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Abstract: Assessing secondary and primary NO2 in urban areas is important to support carefully
designed environmental policies, particularly in areas with recurrent exceedance of NO2 regulatory
limits. The share of secondary NO2 was preliminary estimated in intense traffic areas of Modena and
Reggio Emilia (Northern Italy) by the combined analysis of regulatory air quality observations at
urban traffic and urban background conditions. In addition simulations performed by the Lagrangian
particle dispersion models Micro SWIFT SPRAY and the chemical transport model WRF-Chem
were performed. The former was applied on the urban area representative of traffic conditions
for both cities, in winter. The latter was applied twice in Modena, both with and without urban
traffic emissions. Results suggest a large amount of secondary NO2 mainly at the Modena traffic
site, and a better representativity of background conditions of the corresponding urban station in
Reggio Emilia. NOx levels simulated by WRF-Chem show good results at Modena urban background
and performance in line with reference benchmark values in reproducing observed NO2 and NOx

concentrations at rural background sites, although a non-negligible bias in simulated urban NO2

remained. Overall the simulation models suggest that contribution to atmospheric NOx by domestic
heating or industrial combustion emissions are not as relevant compared to traffic, consistently with
the local emission inventory.
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1. Introduction

Vehicle emissions are among the main sources of pollutants impairing air quality in urban areas.
The level of pollution produced by traffic emissions is mainly influenced by the type of vehicles on the
road, the volume of traffic and the distance from the street. However, weather conditions unfavorable
to atmospheric dispersion can cause high level of vehicular traffic pollutants even at a great distance
from busy roads. Indeed, high concentration peaks of the main combustion tracers, such as NOx, are
measured by the local Environmental Agencies at both urban traffic and urban background sites.

The urban traffic stations, placed in close proximity to the busiest urban streets, are directly
influenced by local traffic, while at background monitoring stations the pollution level should be
influenced by the integrated contribution from all sources upwind of the station (Directive 2008/50/CE,
received in Italy by the D.Lgs. 155—13 August 2010). However, vehicular emissions can strongly
affect the urban air quality so much that during rush hours, traffic peaks are large even at urban
background stations.

At urban traffic sites, vehicle emissions on the nearby roads sum with the urban background
levels [1], and higher NOx concentration values are observed than at urban background stations.
Moreover, the rural background concentrations can be attributed to natural sources and long range
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transport at local and global scale, with negligible influence of nearby sources. Therefore, according
to the previous rationale [1], to identify the contribution of local and distant emission sources to
atmospheric pollution in urban areas, air quality observations at rural, urban background and urban
traffic sites must be compared. A recent study [2] demonstrated that the “Lenschow approach” [1] is a
valuable method to estimate the impact of cities on their air pollution only when two assumptions
are concurrently fulfilled. The first is verified when the pollution concentrations experienced at rural
background sites are not influenced by the emissions occurred within the city of interest, whereas the
second requires that rural background concentrations are identical between rural and city locations
when city emissions are set to zero.

With the aim of investigating the contribution of different emission sources to urban air pollution,
several methods have been tested in recent years, such as interpolation methods or land use regression
models [3–6]. However, atmospheric dispersion models were proven to be among the most successful
approach in reproducing pollutant concentrations, especially when applied for environmental impact
assessments [7–9]. The skill of dispersion models to account also for obstacle-resolving domains at
very high resolution (at micro scale) [10] makes them an effective tool to describe the fate of intra-urban
atmospheric emissions and to support urban air pollution control strategies.

Nitrogen oxides (NOx) in vehicle exhausts consist of NO and NO2. The NO2 mass fraction of
total NOx (primary NO2) is of particular importance for several reasons: Its higher toxicity, causing
irritation of airways in the human respiratory system and aggravation of respiratory diseases [11,12],
its higher atmospheric lifetime compared to NO and because regulatory limits are established for
hourly maximum NO2 (Directive 2008/50/CE, received in Italy by the D.Lgs. 155—13 August 2010).
NO is rapidly transformed to NO2 by photochemical atmospheric reactions, hence primary NO2 from
vehicle exhaust emissions should be present mostly at urban traffic sites, i.e., in the immediate vicinity
of the sources. Conversely, secondary NO2 should be prevailing at urban background sites, where air
quality is affected by the combination of urban and regional pollutant contribution without the direct
effect of nearby sources. Nevertheless, meteorological conditions favorable to air masses stagnation
may produce similar concentration values at both urban traffic and background sites, consequently
affecting also the atmospheric NO2/NOx ratio. The estimation of NO2 concentration values by the
means of dispersion models can therefore be very complex.

Several methods have been recently applied to discern local traffic impact from the background.
Among the others, it is worth mentioning the interpolation of rolling minima and the differences
in downwind and upwind pollutant averages, both tested by Hilker, N. et al. [13] to distinguish
between background and near-road pollution concentrations. Other statistical methods, based for
example on hierarchical clustering or probabilistic approach such as the finite mixture models,
have been implemented to estimate urban background concentrations using traffic and background
measurements [14]. An alternative to statistical methods, as introduced before, is represented by air
quality dispersion models, which at the cost of high computing resources combined with the need of
qualified users can be exploited to elaborate specific emission scenarios. More in detail, by applying
the so called Brute-force method [15,16] it is possible to isolate the effect of specific emission sources by
performing and subtracting simulations with and without the source of interest.

On the other hand, when dispersion models are not designed to account for chemical reactions,
different screening approaches have been defined by the EPA (Environmental Protection Agency) to
calculate NO2 concentrations starting from NOx emissions. The latter, usually called Ambient Ratio
Method [17], allow estimating the NO2/NOx ratio produced by specific emission sources, useful for
comparison with the measured NO2/NOx ratio at the air quality station of interest.

In a recent study [18], the single micro scale lagrangian particle model (LPM) Micro SWIFT SPRAY
(MSS) [19] was used to simulate the atmospheric dispersion of primary NOx vehicular emissions in
urban areas with intense traffic, in Modena and Reggio Emilia (Northern Italy), i.e., the dispersion
of NO and primary NO2, because LPMs are not able to simulate atmospheric chemistry processes.
These two cities are located within the Po Valley, a European hotspot for NOx, whose weather is
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characterised by calm winds [9] and high pressure events producing long lasting high concentrations
even in remote rural sites [20–22].

The NOx dispersion produced by urban traffic flows was also simulated for the city of Modena [23]
adopting a multi-level modelling approach involving two different tools, the Parallel Micro SWIFT
SPRAY (PMSS) [24,25] modelling system able to estimate the primary contribution of urban sources
taking into account the effect of street canyon in urban complex environment and the WRF-Chem
model [26]. This latter was applied to compute urban NOx background concentrations produced by
the sources located outside the urban area of Modena or by emission sectors different from traffic
both in and out of the urban area. Among the main advantages expressed by WRF-Chem it is worth
remembering the ability to simulate the chemical transformation of trace gases and aerosols that occur
in the atmosphere [27,28]. Therefore, it is possible to estimate the formation of secondary compounds
starting from precursors, such as NO2, by using specific computational schemes.

Within this paper the difference in NO2 and NOx between the regulatory air quality data collected
at urban traffic and urban background stations, in Modena and Reggio Emilia, are investigated.
Moreover, with the aim of estimating primary and secondary NO2 level at the urban background
sites, observed concentrations at air quality stations are compared with NO2 and NOx concentrations
simulated with the WRF-Chem model for the city of Modena. In addition, estimate of primary
traffic emissions focusing on the same area, taken from the literature, was used for further discussion
and comparison.

2. Materials and Methods

Direct surveys of traffic flow by Doppler radar traffic counters for periods of about two weeks
were carried out in two medium-sized cities (just under 200 thousand inhabitants) of the Po valley,
Modena and Reggio Emilia, located about 40 km and 60 km West of Bologna respectively. In both
cities high-traffic urban roads near busy intersections were monitored by the traffic counters.

The survey took place from 28 October to 8 November 2016 in Modena and from 13 to
24 January 2014 in Reggio Emilia [18]. During both measurement campaigns, either in Modena
and in Reggio Emilia, hourly concentration of atmospheric NO and NOx were provided by the local
urban traffic station placed in close proximity to the high-traffic urban road monitored by traffic
counters, and by the urban background station; all these stations belong to the regional air quality
monitoring network of the regional environmental agency (Arpae) (Figure 1). An estimation of the NO2

atmospheric concentration was given by considering the primary emissions (NO and NOx) produced
by the traffic recorded in the measurement campaigns.

The survey in Modena was carried out under typical autumn weather conditions in the Po
Valley: Generally low rainfall, average wind speed <2 m s−1, 20% calm events (i.e., wind speed
<1 m s−1), mixing height generally <300 m and average daily air temperature in the range 7.4 to 13.6 ◦C.
From 29 October to 1 November 2016 the traffic was less intense than usual for a national holiday.

In Reggio Emilia the measurement campaign was carried out during unusual weather conditions
for winter in the Central Po Valley: The survey period was characterized by strong atmospheric
instability, exceptional rainfall, average wind speed <1 m s−1 and average daily air temperature in
the range 3 to 10 ◦C, with a greater daytime excursion. During the whole January 2014 there were
heavy rainfalls and uncommonly high temperatures, the largest for January over the period 2010–2017.
These conditions were favorable to the atmospheric dispersion of pollutants.

In both case studies [18] the NOx emission factors (i.e., primary NO and NO2) were evaluated
according to the European EMEP/SEE guidelines [29], using the data (time, length and speed of passing
vehicles) recorded by the radars and the vehicle fleet composition data for the year 2015 in Modena [30]
and for the year 2013 in Reggio Emilia [31]. Given the radar’s inability to count stationary vehicles,
only warm emissions (engine at normal operating temperature) were considered. The hourly mass
flows of NOx emitted were estimated by coupling the hourly radar records with the EF value for each
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counted vehicle: the traffic emissions modulated according to the hourly variation of the traffic flows
were thus obtained for each day of the two surveys.Sustainability 2020, 12, x FOR PEER REVIEW 4 of 14 

 
Figure 1. The investigated domains (UTM32-WGS84) for the cities of Reggio Emilia (a) and Modena 
(b). The locations of radar traffic counter (yellow dots), urban traffic (light blue dots) and urban 
background (green dots) air quality monitoring stations are reported. The road sections considered 
in the simulations as linear emission sources, 1–3 in Reggio Emilia and 1–5 in Modena are also 
reported (white lines) [18]. 
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Figure 1. The investigated domains (UTM32-WGS84) for the cities of Reggio Emilia (a) and Modena
(b). The locations of radar traffic counter (yellow dots), urban traffic (light blue dots) and urban
background (green dots) air quality monitoring stations are reported. The road sections considered in
the simulations as linear emission sources, 1–3 in Reggio Emilia and 1–5 in Modena are also reported
(white lines) [18].

The atmospheric dispersion of NOx emissions was simulated using the Micro SWIFT SPRAY
(MSS) model over 500 m × 500 m domains with grid step of 2 m (square cells). The simulation was run
at hourly time step, consistently with the meteorological data provided by CALMET (for Reggio) and
COSMO (for Modena) mesoscale model simulations performed by Arpae.

In order to analyze the contribution of all the emissions sectors except vehicular traffic, a chemical
transport simulation was performed at very high resolution (1 km) only for the Modena case study.
The WRF-Chem model [26], which represents the state of the art system for numerical weather
prediction coupled with aerosol and chemical modules to estimate air pollution concentrations, was
applied over three nested domains (Figure 2). The outer domain, with a resolution of 15 km covers
most of the central Europe, while the central and the innermost domains focus respectively on the
Northern part of Italy (at 3 km resolution) and on the Emilia-Romagna region (Northern Italy) with a
resolution of 1 km. The vertical structure of the model includes 35 levels, with 12 of them in the lowest
3 km and the center of the first one approximately located at 35 m above the terrain. The maximum
model altitude is fixed at 50 hPa.
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Figure 2. Overview of the computational WRF-Chem domains (on the left) and the urban area
of Modena (on the right) where the TNO-MACC III traffic emissions have been excluded for the
WRF-Chem simulation. In the figure on the right are depicted also the main road traffic network
(as red lines) and the location of the urban background (green dot) and urban traffic (light blue dot) air
quality stations.

The WRF-Chem set-up further encompasses the MOSAIC aerosol scheme and the MOZART
gas-phase chemical mechanism. ECMWF ERA5 reanalysis data were used to drive meteorological
simulation as boundary and initial condition, while the Corine Land Cover data were substituted to
the original USGS dataset traditionally provided with the WRF-Chem code.

The emission data used in this case study are from the TNO-MACC III inventory. Two simulations
were produced: One including emissions by all SNAP sectors of the inventory (hereafter full WRF-Chem
background), and one without the traffic emissions for the urban area of Modena (hereafter WRF-Chem
background). For this latter simulation the TNO-MACC emissions were post-processed with the aim
of excluding traffic contribution to city pollution level. The original inventory was downscaled to
1 km within the innermost WRF-Chem domain for the 71–75 SNAP sectors using traffic modelled
data as a proxy variable. The latter were estimated by the Municipality of Modena with the PTV
VISUM model for a typical morning rush of a working day. Once created the downscaled grid dataset,
the TNO-MACC III traffic emissions within the urban area of Modena were set to zero. Finally, NO2

and NOx background concentrations were modelled with WRF-Chem in the urban area of Modena
considering the modified version of the TNO-MACC III inventory. It follows that secondary NO2

background concentrations are due to precursors in TNO-MACC III anthropogenic emissions. In order
to estimate the WRF-Chem background bias in reproducing urban concentration levels, the additional
full WRF-Chem background simulation was also performed.

3. Model Evaluation

The evaluation of modelled concentrations with respect to observations are based on the following
statistical metrics: Pearson correlation coefficient (r), Mean Bias (MB), Normalized Mean Bias (NMB),
Fractional Bias (FB), Normalized Absolute Difference (NAD), Normalized Mean Square Error (NMSE)
and the fraction of predicted values within a factor of two of observations (FAC2). Considering
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M the modelled values (with M =
∑n

i=1 Mi
n the averaged modelled value) and O the observations

(with O =
∑n

i=1 Oi
n the averaged observed value), the mentioned metrics can be defined as follow:

r =

∑n
i=1(Mi −M)

(
Oi −O

)
√∑n

i=1

(
Mi −M

)2
√∑n

i=1

(
Oi −O

)2

MB =
1
n

n∑
i=1

Mi −Oi

NMB =

∑n
i=1 Mi −Oi∑n

i=1 Oi

FB = 2
O−M

O + M

NAD =
|O−M|

O + M

NMSE =
(O−M)2

O×M

FAC2 ( f raction where 0.5 <
M
O
< 2 )

4. Results and Discussion

With the aim of assessing the effect of the emissions in urban areas at traffic and background sites,
measured concentrations of NOx and NO2/NOx ratio were compared and investigated along with the
simulation results. The modelling activity consists in the hourly NOx concentrations reproduced at
traffic sites with MSS at micro-scale resolution, for the duration of both the measurement campaigns,
in Modena and Reggio Emilia [18]. Moreover, the NO2 and NOx background concentrations were also
estimated with the WRF-Chem model for the period between 28 October and 8 November 2016, only
for the city of Modena [23].

The micro-scale simulated concentrations were compared with NOx observations at the urban
traffic and urban background stations for both Modena and Reggio Emilia [18], showing generally
underestimation by the models.

A previous study [18] suggests that, at urban traffic sites, inaccuracy or omissions in the estimate
of primary traffic emissions might have contributed to cause this underestimation by the models.
A further, relevant, possible cause of underestimation of simulated concentrations was indicated in the
large contribution of secondary NO2 at urban traffic sites, a contribution that was not simulated by
the micro-scale model. Indeed MSS, based on its characteristics, is not able to account for chemical
reactions but can consider only the dispersion of primary NO and NO2 [32], assuming them as inert.

4.1. Air Quality Observations and Traffic Emission Inventory

For the two cases studied, a very similar trend of NOx concentrations observed in urban traffic and
in urban background sites during the survey was clearly shown (Pearson coefficient r = 0.80 for Reggio
Emilia and r = 0.84 for the Modena case) [18]. This is mainly due to the prevailing local meteorology,
affected by the morphological conformation of the Po Valley and by the low intensity wind regime,
with recurrent calm episodes that favor air masses homogenization. It’s worth noting that during the
measurement campaign in Modena, persistent atmospheric stability conditions occurred, occasionally
causing higher NOx levels at the urban background than in the urban traffic site.
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The NOx differences between measurements at the traffic and background stations respectively
(hereafter ∆NOx) can be explained by the local traffic emissions, whose contribution to air quality
was modelled (and underestimated) by MSS. This underestimation, in the present work, was initially
ascribed only to an underestimation of primary NOx by the dispersion models. To verify this
assumption, the ∆NO2/∆NOx ratio (where ∆NO2 is the difference between the NO2 observations at
urban traffic and at urban background sites), was compared with the primary NO2/NOx ratio in total
vehicular emissions derived from literature [33,34] for the local vehicle fleet [30,31]. The NO2/NOx
ratio in urban background observations is also considered in the comparison.

The test was performed using for each city the regulatory air quality observations from urban
traffic and urban background sites collected during both the measurement campaigns, which were
featured by very different weather conditions (Table 1).

Table 1. Comparison among primary NO2/NOx ratio in vehicular emissions for the local vehicular
fleets and ratios from observations: ∆NO2/∆NOx (ratio of the difference in NO2 and NOx observations
at the urban traffic and background sites), and NO2/NOx (ratio in urban background observations).
All ratios as (%). The survey of traffic flow was held in 2014 in Reggio Emilia and in 2016 in Modena.

Primary NO2/NOx (%) in
Vehicular Emissions NO2/NOx (%) NO2/NOx (%) Urban

Background

January 2014
Modena 15.0 26.0 36.5

Reggio Emilia 16.5 15.7 43.4

October–
November 2016

Modena 15.0 41.7 41.8

Reggio Emilia 16.5 28.3 54.6

The ratio in primary NO2/NOx by vehicular emissions had a very similar result for Modena and
Reggio Emilia, due to the similarity between their fleet composition; nonetheless the ∆NO2/∆NOx and
the NO2/NOx ratios at urban background are quite different.

The 2014 campaign showed in Reggio Emilia similar figures for primary NO2/NOx emissions
and ∆NO2/∆NOx ratios, and both are in the order of one third of NO2/NOx urban background
ratio. This may indicate that the extra secondary NO2 at the urban traffic site is negligible when
compared to the urban background one, and also that the direct impact of vehicular emissions at the
urban background site is little. Conversely over the same period of the campaign in Reggio Emilia,
the ∆NO2/∆NOx ratio in Modena was much larger (about 73% more) than the ratio in the emissions of
primary NO2/NOx and is in the order of two thirds of the NO2/NOx at the urban background site.

The uncommon weather conditions, favorable to pollutant dispersion, occurred during the
campaign of January 2014 and emphasized the differences between traffic and background sites as it is
clearly shown mostly from Reggio Emilia case study.

During the 2016 campaign the ∆NO2/∆NOx ratio in Modena was much larger than the ratio
in primary emissions of NO2/NOx, while the NO2/NOx ratio at the urban background is the same
of the ∆NO2/∆NOx. This suggests similar pollution sources between the urban traffic and urban
background site of Modena, although with different intensities, i.e., the larger concentration observed
at the urban traffic site originates from a similar source mix of the concentration observed at the urban
background site. This occurrence is amplified by the concurrent weather conditions, which favor air
masses stagnation and homogenization of aged emissions, determining similar pollution facies across
the whole urban area.

However, these same weather conditions had a different effect in Reggio Emilia, where the
∆NO2/∆NOx ratio at the urban traffic site is larger (ca. 71% more) than primary NO2/NOx ratio in
emissions, but it is much lower (just over half) than the NO2/NOx ratio at the urban background site.

This is also confirmed by the comparison among the ratio between urban and rural background
NO2 concentrations for the 2016 campaign period in Modena and Reggio Emilia, with the yearly
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average values provided by the local environmental agency [35] for western-central Po valley. Over
the full 2016 the ratio between the NO2 yearly average at the urban background and rural background
sites in western-central Po valley was ca. 1.7 (170%), while the same ratio during the 2016 campaign
period in Modena was 2.17 (217%) and in Reggio Emilia was about 1.37 (137%). NO2 levels observed
at urban background in Modena during the 2016 campaign is comparable to the annual maximum
among the average levels at all the urban background stations of the region: concurrent meteorological
events particularly adverse for air quality in the whole region amplified the typical effects of autumn,
occasionally leading to higher concentrations observed at the urban background than at the urban
traffic site, as mentioned above.

The location of the monitoring sites of Reggio Emilia is probably better representative than
for Modena of the different atmospheric pollution levels for the city, also in case of weather
conditions unfavorable to pollutant dispersion in atmosphere. A large contribution of secondary
NO2 at traffic site, as occurs mainly in Modena, may cause a considerable underestimation of MMS
simulated concentrations.

4.2. Atmopsheric Modelling and Observations

Only for the 2016 campaign in Modena, the NO2 and NOx background concentrations were also
estimated by the WRF-Chem model at 1 km resolution for the urban area of Modena. Two different
simulations were performed in order to assess the contribution of different emission sources to the urban
pollution level: Full WRF-Chem background and WRF-Chem background. For both these simulations,
unlike for MSS, primary and secondary NO2 are included in NO2 evaluation by WRF-Chem.

Results from the modelling activity are presented in this section as follow. Firstly, the
general WRF-Chem error in reproducing observations at urban background in Modena and at
rural background sites is assessed. Secondly, simulated concentrations from the WRF-Chem
background run are compared with observations and then with the full WRF-Chem background results
(model-to-model inter-comparison). Finally, model results and observations are combined to deduce
some additional considerations.

In Figure 3 the observed NOx concentrations at urban background site in Modena are depicted
along with modelled NOx concentrations from the full WRF-Chem background and from the WRF-Chem
background runs. In order to perform further comparisons and to support supplementary discussions,
the observed rural background concentrations are also shown in the same figure.
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The performances of the full WRF-Chem NOx background simulation show that despite a
general underestimation (MB equal to −17 µg m−3, corresponding to −23% of NMB), modelled
concentrations have a pattern similar to NOx observations. In addition, further statistical analysis was
conducted following the metrics suggested by Hanna, S. and Chang, J. [36] for atmospheric dispersion.
Table 2 summarizes the performance of the model in terms of FB, NMSE, FAC2 and NAD, along with
respective benchmark values. Statistical scores show that WRF-Chem fulfills the acceptance criteria for
almost all the metrics, also NAD (equal to 0.32) can be considered in line with the values suggested by
Hanna, S. and Chang, J. [36] since the proposed reference benchmarks are not to be considered rigid
thresholds, but rather a general indication derived from many evaluation exercises involving many
models and many types of observations.

Table 2. Statistical metrics for the full WRF-Chem background run at urban background site in Modena.
Reference acceptance criteria as defined by Hanna and Chang (2012) are also reported in the first row.

Pollutant FB
|FB| ≤ 0.30

NMSE
NMSE ≤ 3

FAC2
FAC2 ≥ 0.50

NAD
NAD ≤ 0.30

NOx 0.27 0.83 0.58 0.32

NO2 −0.40 0.70 0.60 0.31

As far NO2 is concerned (not shown), full WRF-Chem background presents a fraction of predicted
concentrations within a factor of two of observations (FAC2) equal to 60%, greater than the reference
criteria (50%). Moreover, regarding NMSE the model expresses its best performance with score equal
to 0.70, largely lower than the acceptance benchmark (6). Also NAD, which score is 0.31 is very close
to the acceptance value (0.30) and thus, as for NOx, can be considered in line with the respective target.
Notwithstanding the model seems to express good performances for the metrics defined by Hanna,
S. and Chang, J. [36], it is worth noting that modelled NO2 concentrations are characterized by a
pronounced positive bias equal to +15 µg m−3, corresponding to +50% of NMB; confirmed also by the
FB with value equal to −0.40. This latter outcome may suggest that despite the overall sum of nitrogen
oxides is simulated quite well, for this application the model tends to overestimate the amount of NO
converted in NO2, causing an overestimation of NO2 and therefore also a strong underestimation in
simulated NO.

Since the goal of the WRF-Chem simulation was to estimate the pollution level in background
areas, being this the most suitable application for this tool [27], modelled NO2 and NOx concentrations
from the full emissions run were also compared against observations at 10 rural background stations
located within the innermost WRF-Chem domain. Modelled NOx concentrations are negatively
biased for all of the 10 stations, with a minimum MB equal to −10 µg m−3 (corresponding to −56% of
NMB), nevertheless modelled NOx concentrations for two stations were biased for about 1 µg m−3

(respectively −3% and −5% of NMB). In addition, simulated NOx concentrations at 9 of the 10 stations
present FAC2 equal or greater than 50% (Figure 4), which is the reference value suggested by Hanna, S.
and Chang, J. [36] for “good” model performance. Average FAC2 over all the stations is 61%.

As for NOx, modelled NO2 concentrations at rural background sites tend to be negatively biased,
with 7 of the 10 stations characterized by negative bias. The minimum MB between modelled and
observed NO2 is equal to −11 µg m−3 (−47% of NMB) and maximum MB is +4 µg m−3 (+23% of
NMB). It is also worth mentioning that for 4 measurement sites modelled concentrations present an
absolute bias less than 2 µg m−3 (corresponding to +3%, +9%, −4% and −7% of NMB) (Figure 4).
Average FAC2 over all the stations is 75%, with 9 of the 10 stations above 50% as suggested by Hanna, S.
and Chang, J. [36].
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In the comparison with 2016 campaign observations in Modena (Figure 3), the hourly NOx

concentrations simulated in full WRF-Chem background were quite correlated with hourly NOx

measured at Modena urban background site (Pearson correlation coefficient r = 0.34), on the other hand
WRF-Chem background hourly NOx concentrations, obtained without accounting for traffic emissions
in the urban area of Modena (Figure 3), showed a lower correlation with hourly NOx measured at
Modena urban background site (Pearson correlation coefficient r = 0.23). Moreover, the cumulative sum
of NOx simulated by full WRF-Chem background results in 76.8% of the observed values, conversely
for WRF-Chem background this sum accounts for a small fraction (28.6%) of the observed urban
background, and this is consistent with the exclusion of traffic emissions within the urban area (56% of
the total NOx emissions in the province of Modena [37]) in this WRF-Chem simulation. This differences
between full WRF-Chem background and WRF-Chem background confirms the outcome of the
observation analysis (Table 1), i.e., that the NOx concentrations at urban background site in Modena
are significantly impacted by traffic emissions.

Moreover, NOx WRF-Chem background was compared also with NOx rural background
observations for the same 2016 campaign period (Figure 3): the NOx rural background observations
represent about 81% of WRF-Chem background, i.e., NOx WRF-Chem background results closer to the
order of rural rather than urban background intensity.

The ratio between NO2 and NOx concentrations simulated in the full WRF-Chem background and
in the WRF-Chem background for the Modena urban area were compared with observed concentration
ratio at urban background site for the 2016 campaign period. NO2/NOx in full WRF-Chem background
is equal to 82.2% and in WRF-Chem background is equal to 91.5%, values that are twice or more than
twice with respect to the observed NO2/NOx ratio at the urban background site (41.8%, Table 1) and
are also higher than all the NO2/NOx urban background observed ratios evaluated in the present
work (Table 1).

NO2/NOx in the full WRF-Chem background and in the WRF-Chem background for the Modena
urban area were also compared with observed concentration ratio at the nearest rural background site
for the studied monitoring period: NO2/NOx in the full WRF-Chem background resulted comparable,
while NO2/NOx in the WRF-Chem background higher also than this ratio (ca. 82.7%), confirming the
large uncertainty that WRF-Chem has in reproducing NO2 concentrations in the urban environment
of Modena.

5. Conclusions

The study focuses on NOx and NO2 observations in Modena and Reggio Emilia, two cities of the
western-central Po Valley (Northern Italy), a European hotspot for NOx, characterized by recurrent
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wind calm episodes [9] and high-pressure conditions leading to long-lasting high concentrations also
at remote rural sites. For the Modena case study, local background NOx and NO2 concentrations were
also simulated by the WRF-Chem model taking into account two different scenarios. The first one
considered the full set of the emissions in the TNO-MACC III inventory and the second one did not
account for the contribution of the vehicular emissions in the urban area of Modena. This latter case was
assessed in order to estimate the contribution of urban traffic in Modena to atmospheric concentrations.

In the first part of the study an analysis of measured concentrations at urban background and
urban traffic sites, combined with Lagrangian dispersion modelling output from previous study,
has been carried out. Results showed that despite for the Reggio Emilia case study the formation
of extra secondary NO2 at the urban traffic site is negligible with respect to the urban background,
the situation for the urban area of Modena is completely different. More in detail the NO2/NOx

measured ratio at urban background station in Modena is very similar with the ∆NO2/∆NOx ratio
obtained by differentiating measured concentrations at traffic and background sites, suggesting that
observations at both the locations (background and traffic areas) originates from similar pollution
sources. Furthermore, the same outcomes highlighted the role of local weather conditions in affecting
large contribution of secondary NO2 also at the urban traffic sites, so much to determine complete
pollutant homogenization in the whole urban area.

In the second section of the manuscript, modelled WRF-Chem concentrations accounting for the
full set of emissions were compared with observations at urban and rural sites to test the capability
of the model in reproducing the observed trend. At rural background stations, despite a general
underestimation of the observations, modelled concentrations were on average simulated reasonably
well for both NOx and NO2, with statistical metrics in line with reference benchmark values for rural
dispersion modelling. At urban traffic site, hourly simulated NOx concentrations exhibited a good
agreement with observation notwithstanding the latter tended to be underestimated (NMB equal
to −23% and r = 0.34). Other statistical metrics such as FB, NMSE, NAD and FAC2 fulfilled the
acceptance criteria proposed in literature for dispersion modelling in urban environment. As far
modelled NO2 concentrations are concerned, even though the NMSE, NAD and FAC2 statistical scores
fulfilled the reference acceptance criteria, simulated concentrations presented a significant positive
bias corresponding to a NMB equal to +50%.

Due to the poor representativeness of modelled NO2 concentrations at urban environment,
additional analyses were mainly conducted for NOx concentrations. In particular, the second
evaluation focused on the inter-comparison between the two WRF-Chem simulations accounting for
different set of emissions. NOx simulated without the contribution of traffic emissions in Modena,
represented a very small fraction of the urban background observation (28.6%), in contrast with
the 76.8% of the full emissions run for the same location, confirming as the difference between the
two (48.2%) is consistent with local emission inventory for traffic emissions (56% of the total NOx

emissions). In addition, the reduction of the Pearson correlation coefficient between modelled and
measured time series between the two simulations (respectively r = 0.34 and r = 0.23) pointed out
the relevance of traffic emissions also at the urban background station, confirming the findings of the
observation analysis.

Finally, the bias in the modelling results for NO2 from both WRF-Chem simulations limits
thorough considerations regarding origin and amount of secondary NO2 in Modena, and an improved
application of this model is needed to better investigate the role of traffic emissions in this urban area.
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