to 48 %.

7 Conclusion

This study performs simulations of BC concentrations in a
Parisian suburban street network using the SinG multiscale
model. Two main aspects influencing the BC concentrations
in streets are investigated: (i) the non-exhaust emissions (tire,
brake, and road wear) and particle resuspension, and (ii) the
two-way coupling between the street-network model and the
chemistry transport model that computes the urban back-
ground concentrations. A sensitivity analysis on BC non-
exhaust emissions is performed, specifically regarding tire
wear emissions. A new parametrization to calculate particle
resuspension is also presented, respecting the mass balance
at the street surface.

Constant resuspension emission factors are often used in
the literature to model resuspension, without accounting for
the amount of deposited mass. Particle resuspension is not
an important source of BC in the simulations here, as the de-
posited mass over the street surface is not significant enough
to justify high constant resuspension emission factors. As the
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simulated deposited mass agrees well with in situ measure-
ments, other sources of BC emissions are investigated here.
In particular, non-exhaust emissions, such as tire wear, can
be relevant to improve the modeling of BC concentrations
in streets; they can be as relevant as exhaust emissions, and
their underestimation may justify the virtual increase in BC
emissions often employed in street-network modeling stud-
ies. This can have direct consequences for public policies
aimed at reducing BC concentrations in urban areas: non-
exhaust emissions may contribute to as much as half of the
BC concentrations in streets.

Non-exhaust emissions still present very high uncertain-
ties, with a large spectrum of emission factors and exper-
imental limitations to separate each non-exhaust emission
source. More studies are needed to better characterize these
emissions with respect to their size distributions and chemi-
cal compositions. In particular, large differences are observed
in the literature between different studies estimating tire wear
emissions, with tire wear emission factors from the EMEP
guidelines being on the low side of factors. Following the lit-
erature, increasing the BC passenger car tire wear emission
factors of the EMEP guidelines from 1.36 to 20.8 mg per ve-
hicle kilometer leads to good comparisons between the simu-
lated BC concentrations and the measured ones. The authors
highlight that additional work, mostly experimental, should
be conducted to confirm this result. Furthermore, more stud-
ies are needed to control these emissions. Some studies have
already indicated the importance of controlling vehicle speed
and/or smoothing traffic flow to reduce non-exhaust emis-
sions (Beji et al., 2020); however, other aspects can be in-
vestigated, such as the road, tire, and brake characteristics as
well as vehicle weight. Thus, the work presented here makes
a very strong case for revising current BC vehicular emission
inventories and explicitly taking non-exhaust emissions into
account in air quality simulations.

Two-way coupling rather than one-way coupling between
the local and regional scales proved to strongly influence the
BC concentrations in streets. This is because the BC concen-
tration gradients observed between streets (local scale) and
the urban background (regional scale) are often high. The
intensity of the vertical mass flux between streets and the
background are function of traffic emissions and street ge-
ometry (represented by the aspect ratio αr). This two-way
coupling leads to higher BC concentrations in large streets
with high traffic emissions and lower BC concentrations in
narrow streets with low traffic emissions (with differences
ranging from −51.5 % to 48.4 %).

Appendix A: Statistical parameters

A1 Definitions

FB represents fractional bias:

FB= 2
(
o− c

o+ c

)
.

MG represents geometric mean bias:

MG= exp
(

ln(o)− ln(c)
)
.

NMSE represents normalized mean square error:

NMSE=
(o− c)2

oc
.

VG represents geometric variance:

VG= exp
[
(ln(o)− ln(c))2

]
.

NAD represents normalized absolute difference:

NAD=
|c− o|

(c+ o)
.

FAC2 represents the fraction of data that satisfy

0.5≤
c

o
≤ 2.0,

where o and c represent the observed and simulated con-
centrations, respectively.

A2 Statistical indicators obtained with SinG and
MUNICH-only simulations for Boulevard Alsace
Lorraine

Table A1. Comparisons to BC measurements in Boulevard Alsace
Lorraine: statistical indicators obtained with SinG and MUNICH-
only simulations.

ob
s

B
C

si
m

B
C

FB M
G

N
M

SE

V
G

FA
C

2

N
A

D

(µgm−3)

SinG 6.07 4.91 −0.21 0.82 0.29 1.27 0.77 0.19
MUNICH-only 6.07 4.97 −0.19 0.82 0.33 1.32 0.74 0.20

A3 Details of the particle size distribution from
non-exhaust emissions
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