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A B S T R A C T

In order to assess the impact of traffic on local air quality a microscale simulation of pollutant concentration
fields was produced for two busy intersections, in Reggio Emilia and in Modena, Italy. The simulation was
performed by the model suite Micro-Swift-Spray, a Lagrangian particle dispersion model accounting for build-
ings. Direct measurements of traffic flow were continuously collected in Reggio Emilia over the period January
13–24, 2014 by a two channel radar traffic counter and in Modena from October 28 to November 8, 2016 by four
single channel radar traffic counters and used for the hourly modulation of vehicular emissions. Combining radar
counts with vehicular fleet composition for each municipality, specific emission factors were obtained. For both
cities, simulated concentration fields were compared to local air quality measurements at the nearest urban
traffic and urban background sites. The simulated NOx showed large correlation with the observations, not-
withstanding some underestimation. The results proved the reliability of the procedure and provided a fair
estimate of the NO2 mass fraction of total NOx (primary NO2) due to vehicular emissions in the investigated
traffic sites.

1. Introduction

Road traffic is a notoriously significant source of air pollution. The
pollutants emitted by vehicles are among the main causes of the de-
gradation of air quality in urban areas. In regions where meteorological
condition are unfavourable to atmospheric dispersion of the emissions,
high level of pollution due to traffic emissions are detected even away
from busy streets. The atmospheric monitoring of NOx, main tracer of
combustion emissions along with CO, provided by the local
Environmental Agencies with stationary monitoring stations, clearly
shows the impact of the daily traffic pattern both at kerbside sites on
main urban streets and also in urban background sites.

The urban background monitoring stations should be located so that
their pollution level is influenced by the integrated contribution from
all sources upwind of the station. Those sampling points shall, as a
general rule, be representative for several square kilometres, and the
pollution level should not be dominated by a single source unless such a
situation is typical for a larger urban area (Directive 2008/50/CE
(Council of Europe, 2008), from which for Italy: D.Lgs. 155 - 13/08/
2010). The vehicular emissions, however, can characterize so relevantly

the air quality in the cities that peaks in traffic pollutants are detected
during rush hours even in urban background stations. At urban traffic
air quality stations the impact of the traffic of the adjacent street can be
assumed to be superimposed on the urban background (Lenschow et al.,
2001), producing higher NOx and CO concentration values compared to
urban background stations.

Within the same rationale, the regional background concentration
can be attributed to all sources outside the agglomeration, i.e. natural
sources and long range transport at local and global scale, with negli-
gible influence of the sources within the agglomeration. As a con-
sequence, a standard approach to identify the impact on urban air
quality by local and distant emission sources is the comparison of the
atmospheric concentration at regional, urban background and urban
traffic sites (Lenschow et al., 2001).

To gain a deeper insight on the contribution by different emission
sources to urban air pollution and to support environmental impact
assessment studies several methods have been used: these include re-
ceptor models, Eulerian chemistry-transport models and atmospheric
dispersion models. Receptor and Eulerian chemistry-transport models
have been most successfully applied in source apportionment studies
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(Bove et al., 2014; Viana et al., 2008; Pirovano et al., 2015). Atmo-
spheric dispersion models have been more commonly devoted to en-
vironmental impact assessments (Borrego et al., 2003; Ghermandi et al.,
2014; Gariazzo et al., 2007) and their use in source apportionment is
more commonly applied to long range transport episodes (Yttri et al.,
2011). Nonetheless, the ability of dispersion models to employ also
obstacle-resolving domains with a fine spatial resolution (e.g. featured
by cells smaller than main dispersion obstacles, i.e. smaller than few
metres) and to describe with good approximation the fate of atmo-
spheric emissions makes them an effective tool for the apportionment of
intra-urban emissions and for the definitions of urban air pollution
control strategies in general.

These obstacle-resolving micro-scale dispersion models have been
shown to provide more reliable results than local scale dispersion
models for urban domains (Blocken et al., 2008) and two main math-
ematical approaches exist for this type of models: particle lagrangian
dispersion models coupled either with a suitable meteorological model
or with a 3-dimensional Computational Fluid Dynamic models. Both the
former and the latter approach have been successfully applied in the
literature for the investigation of fate of stack emissions (Ghermandi
et al., 2015; Toja-Silva et al., 2017) and of traffic emissions
(Ghermandi, Fabbi, et al., 2014; Santiago et al., 2017) within the urban
environment. Main details of stack emissions may be directly measured
and available at the source, while for the estimate of vehicle exhausts
models need to be used (e.g. COPERT), along with details on vehicle
fluxes and fleet composition. These latter data present large spatial and
temporal variability over the urban area (Batterman et al., 2015),
making the simulation of the dispersion of traffic emissions in urban
areas a challenging tasks.

Studies employing direct measurements of vehicle number, speed
and length to estimate traffic emissions successfully estimated the
traffic impact on local air quality (Birmili et al., 2009; Oettl et al.,
2001), however more research is needed for a better understanding of
the capability and limitations of this type of dispersion models when
dealing with direct traffic data, particularly for their use in intra-urban
sources apportionment. This holds even more true for simulations on
urban areas featured by high background concentrations and large
traffic emissions.

In this study we used the micro-scale obstacle-resolving dispersion
modelling chain Micro-Swift-Spray (Aria Technologies, 2010) to simu-
late the fate of vehicular emissions from two main intersections in two
different Italian cities by coupling direct measurements of traffic count,
composition and speed and local air quality monitoring. The cities are
within the Po Valley (Northern Italy), a European hotspot for NOx,
characterised by recurrent wind calm episodes (Ghermandi et al., 2012)
and high-pressure conditions leading to long-lasting high concentra-
tions also at remote rural sites. Notwithstanding a long term improve-
ment in air quality across the valley (Bigi and Ghermandi 2014, 2016),
the strong anthropogenic pressure in the area, along with the char-
acteristic climatic conditions, enhancing persistence and homogeniza-
tion of air masses on a regional scale, allow emission sources to sig-
nificantly impact valley-wide, including distant metropolitan areas and
rural remote sites (Bigi et al., 2017; Masiol et al., 2015; Tositti et al.,
2014). Within this context the first goal is to verify the suitability of the
procedure used for investigating the fate of vehicular traffic emissions
in urban areas, the second goal is the assessment of traffic contribution
to local atmospheric pollution in terms of NOx.

Finally, since computing resources continue to increase their per-
formance at an accelerating pace and meanwhile are becoming much
more accessible than a few years ago, there is an increasing number of
studies simulating the pollutants dispersion over an entire city with
two-three meters resolution. In this regard, the traffic measurement
campaigns described in this study could be exploited to validate or
calibrate modelled activity data used to represent traffic flows over a
city road network. Indeed, assuming to use a traffic model to estimate
passenger car and duty vehicle fluxes on urban roads, it's necessary to

be able to rely on detailed traffic data (i.e. type and number of vehicles
at each simulated hour) at specific sections of the network. Traffic
measurement data collected in these two campaigns can certainly meet
these needs and may lead to improved city-wide simulation, which can
be a valuable tool for sound environmental policy and a reliable support
for population exposure studies.

2. Experimental and methods

In the present work we performed microscale simulations of the NOx

and CO concentration fields due to exhaust emissions from road
transport in two cities in central Po valley, Italy, Reggio Emilia and
Modena; in both these case studies we used traffic fluxes obtained from
automatic survey.

2.1. Investigated sites

Direct traffic flow measurements were carried out continuously in
two cities of the Po valley, Reggio Emilia and Modena, with doppler
radar traffic counters (Easy Data SDR).

In Reggio Emilia, a 171 000 inhabitants city about 60 km West of
Bologna, we investigated the vicinity of a junction within the inner ring
road, among the busiest road for that urban area (Baranzoni, 2017;
Ghermandi et al., 2017). From January 13 to 24, 2014, a two-channel
radar was positioned along this busy three-lane road, 150 hundred
meters from a main junction within the inner ring road. Each radar
channel detected the vehicle flow on one road lane, i.e. only two lanes
were directly monitored: the vehicle flow for the third non-monitored
lane was assumed equal to that measured by the radar on the adjacent
lane with same running direction. This represents a reasonable as-
sumption since both these two lanes are headed south and there are no
intersections nearby forcing the vehicles to choose one of the two lanes.

In Modena, a 185 000 inhabitants city about 40 kmWest of Bologna,
we investigated the area along the urban stretch of a main road, near a
busy crossroads of the city ring road southwest of the city centre. This
very busy four-lane road, 200m from of the intersection with the urban
ring road, was monitored from October 28 to November 8, 2016. Four
radars were used, one for each road lane.

Hourly concentration of atmospheric NO, NOx and CO at the two
sites were provided by urban traffic stations within the regional air
quality monitoring network: these stations are placed at kerbside of the
roads monitored by traffic counters, both in Reggio Emilia and Modena
and operated by the regional environmental agency (Arpae) (Fig. 1).
Hourly background concentrations of atmospheric NO and NOx for
Reggio Emilia and Modena were also provided by Arpae urban back-
ground stations (Fig. 1). At all sites NO and NOx are measured by Ni-
trogen Oxide Analyzer 200E (Teledyne-API, USA) using chemilumi-
nescence detection principle, CO is measured by Carbon Monoxide
Analyzer 300A (Teledyne-API, USA) using Non-Dispersive Infra-Red
detection principle. The simulation results were compared to local air
quality measurements at the above mentioned urban traffic and urban
background sites.

For both cities the simulation domain of the dispersion model was
sized in order to include, besides the directly monitored road, the
nearby busier streets. The traffic counters directly monitored the street
lanes next to the radar site: road section 1 in Reggio Emilia case, 286m
long (Fig. 1a) and road sections 1 and 2 in Modena, 355m and 132m
long respectively (Fig. 2b). The road sections considered in the simu-
lations as a set of linear emission sources (Fig. 1) are those directly
monitored and also other sections of the main busy traffic axes included
in the studied domains: in Reggio Emilia, road sections 2 and 3in Fig. 1a
and 240m and 160m long respectively, in Modena road sections 3
(86m), 4 (183m) and 5 (383m). The contribution by minor streets was
then neglected.

The traffic fluxes for the street sections not directly monitored by
the radars, but considered as sources in the simulations, derive from
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modelled data for rush hours provided by the Municipality of Reggio
Emilia and Modena, since no direct survey was available: the hourly
traffic modulations evaluated from radar measurements was applied to

these traffic fluxes. The resulting vehicle flow budget at the nodes (the
crossings) was verified.

2.2. Meteorological condition during traffic flow measurements

Concerning the Reggio Emilia case study, the measurement cam-
paign experienced unusual weather conditions for winter in the Central
Po Valley, with strong atmospheric instability and an exceptional storm
rainfall on January 18 and 19. Mean wind speed during the simulation
period was lower than 1m s−1, the daily average air temperature
ranged from 3 to 10 °C, with larger daytime excursion (up to 9 °C) over
the last four days of the period. The whole of January 2014 was char-
acterised by heavy rainfall events and exceptionally high temperatures,
the largest recording for this month over the period 2010–2017. These
conditions were favorable to pollutant dispersion in the atmosphere,
with pollution levels lower than usual for winter (Arpae, 2015).

In Modena the measurement campaign period was characterised by
typical weather conditions for autumn in the Central Po Valley, with
generally low rainfall, November 5 and 6 apart. Mean wind speed
during the simulation period was lower than 2m s−1 with 20% of calms
(i.e. wind speed<1m s−1), and mixing height was generally lower
than 300m; the daily average air temperature ranges from 7.4 to
13.6 °C, with large daytime excursion (maximum value 8.4 °C) and an
overall decreasing trend during the measurement campaign period.

Nothing to report on traffic conditions during the measurement
campaigns: in Modena the traffic was lower than usual from October
29th to November 1st, 2016 since October 29–30 were respectively
Saturday and Sunday, and November 1st was National holiday.

2.3. Emission factors

The radar traffic counters recorded the time, the length and the

Fig. 1. Maps of the investigation domain (UTM32-WGS84), for Reggio Emilia
(a) and Modena (b) case studies. Sites of the radar traffic counter are reported
by the yellow dots. Sites of the urban air quality monitoring stations are re-
ported by the light blue (traffic stations) and green (background stations) dots
respectively. The road sections (white lines) 1, 2, 3 in Reggio Emilia and 1, 2, 3,
4, 5 in Modena were considered in the simulations as a set of linear emission
sources.

(b)

(a)

Fig. 2. Hourly observed concentration of NOx at the urban traffic (red) and the urban background sites (green) along with hourly simulated concentration of NOx

(blue) by MSS from January 13 to 24, 2014 in Reggio Emilia (a) and from October 28 to November 8, 2016 in Modena (b).
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speed for each passing vehicle. The radar is unable to count stationary
vehicles and the minimum detected speed is 3 km/h, i.e. vehicles with
speed<3 km/h were not counted, potentially leading to an under-
estimation of the overall vehicular emissions. The recorded vehicles
were divided in five groups according to the length L: motorcycles
(1 m≤ L≤ 2.5m), cars (2.5 m < L≤ 6m), light commercial vehicles
(6 m < L≤ 8m), heavy vehicles (8 m < L≤ 12m) and buses
(12m < L≤ 15m). The vehicles were further sorted, according to
local vehicle fleet composition, depending on the type of fuel (diesel,
gasoline, LPG, methane) and the emission standard. Recorded vehicle
speed was divided in 14 classes: the speed value distribution into each
class was estimated, with the median value taken as representative of
the corresponding class. Class medians were used to obtain emission
factors (EF) for NOx (i.e. NO and primary NO2 (AQEG, 2007)) and CO as
a function of vehicle speed, following the Tier 3 methodology defined in
the European guidelines EMEP/EEA (Ntziachristos and Samaras, 2013)
for the estimate of exhaust emissions from road transport. In the Tier 3
approach, total exhaust emissions from road transport are calculated as
the sum of the hot emissions (when the engine is at normal operating
temperature) and the emissions during the operation of the transient
thermal engine (called “cold” emissions). In this study only hot emis-
sions were considered. The Tier 3 emission factors were derived from
several studies depending on the fuel, emission reduction technology
and vehicle class (André, 2004; Eggleston et al., 1993; Ntziachristos and
Samaras, 2000).

The NOx EF from European guidelines is provided as NO2 equivalent
(NO2eq): consequently, both simulated and measured NOx concentra-
tions in the present study are given as NO2eq.

Finally EF values were mathematically weighted to obtain a single
EF for each group of vehicles and for each pollutant (Table 1); the ac-
curacy of the calculation of the weighted EF values depends on the
availability of supporting data.

The calculation was most accurate for passenger cars (corre-
sponding to about 81% of all recorded vehicles in Reggio Emilia and
about 61% in Modena case studies), given the availability of detailed
vehicle fleet composition data provided by Italian Automobile Club for
the year 2013 in Reggio Emilia (ACI, 2013) and for the year 2015 in
Modena (UCER, 2016), including also fuel type and emission standards.
For motorcycles and light commercial vehicles, the average value of EF
for the different emission standard and for the fuel type (mainly diesel
for light commercial vehicles) were used.

The EF for heavy vehicles and for buses (that together amount to
about 1% of all the recorded vehicles) were evaluated using the “Rigid
20–26 t” and the “Urban Buses Standard 15–18 t” guideline formulas
respectively (assuming diesel as fuel type and the local fleet composi-
tions for EURO emission standard), which are less detailed for heavy
vehicles and buses than for passenger cars.

For mopeds (motorcycles with engine capacity < 50 cm3) the
guidelines directly provide the EFs.

Coupling the hourly radar records with the EF value for each
counted vehicle, the hourly mass flows of CO and NOx emitted for the
whole road length were estimated: the modulated traffic emissions
according to the hourly variation of traffic fluxes were thus obtained for
each day of the measurement campaigns.

2.4. Models

The Micro-Swift-Spray (MSS) simulation domain is 500m×500m
large (Fig. 1) with grid step of 2m (square cells) for both case studies.
The vertical grid consists of 5 layers, 2 m deep each, with the domain
top of 10m high above ground level: simulation with higher domain
tops were performed and showed negligible differences therefore the
domain top was to 10m to reduce computation time. The first layer for
concentration computing is 2m high above ground. The second layer
concentrations were used in the comparison with observations, because
the inlet of air quality monitoring instruments by ARPAE was at about
4m height above ground level. Building volumes and road geometry
were outlined from a high resolution 3D vectorial cartography
(UVL_GPG) of the studied domains (E.R. 2013).

Following the model by Berkowicz et al. (1997), for the studied case
the height of the traffic induced turbulence ranges between 5 and 9m
above ground level, while its width ranges between 14 and 27m around
the road axis, depending on the case study, i.e. on average vehicle size
and speed, vehicular flux, on road width (higher limits for Modena);
these values were used for MSS simulation and applied to all the road
sections considered as linear emission sources (Fig. 1).

The simulations were run at an hourly time step, consistently with
the meteorological data. The concentration values were all standar-
dized for atmospheric temperature and pressure and all NOx data in text
are provided as NO2eq. MSS results consist in hourly 3D concentration
fields for atmospheric NOx and CO, due to vehicular emission con-
tribution only. The time series of hourly simulated concentrations for
the duration of the measurement campaign was compared with mea-
sured concentration values collected at the respective air quality
monitoring stations in urban traffic and urban background conditions
(Fig. 1).

2.5. Meteorological data and modelling

The hourly meteorological data, mixing height values and turbu-
lence parameters (i.e. friction velocity, convective velocity scale and
Monin-Obukhov length) used, were derived from meteorological model
simulations and from ground observations. The latter were collected at
the urban meteorological stations of Arpae for Reggio Emilia and
Modena and these are placed outside from the respective MSS simula-
tion domains.

The simulation data, provided by the local Environmental Agency,
proceed from two independent simulations, at a horizontal grid step of
5 km and 7 km respectively: CALMET-SIM (Deserti et al., 2001), based
on the CALMET model, which was used for Reggio Emilia, and LAMA
(Limited Area Meteorological Analysis), based on the COSMO model
(Marsigli et al., 2005; Montani et al., 2011), which was used for
Modena. It is worth noting that the urban meteorological stations for
the two towns were not used among input data for the meteorological
simulations by CALMET and COSMO.

3. Results and discussion

According to the rationale of Lenschow et al. (2001), the con-
centration measured at the traffic site can be assumed to be the sum of
local traffic emissions and the emissions within the whole

Table 1
Emission Factors EF (g/km) weighted values. LDV stands for Light Duty Vehicles, HDV stands for Heavy Duty Vehicles.

Pollutant Passenger cars Motorcycles LDV HDV Buses

RE MO RE MO RE MO RE MO RE MO

NOx 0.40 0.36 0.09 0.09 1.00 0.84 11.48 8.63 8.19 7.77
CO 0.75 0.67 8.61 8.74 0.79 0.54 2.58 1.94 2.33 1.83
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agglomeration, with the latter corresponding to the urban background.
This assumption is reasonable for NOx and CO in the two domains since
the main emission source next to the urban traffic sites is only vehicular
traffic and there is no other significant emission source nearby, i.e.
these monitoring stations are compliant with 2008/50/CE (Council of
Europe, 2008). Therefore the MMS simulated concentrations represent
only the contribution by primary traffic emission to atmospheric con-
centrations.

In the recent literature an alternative approach to quantify the
different contributions to air pollution in the city was proposed by
Thunis (2017), and this is based on Chemical Transport Models (CTMs).
Unlike the Lenschow incremental approach, this methodology suggests
to create different emission scenarios on multi spatial scale, from re-
gional to local, that can be exploited to estimate background con-
centrations keeping city emissions set to zero. Despite the employment
of this type of modelling system can theoretically lead to a more ac-
curate discrimination between city and background contribution on air
quality, in the two case studies presented can raise complexities and
more uncertainties than a combined measured-modelled approach.

The extension of the PMSS domains is particularly limited
(500m×500m) and challenging for CTMs and for zeroing traffic
emissions in a domain of this size (Kuik et al., 2016).

Besides that having CTMs with such a fine grid would require sev-
eral nested domains, and the obtainable benefits from this procedure
are not always straightforward, especially when model resolution is less
than 12-10 km (Mass et al., 2002), e.g. some local meteorological
phenomena might not be well described affecting the performance of
the chemical mechanism.

Finally, the development of a hybrid modelling system composed of
a CTM and a micro-scale model may not provide remarkable im-
provements with respect a CTM stand-alone due to the lack of ability of
this type of system to correctly take into account some multi-scale
features (e.g. local meteorological phenomena, high resolution emis-
sions and detailed land cover data) (Pepe et al., 2016).

MMS Model performance was estimated by comparing observed
concentrations at the urban traffic site and an interpolation of the si-
mulated values in the 4 cells of domain closest to the inlet of the
monitoring instruments. These latter instruments measured atmo-
spheric CO, NO and NOx concentrations, for which the main regulatory
limits are: 200 μgm−3 for hourly maximum NO2 and 10mgm−3 for 8-h
CO running average. Atmospheric NO2 concentration was estimated
from direct measurements of NO and NOx.

The hourly time series of observed NOx concentrations at the urban
traffic and urban background stations, along with the simulated NOx

levels for both cities, are presented in Fig. 2.
The comparison between measured and simulated concentrations is

better for NOx than for CO (Fig. 3). This outcome depends on the low
sensitivity of the CO monitoring instrument, and on the lack of CO
observations at urban background sites, preventing the possibility to
repeat the same data processing performed for NOx and described
below.

The NOx traffic and urban background measured concentrations
show a very similar pattern (Pearson coefficient r=0.80 for Reggio
Emilia and r=0.84 for Modena case). This mostly depends on the Po
Valley meteorological regime, mainly influenced by the valley mor-
phological conformation and characterised by recurrent wind calm
episodes, occurring also during the measurement campaigns. This
condition determinates accumulation and persistence of the pollutant
load, therefore also at the urban background site the air quality is
clearly affected by the diurnal variability of the main pollutant sources.
It is mainly evident for the Modena case, because in this city the
measurement campaign was featured by a longer period of atmospheric
stability compared to Reggio Emilia, occasionally leading to higher
concentrations at the urban background than at the urban traffic site.

For both Modena and Reggio Emilia the simulated NOx remains
constantly lower than the measured concentrations, both at the urban

traffic and urban background stations.
The correlation between simulated and measured CO at the traffic

site is moderate for Reggio Emilia (r=0.42) and quite low for Modena
(r=0.12), mainly due to the low sensitivity of CO measuring instru-
ments, which are most suitable for controlling the exceedance of the
regulatory limits for CO concentration in the atmosphere. CO simulated
data remain always largely lower than the measured concentrations
(Fig. 3).

Given that CO data are not collected at urban background stations,
the following data processing was performed for NOx only.

The difference between NOx observations at urban traffic and at
urban background stations for the same city (hereafter ΔNOx) can be
attributed to the influence of local traffic, and this contribution was
estimated by MSS simulation. Outliers in ΔNOx series were considered
not representative of episodic peak concentration, but of the statistical
fluctuations intrinsic in the simulation model, therefore outliers were
removed by applying a running median with a 3-h window. Goodness of
fit indexes results better in Reggio Emilia than Modena: linear corre-
lation coefficient (r) and Mean Absolute Error (MAE) between ΔNOx

and MSS simulated values result r=0.56, MAE=23.5 μgm−3 and
r=0.43, MAE=20.7 μgm−3 for Reggio Emilia and Modena respec-
tively. The MAE is 54% of mean ΔNOx for Reggio Emilia and up to 86%
of mean ΔNOx for Modena. This not surprising outcome is partly due to
the difference between the smooth variability of the simulated con-
centration and the large variability observed at the monitoring sites.

In spite of that, in Fig. 4 is reported the more effective comparison
between the hourly NOx concentrations measured at traffic stations and
the sum of NOx hourly simulated concentrations with urban back-
ground observations. These two time series result highly correlated
(r=0.84 for Reggio Emilia and r=0.89 for Modena). This outcome
highlights both the relevant contribution of urban background levels to
the traffic-dominated environments, as previously mentioned, both the
benefit of using direct measurements of traffic in the EF estimate.

However the vehicular emission contribution to air quality at the
traffic site, as evaluated by MMS simulation, is generally under-
estimated: in fact urban traffic measured concentrations result mainly
higher than the sum of MMS simulated concentration and urban
background concentrations (Fig. 4).

MMS simulated NOx concentration, indicating the contribution of
traffic emissions to atmospheric levels, is lower of about 30% for Reggio
Emilia and 56% for Modena case than ΔNOx. Given that the NOx traffic
emissions used in MSS include only (primary) NO and primary NO2 (Air
Quality Expert Group, 2007), it was investigated whether the difference
between simulated and observed levels are due to secondary NO2 only,
which are not described in the MSS simulation, or by an under-
estimation of the primary NOx by MSS.

In investigating the cause of this difference, it was preliminary as-
sumed that it was originated only by an underestimation of primary
NOx by MSS. The correctness of this assumption was verified by com-
paring the ΔNO2/ΔNOx ratio (with ΔNO2 being the difference in NO2

observations at the urban traffic and urban background sites for the
same city and ΔNOx defined as above), with the primary NO2/NOx ratio
in the total vehicular emissions (Grice et al., 2007; Smit et al., 2010) for
the local vehicular fleet (Ntziachristos and Samaras, 2013), i.e. the
same fleet used in the estimate of the EF. This latter NO2/NOx ratio
resulted 16.5% and 15.0% for Reggio Emilia and Modena respectively;
the ratios are largely similar because of the similarity in their fleet
composition. The ΔNO2/ΔNOx ratios were 15.7% and 41.7% for Reggio
Emilia and Modena respectively.

The comparability of these ratios in the emissions and in the at-
mospheric concentrations in Reggio Emilia hints to the occurrence of
two conditions: 1. There is no extra secondary NO2 at the urban traffic
compared to urban background 2. The higher NOx concentration ob-
served at the traffic site are due mainly to traffic, i.e. the immediate
impact of traffic at the urban background site is low.

On the contrary, for the Modena case the larger ΔNO2/ΔNOx
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compared to the emission data suggests similar pollution conditions
between the urban traffic and urban background site of this town, with
the larger concentration observed at the urban traffic site sharing the
same source of the concentration observed at the urban background
site. It is noteworthy that NO2/NOx ratio for the observations at the
Modena urban background site is 41.8%, i.e. the same of ΔNO2/ΔNOx.
This latter point supports the hypothesis that the urban traffic sites in

Modena experiences the same mix of emission sources of the urban
background site, although with a stronger absolute emission, since the
local meteorology, favoring air masses stagnation and homogenization,
determines in the whole urban area the same pollution facies.

A summary statistical analysis was performed on the residuals, i.e.
the differences between the MSS simulated NOx concentrations and
ΔNOx. For both the case studies, the frequency density of the residuals

(b)

(a)

Fig. 3. Hourly observed concentration of CO at the urban traffic site (red) along with hourly simulated concentration of CO (blue) by MSS from January 13 to 24,
2014 in Reggio Emilia (a) and from October 28 to November 8, 2016 in Modena (b).

(b)

(a)

Fig. 4. Hourly observed concentration of NOx at the urban traffic (red) along with the sum of urban background observations of NOx with simulated concentration
by MMS (black) from January 13 to 24, 2014 in Reggio Emilia (a) and from October 28 to November 8, 2016 in Modena (b). Note: the black curve in this figure
corresponds to the sum of green and blue curves of Fig. 2.
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shows that 90% are in the range±50 μgm−3, with a larger fraction of
negative values (Fig. 5); a relatively larger number of positive residuals
occur for the Modena case. The hourly box plot of the residuals (Fig. 5b)
indicates a fairly stable median for both the case studies, with minimum
values most frequently occurring during atmospheric stability (i.e. at
nighttime) and maximum atmospheric mixing (i.e. between
12:00–16:00). Larger variability, with occasional outliers is more
commonly observed in other periods of the day. Within the limits of the
residuals population tested, it can be assumed that the performance of
the model does not vary systematically on a diurnal basis. The residual
analysis support the hypothesis of a larger effectiveness of the model in
simulating during maximum mixing height or night stability conditions
than during stages of mixed layer erosion or development.

Uncertainties of the whole described procedure apart, the under-
estimation of MMS concentrations can be also attributed to the fol-
lowing main causes:

- only emissions by traffic along main roads were considered, while
the contribution by minor streets was neglected

- the radar inability to count stationary vehicles, for example in case
of vehicle queues on the street lanes (that may occur not too distant
from the traffic lights) or bus pulling out to the bus stop, as in the
case of Modena;

- underestimation of the emissions due to an overestimation of ve-
hicle speed: given the radar inability to count stationary and very
low speed-vehicles, as mentioned above, some lowest speed values

Fig. 5. Frequency density of the residuals, i.e. the differences between the MSS simulated concentrations and ΔNOx, for Reggio Emilia (a) and Modena (c). Hourly box
plots of the residuals for Reggio Emilia (b) and Modena (d).
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may have been not considered in the EF evaluation
- weather conditions, typical for autumn season in the Central Po
Valley, featured by low rainfall and accumulation of the pollutant
load, causing the large contribution of secondary NO2 at the urban
traffic site in Modena case

Occasionally, local and short meteorological events were not si-
mulated by the meteorological model, leading to an additional mis-
match between simulated and observed concentrations. This is the case
of an anomalous night-time peak in NOx and CO measured on January
16, 2014 at 01:00, at the urban traffic and urban background stations
both in Reggio Emilia (Figs. 2 and 3) and in Modena (not shown). The
small scale of this occurrence is supported by the concurrently low
values of NOx and CO at the neighboring urban sites of Bologna (35 km
East of Modena) and Parma (38 km West of Reggio Emilia).

MMS simulated concentrations in Reggio Emilia for January 16,
2014 at 01:00 and nearest hours are low, consistently with the low
traffic at that time of the night, as recorded by the radar (Figs. 2 and 3).

This pollution episode was probably generated by a meteorological
event constricting low and polluted air masses towards the ground, as
for the local evolution of a cold air front (Li et al., 2015). The model
failed in the simulation of this episode either because CALMET (from
which the hourly meteorological data set used for Reggio Emilia case is
derived) is not able to simulate this type of meteorological events,
featured by that small space-time scale, or because none of the me-
teorological stations from Reggio Emilia and Modena were used as
input for CALMET.

4. Conclusions

The outcomes of the study support the reliability of the simulations
by the micro-scale obstacle-resolving lagrangian dispersion model
Micro-Swift-Spray when coupled with tailored emitting sources, i.e. the
direct measurements of traffic flows and the accurate evaluation of
pollutant Emission Factors, leading to a consistent estimate of the
contribution to air quality by vehicular traffic. This represents a
methodology useful tool for the validation and calibration of traffic
emissions in large-domain models (e.g. city-wide). This latter type of
studies, becoming increasingly common, is often used for planning
municipal environmental policies and assessing personal exposure and
therefore requires a reliable estimate of emissions.

Simulated and observed NOx hourly concentrations exhibit a large
agreement: a similar pattern is shown by NOx observations under urban
traffic and urban background conditions, however this high correlation
is further improved by superimposing the simulated concentrations
over the urban background observations, confirming the effectiveness
of the methods applied in this study.

The results also highlight the effect of homogenization of the air
across the urban areas for this part of the Po valley. This leads to re-
levant contributions by urban background NOx to the urban traffic, and,
vice-versa, to a significant impact by primary sources also at the urban
background.

The homogenization of the air is mostly evident for Modena: similar
pollution conditions occurred between the urban traffic and urban
background, with the measurements at the latter being sometime
higher than at the former. The urban traffic and urban background sites
of Modena shared similar NOx sources and have similar NO2/NOx ra-
tios, confirming the large contribution of secondary NO2 also at the
traffic dominated site.

The cause for the underestimation of simulated traffic contribution
to atmospheric NOx is threefold: the presence of only the main roads as
source emissions, neglecting minor streets; the undercount by the ra-
dars, which consider only moving vehicles, neglecting traffic jams
conditions; the effect of the local meteorological condition effects,
especially for Modena.

An analysis of the NO2/NOx ratio showed how in the Reggio Emilia

case the higher levels observed at the urban traffic site were mainly due
to nearby traffic emissions. This latter outcome outlines the re-
presentativeness of the air quality stations for Reggio Emilia in char-
acterizing the two sites for their pollution level and dominant impacting
sources.

The results obtained for CO are less significant, as CO monitoring is
performed only at traffic site and also due to the low sensitivity of CO
measuring instruments.

Finally the results outline also the effects of meteorological input
data at a local scale on the microscale simulation of the dispersion and
they highlight how local and short meteorological events were not si-
mulated by the meteorological model. This latter shortcoming might
become a critical issue, particularly at temperate latitudes, in case of an
increase in frequency of intense and local weather events, as expected
in climate change (Ciscar et al., 2018).
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