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Abstract: The Po Valley is depicted in literature as a region with one of the most severe air pollution profiles in
Europe, frequently exceeding the permitted statutory concentration limits for several air pollutants. The aim of
this paper is to present an assessment of the air quality over the Po Valley for the year 2022 as reported by
ground-based air quality monitoring stations of the region and assess chemical transport modelling simulations
which can enhance the spatiotemporal reporting in air quality levels which cannot be achieved by the sparse in
situ monitoring stations coverage. To achieve this, the concentration levels of two significant chemical
compounds, namely ozone (O3) and nitrogen dioxide (NO2), are studied here. Measurements include the surface
concentrations of in-situ measurements from 28 stations reporting to the European Environment Agency (EEA),
while chemical transport simulations from the LOng Term Ozone Simulation — European Operational Smog
(LOTOS-EUROS) are employed for a comparative analysis of the relative levels observed in each of the two
monitoring methods for air quality. The analysis of the EEA stations reports that, for year 2022, all selected
monitoring stations exceeded the EU Os level limit for a minimum of 33 days and the World Health Organization
(WHO) limit for a minimum of 78 days. The concentrations of surface O; and NO, studied by both the
measurements as well as the simulations exhibit a close correlation with the documented diurnal, monthly and
seasonal variability, as previously reported in the literature. The LOTOS-EUROS CTM ozone simulations
demonstrate a strong correlation with the EEA measurements, with a monthly correlation coefficient of R >0.98
and a diurnal correlation coefficient of R > 0.83, indicating that the model is highly effective at capturing the
diverse spatiotemporal patterns. The co-variability between ozone and nitrogen dioxide surface levels reported
by the EEA in situ measurements reports high R values from -0.76 to -0.88 while the CTM, due to the spatial
resolution of the simulations which disable the identification of local effects, reports higher correlations of -0.96
to -0.99. The CTM simulations are hence shown to be able to close the spatial gaps of the in situ measurements
and provide a dependable auxiliary tool for air quality monitoring across Europe.

Keywords: ozone; nitrogen dioxide; air pollution; EEA; LOTOS-EUROS; Po Valley

1. Introduction

In the post-industrial revolution times, air pollution has emerged as a dominant environmental
concern, pervading numerous regions across the globe. The deterioration of air quality is primarily
attributed to population growth, which has resulted in increased energy consumption and industrial
production, leading to the release of considerable quantities of deleterious pollutants into the
atmosphere. Such pollutants not only impair the air quality, but also have an adverse effect on
ecosystems, climate and the overall quality of life [1]. It is therefore imperative to monitor air quality
not only to assess immediate health risks but also to gain insight into long-term environmental
impacts and to develop a more sustainable future.

In this study, the levels of two tropospheric compounds: ozone (Oz) and nitrogen dioxide (NO2),
are used to investigate the air-quality over the Po Valley. Tropospheric Os is a secondary pollutant
that can be transferred from the stratosphere by downward transport to the troposphere [2] and long-

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202503.2212.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2025 d0i:10.20944/preprints202503.2212.v1

2 of 20

range transport [3] but is mainly formed when sunlight interacts with nitrogen oxides
(NOx=NO2+NO), which influence the production and destruction of Os [4], as well as with volatile
organic compounds (VOCs). Similarly, the generation of Os at the surface (ground-level Os) is also
the result of the same photochemical processes as tropospheric ozone. Its variability depends on the
combined effects of chemistry, transport, deposition processes [5] and the local meteorological
conditions prevailing over a given region [6]. The emissions of NOx in the atmosphere originate from
natural processes, primarily as a result of microbial activities in soils and lightning discharges.
However, human activities, including the combustion of fossil fuels, biomass burning and the use of
fertilizers, have been identified as the predominant source of NOx emissions [7].

Tropospheric ozone has a short lifetime in locations where its precursors have maximum levels,
of a few hours, and up to a few weeks elsewhere, rendering it a short-lived climate gas [8,9]. The
lifetime of NO2[10,57] is also constrained to a local scale in relation to its source location and both
these facts necessitate the analysis of in situ measurements in addition to the utilization modelling
simulations that facilitate investigate the spatial and temporal distribution of the two compounds.
Both species demonstrate a discernible diurnal pattern with Os showing an early morning onset, a
peak in the afternoon and subsequent decline in evening ozone levels. At nighttime ozone surface
concentrations are measurable due to the prevalence of mechanisms that outpace ozone destruction,
resulting in sustained or even elevated ozone levels. This phenomenon occurs concurrently with the
cessation of photochemical production due to the absence of sunlight. The initial mechanism is the
chemical reaction whereby, during nocturnal hours, specific compounds, such as peroxyacetyl nitrate
(PAN), can undergo a gradual decomposition, resulting in the release of NO, which, in turn, reacts
with Os precursors [44]. Subsequently, NO, also reacts with Os to form nitrate (NOs) radicals, which
can react with VOCs or aldehydes, forming organic nitrates that help to stabilize ozone levels [45].
Additionally, the reactions of biogenic volatile organic compounds (BVOCs), such as isoprene or
terpenes, with NOj radicals can result in the generation of secondary organic aerosols (SOAs) and
other Os precursors [46]. Other mechanisms that contribute to the enhancement of surface ozone
levels include turbulent mixing, which facilitates the transport of ozone from higher atmospheric
layers to the surface [47], the mixing of Os from the residual layer, which persists from daytime
production to the surface under conditions of stable nocturnal conditions, and the horizontal
transport of ozone-rich air from neighboring regions [48]. which is typically a few hours, and that
of NO2[10], which is constrained to a local scale in relation to its source location, necessitates the
analysis of in situ measurements that provide data dependent on the spatiotemporal resolution, in
addition to the utilization modelling simulations that facilitate the spatial and temporal distribution
of the two compounds. These complex intertwined photochemical and transport processes
necessitate their in tandem analysis of both these major air quality hindering species.

The study area in this work is the Po Valley, a densely inhabited region of Northern Italy, with
a population of over 16 million, [11] frequently documented in the literature as one of the most
significant hotspots, exceeding the air quality limit values for numerous pollutants [12,13]. The EU
has adopted policies on air quality in order to decrease the exceedances for most air pollutants [14].
In particular, with regard to ozone, the Directive 2008/50/EC establishes a long-term target value of
120 pg/m?® and the WHO air quality guideline of 100 pg/m® measured as maximum daily 8-hour
running average [15].

The Po Valley has been studied in the past due to its known high air pollution levels, particularly
ozone and PM10 (e.g [16]). Ozone concentrations in 1998 often exceeded in the past international
regulations, with peaks reaching up to 200 ppb downwind of Milan [17]. A study examining the
budget of pollutants near the surface of the Po Valley [20] concluded that, for half the year, external
sources surpassed local contributions. Although local sources predominated at ground level, external
contribution excess was observed 15% of the time. Given the Po Valley's topography, vertical mixing
and entrainment at the boundary layer top were found to prevail over advection at low levels. The
study also noted that less reactive species like CO and PM10 behaved similarly to passive tracers,
while more reactive species (NO2, O3) showed pronounced seasonal and diurnal cycles due to
photochemical reactivity. Long-term measurements in Modena between 1998-2010 showed that
ozone concentrations have remained relatively constant despite decreasing NO levels, while PM10
exhibits strong seasonal variability with higher winter concentrations [18]. [54] investigated ozone
production in the Po Valley, revealing that urban areas exhibited strongly VOC-sensitive ozone
production, while rural areas showed both VOC and NOx sensitivity. Their one-dimensional
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Lagrangian Harvard Photochemical Trajectory Model (PTM) calculations indicated that surface-level
ozone production tends to be more VOC-sensitive than the average in the mixed layer. Research also
suggests an unidentified non-photochemical ground-level source of formaldehyde in the Po Valley,
likely from agricultural emissions, which may contribute to ozone production [19]. While air quality
modeling systems have been implemented in the past to support policy-makers [22], further
improvements in emission inventories and meteorological pre-processing are needed, particularly
for PM10 predictions [16].

The main aim of this paper is to assess the recent air quality situation in the Po Valley by utilizing
both measurements and simulations of O3 and NO,, while simultaneously examining the capability
of the model simulations to bridge the spatial gap of the in situ air quality measurements. The surface
concentration of both pollutants is evaluated using in situ air quality measurements from European
Environmental Agency (EEA) stations as well as the LOTOS-EUROS Chemical Transport Model
(CTM) simulations.

The study is structured as follows. In Section 2, the area of interest and all the involved datasets
are described in detail, and the methodology is presented. Section 3.1 discusses the surface air quality
obtained from in situ EEA stations and LOTOS-EUROS simulations. Finally, section 4 provides a
summary of the key findings of the study.

2. Data and Methodology

2.1. Area of the Po Valley

The Po Valley is considered as an approximate to a megacity in Northern Italy (Figure 1),
situated on an area of about 48,000 km? [13] surrounded by the Alps to the north and the Apennines
to the south, a topography which creates a microclimate that often traps pollutants [24]. The
combination of urban and industrial emissions with the prevailing adverse meteorological conditions
results in the accumulation of primary pollutants, such as NOx, and the formation of secondary
pollutants (such as Os) in a shallow layer near the surface [23,53]. Specifically, the local atmospheric
circulation features, which are dominated by calm and weak winds and the frequent temperature
inversions that reduce vertical dispersion and ventilation into the free troposphere, all contribute to
the development of critical pollution episodes [25].
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Figure 1. Power plants and selected stations in Northern Italy. EEA stations are shown as colored boxes and

power plants are shown as triangles.

Several studies on air pollution have been conducted over the Po Valley, with the aim of
measuring the concentrations of significant pollutants. A study on the evaluation of the extent and
effects of air pollution and mitigation strategies in Mestre-Venice, a large city of the Po Valley, for the
period 2000-2013, revealed that CO, SOz and benzene levels remained comparatively low and EC
limit values were not exceeded, while annual average NO:2 levels exceeded the EC limit in 2003 [26].
Conversely, ozone and PM10 were identified as critical pollutants, with alert thresholds and
limit/objective values frequently exceeded. Another study [27] presented the long-term trend, weekly
variability and cluster analysis for PM10 concentration timeseries in the Po Valley in 2014. The
analysis demonstrated that PM10 concentration exhibited geographically-based differences among
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sites, with the main metropolitan areas being clustered along with the surrounding sites, irrespective
of the station type. Finally, a three-year investigation of NO, pollution in the Po Valley was performed
between 2018 and 2021, to analyze the impact of the lockdown on air pollution [28]. A strong
correlation was identified between satellite and in situ observations of NO, in the Po Valley, with the
majority of NO, pollution concentrated in the cities of Milan, Bergamo, and Brescia.

2.2. European Environment Agency Air Quality Monitoring

The database utilized for the evaluation of surface air quality is provided by the EEA. The
European air quality database (https://eeadmzl-downloads-webapp.azurewebsites.net/, last
accessed 20.12.2024) compiles and processes hourly measurements of several pollutants drawn from
national monitoring networks across Europe and other cooperating countries.

In this study, the concentrations of Oz and NO, were obtained from 28 ground-based monitoring
stations distributed across the Po Valley region in northern Italy (Figure 1). The selection of the
stations was based on the objective of obtaining a representative distribution of data across different
zones and environments within the Po Valley, which allows the comparison of air quality across
various regions. Table Al provides additional information on the station types used herein, which
have been categorized by the EEA database as follows: 19 as background urban, 3 as background
suburban, one as traffic urban, two as industrial suburban and 3 as industrial rural.

One of the key objectives of the EEA air quality database is to produce assessments that will
assist the European Commission to implement EU environmental legislation in EU Member States,
as well as inform European citizens about the state and outlook of Europe's air quality. In this study,
the prevalence of O; exceedances was investigated in relation to the EU limit, as well as to the WHO
Air Quality Guidelines. The results demonstrate that all selected monitoring stations exceeded the
EU limit for over 33 days within the year 2022 (see Figure B1). The background urban and suburban
stations demonstrate the highest frequency of exceedances, with Mirabellino station in Monza
exhibiting the highest number of exceedances, surpassing 100 days. By contrast, Via Vigne station in
Pavia (industrial rural) and Via Pilalunga in Este city (industrial suburban) exhibit the lowest
exceedance rates, at approximately 30 days, while other stations show moderate exceedance rates. It
is noteworthy that larger cities with a greater number of emission sources, such as Milano and Torino,
have a higher incidence of exceedances, however the most severe cases remain in suburban areas. It
is also observed that all stations exceeded the WHO limit for a minimum of 78 days within the 2022
monitoring period (see Figure B2). A study conducted in the Veneto region (North-East Italy, part of
the Po Valley) over a seven-year period (2008-2014), demonstrated the existence of strong spatial
gradients seasonal and diurnal trends of air pollutants (Os, NOx) and showed that the EC long-term
target value and the WHO air quality guideline were also frequently exceeded at almost all the sites
[13].

2.3. LOTOS-EUROS Chemical Transport Modelling System

LOTOS-EUROS is a Eulerian 3D Chemistry Transport Model (CTM) that simulates distinct
components (e.g. oxidants, primary and secondary aerosols, heavy metals) in the lower troposphere
[29]. It is one of the eleven state-of-the-art models used in the Copernicus Atmospheric Monitoring
Service (CAMS, http://www.copernicusatmosphere.eu, last accessed: 20.12.2024) that provides air
quality forecasts of main air pollutants (ozone, NOx, PMs, SOx), affecting air quality over Europe, to
a broad range of users [30]. The model has been utilized in various air quality studies, mainly for the
estimation of air pollutant abundances in the lower troposphere and its performance has been
extensively validated. In particular, the performance of the model has been evaluated over Greece
with ground-based measurements and space-borne observations [31]. The authors demonstrated that
the model reasonably reproduces the surface NO, concentrations in major Greek cities (R~0.8), with
a mild underestimation during daytime (~11%). Moreover, modelled tropospheric NO2 columns
compare well to Multi-AXis Differential Optical Absorption Spectroscopy (MAX-DOAS)
measurements and TROPOspheric Monitoring Instrument (TROPOMI) observations over urban and
rural areas, capturing the diurnal patterns and the spatial variability, with a small underestimation
(~18%) in winter. The study [32] employed LOTOS-EUROS simulations and TROPOMI observations
to derive NOz surface concentrations over central Europe. It is found that the model performs better
over background and rural areas (bias of ~20% and R > 0.65), when compared to EEA in situ
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measurements, but shows a difficulty in representing the sharp gradients over traffic areas (R < 0.4
and a bias > 55%). An analysis of summertime Os over urban and rural locations in Madrid showed
that LOTOS-EURQOS accurately reproduced Os surface concentrations (R~0.8 and a mean bias of ~7%)
when compared to in situ measurements reporting to the local network, by incorporating high
resolution meteorological data and more vertical levels in the model configuration [33]. Finally, [34]
improved ozone forecasts over Europe by assimilating in situ measurements in the LOTOS-EUROS
model, reporting a strong agreement (R~0.82) with ground-based measurements.

In this work, the LOTOS-EUROS v2.02.002 open-source version
(https://airqualitymodeling.tno.nl/lotos-euros/open-source-version/, last accessed: 20.12.2024) is
used over Northern Italy. Specifically, simulations of Os and NO:tropospheric surface concentrations
are carried out to test the model skill over the heavily polluted Po valley. A nesting approach is
configured to maximize the smooth transition of dynamics between a coarser European model run
(from 15° W to 45° E and from 30° N to 60° N) with a horizontal resolution of 0.25° x 0.25° and an
inner Mediterranean run (from 2° E to 35° E and from 35° N to 55° N) with a resolution of 0.1° x 0.1°.
Boundary and initial conditions of the coarser European run are obtained from the CAMS global
near-real time (NRT) service with a spatial resolution of 35 km x 35 km and a temporal resolution of
three hours. A third nested run, centered around the Po Valley (from 6° E to 13° E and from 45° N to
50° N) with a resolution of 0.05° x 0.1° (latitude x longitude), is configured using as boundary
conditions the 3-D concentration fields of the inner Mediterranean run. The model simulations are
driven by operational meteorological data from the European Centre for Medium-Range Weather
Forecasts (ECMWF) with a horizontal resolution of 7 km x 7 km [35]. CAMS-REG v6.1 anthropogenic
emissions [36,37] for 2022, with a horizontal resolution of 0.05° x 0.1°, are ingested in the model to
carry out the simulations over the Po Valley. More information on the model driving chemical and
physical processes can be found at [30]. Os and NO: surface abundances are examined for the model
pixels representative of the selected ground-based stations from the EEA network.

2.5. Methodology

The analysis commences with an assessment of surface air quality, comprising an autonomous
and comparative examination of the Os and NO: concentrations derived from the EEA quality
stations and the corresponding LOTOS-EUROS model simulations.

The initial phase of this work involves the appropriate choice of EEA-reporting air quality
monitoring stations, so that they are well-distributed (geographically) across a variety of locations in
the Po Valley, as well as a proper representation of different station types (see Section 2.2. for more
details) that were in continuous operation throughout the year 2022. LOTOS-EUROS pixels
corresponding to the locations of the final 28 air quality stations were chosen for the one-to-one
comparisons shown below. In the case of the visualization of North Italy, the region bounds used for
latitude were (44°N, 47°N) and longitude (7°E, 13°E), respectively.

The methodology involves the grouping of the stations based on their formal EEA classification,
enabling the computation of mathematical operations and the determination of statistical values for
each of the five station types: background urban, background suburban, traffic urban, industrial
suburban, and industrial rural. To calculate the hourly mean, the hourly data are grouped directly
by hour of the day for the entirety of 2022. This permitted then the calculation of the 8h mean levels
so as to enumerate the days with exceedances for the different official limits. To calculate the daily
mean, the hourly concentrations are aggregated for each calendar day while to compute the monthly
averages, the daily mean concentrations are grouped by month and averaged to determine broader
temporal patterns and seasonal influences throughout the year. To assess the seasonal diurnal
variability, the corresponding averages are calculated by considering the mean of hourly averages
within each season. The 1-sigma standard deviations (STDs) follow the calculation of the different
temporal resolution averages.

3. Results

In the following sub-sections, the surface EEA air quality measurements and LOTOS-EUROS
CTM simulations of Os and NO: over the Po Valley are first presented (section 3.1) and afterwards
their co-variability is examined (section 3.1.1). The overall capacity of the CTM simulations to capture
the spatiotemporal variability of ground observations is discussed throughout this section.
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3.1. Surface Air Quality Assessment

In Figure 2, the annual cycle of the hourly (grey) and monthly (blue) EEA measurements for two
different types of monitoring stations, traffic urban ((a), (b) panels) and industrial suburban ((c), (d)
panels), are presented for ozone (a), (c), and nitrogen dioxide (b), (d). The EEA surface ozone
timeseries reveal a pronounced seasonality with high levels and high variability in warmer months
consistent with expectations based on photochemical processes, when solar radiation is at its highest
and atmospheric photochemistry is most active [51][52]. The annual mean levels for all types of
stations are presented in Table 1, left, where it is reported that the industrial suburban stations deviate
from the average levels, reporting not only the highest annual mean levels, but also the highest
minimum monthly mean level, pointing to a build-up of near surface ozone levels close the industrial

sources.
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Figure 2. Hourly (grey) and monthly (blue) mean EEA surface ozone (a), (c) and nitrogen dioxide (b), (d)
concentrations (pg/m?) for the traffic urban and two industrial suburban stations over the Po Valley. The red line
represents the 1-sigma error for the monthly mean concentration.

Table 1. Annual mean O3 and NO, concentrations (ug/m?) and the min & max monthly mean levels reported
per different type of station.

Station Type Annual O, Monthly O; Annual NO2 Monthly NO:
(mean + 10) max min (mean * 10) max min
Background urban 49.90 + 32.82 99.94 6.82 25.76 £10.14 42.84 14.65
Background suburban 49.52 +32.12 100.27 5.27 20.31+7.35 35.18 12.74
Traffic urban 51.46 +35.11 95.72 4.61 34.53 +10.13 51.71 21.16
Industrial suburban 58.47 +25.97 91.96 16.50 16.85 £ 5.52 28.01 11.19
Industrial rural 47.18 + 29.64 88.28 6.93 19.30 +4.76 28.73 13.50

The seasonal trend observed in the NO, timeseries, Figure 2, (b), (d), is notably different from
that seen in ozone. This behavior is attributed to the fact that NO, is predominantly a byproduct of
combustion processes (such as vehicle emissions and heating), which tend to be more prevalent in
winter. Furthermore, photochemical reactions in the summer months facilitate the breakdown of
NO,, leading to a reduction in its concentrations during warmer periods [43]. The monthly mean
corroborates the above seasonality; however, the error bars in this case show enhanced variability
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during the winter months due to fluctuations in emissions as well as weaker photochemically
processes (e.g., heating demand or weather conditions affecting dispersion). The highest reported
NO, concentrations, shown in Table 1, right, refer to the traffic urban stations, which also hold the
highest minimum monthly mean value, pointing to a build-up of the pollutant near its source. These
results are well in line with the work of [13] who examined key air pollutants (CO, NO, NO2, O3, SO,
PM10 and PM2.5) measured between 2008 and 2014 across 43 sites in the Veneto Region. They
investigated seasonal and diurnal cycles and concluded that the effect of primary sources in
populated areas is evident throughout the region driving similar patterns for most pollutants, while
road traffic appears as the predominant potential source shaping the daily cycles. It is also worth
mentioning that the data-depth classification analysis of [13] revealed a poor categorization among
urban, traffic and industrial sites: weather and urban planning factors may cause a general
homogeneity of air pollution within cities driving this poor classification.

Another approach to investigate air quality in the Po Valley region is to examine the Oz and NO:
surface concentrations derived from the LOTOS-EUROS simulations which offers enhanced temporal
and spatial coverage, presented in Figure 3. The locations of the stations chosen in this work, as well
as major coal & gas power plants, are also shown. Surface ozone concentrations are typically reduced
during the winter (a) months and increased during summer (c) especially at the geographical location
of the Po Valley with concentrations between ~80 and 100 pig/m?3. Regarding NO,, during winter, (b)
in Figure 3, higher levels of concentrations are recorded when there are increased emissions from
sources such as heating and traffic, and when atmospheric dispersion is reduced. It is important to
note that, in comparison to neighboring regions, the roadside locations of the stations exhibit a higher
concentrations of NO,, for both winter and summer. The elevated concentrations observed in the
vicinity of specific coal and gas power plant locations indicate the presence of localized emissions
from these sources, which could potentially contribute to the deterioration of air quality, particularly
in the surroundings of industrial and urban areas.
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Figure 3. Monthly mean LOTOS-EURQOS surface concentrations of Os in (a) Winter, (¢) Summer and NO:in (b)
Winter, (d) Summer over North Italy. The locations of the EEA stations are given as yellow boxes and the coal

and gas plants as purple triangles.
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3.1.1. Monthly Mean Comparisons

In Figure 4, the monthly mean surface concentrations from the EEA in situ measurements (blue)
and the LOTOS-EUROS model simulations (red) are presented for the traffic urban (a) and industrial
suburban (b) stations. The data demonstrate that both lines exhibit a common seasonal variability
However, quantitative analysis reveals that LOTOS-EUROS consistently overestimates ozone
concentrations in winter and more specifically in the months of October and November.
Additionally, the EEA dataset (blue shading) exhibits a broader range of variability compared to the
LOTOS-EUROS dataset (red shading), particularly during the warmer months. This indicates that
actual measurements display greater variability than the model predictions. The scatter plot
comparison of the monthly mean in situ measurements and LOTOS-EUROS simulations is presented
in Figure 5 for all station types. All correlation coefficients are consistently high (R > 0.98), indicating
that the LOTOS-EUROS model is highly effective at capturing the temporal patterns and overall
seasonal trends of ozone concentrations as already documented in [13]. The high R-values ascribe a
remarkably strong agreement with the recorded concentrations by the ground-based stations. The
model is highly effective in representing the measured ozone concentrations on a monthly basis and
can be a reliable tool for predicting or estimating ozone concentrations, as they closely track the actual

measurement.
Traffic urban Industrial suburban
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100 100
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Figure 4. Monthly mean surface EEA (blue) and LOTOS-EUROS (red) ozone concentrations (pg/m?) for the
traffic urban and two industrial suburban stations over the Po Valley. The shaded areas represent the standard

deviation of the monthly mean.
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Figure 5. Scatterplot of monthly mean surface EEA (x-axis) and LOTOS-EUROS (y-axis) ozone concentration
(ug/md) for all station types over the Po Valley.
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3.1.2. Seasonal and Diurnal Comparisons

After assessing the seasonal variability, the diurnal variability per season, is examined in this
subsection before proceeding to a direct comparison between surface observations and simulations.

The diurnal variability of traffic urban (a), (b) and industrial suburban (c), (d) stations is shown
on a seasonal basis in Figure 6 for the EEA Os (a), (c) and NO:z (b), (d) measurements. A pronounced
diurnal variation in surface O; is seen with the highest levels appearing during summer months,
followed by spring, autumn, and finally winter, when ozone formation is significantly reduced. The
highest concentration of ozone falls within the range of ~120-140 pg/m? and it is observed at midday,
between 13:00 and 14:00 UTC, when the strength of sunlight is greatest. On the other hand, the lowest
concentration ranging between ~4 and14 ug/m® is recorded between 4:00 and 6:00 UTC. A
comparative analysis of the various station types indicates that the industrial suburban stations
exhibit the highest peaks and lows in ozone concentrations during the colder seasons, specifically
winter (peak=44.23 pg/m? minimum=18.04 ug/m?®) and autumn (peak=70.64 pg/m?3, minimum=27.45
pg/m?). A relevant study on the analysis of air pollution and climate at a background site in the Po
Valley [44] showed comparable diurnal patterns for Os and implied that the summer diurnal pattern
is significantly influenced by the enhanced dispersion induced by the warm summer weather that is
typical of the Po Valley.

A distinct diurnal pattern is observed for NO; levels over the traffic urban station (Figure 6b),
with two peaks in NO, concentration: one in the morning, occurring around 5:00 to 6:00 UTC and the
other during the evening rush hour, between 18:00 and 19:00 UTC, indicating that traffic emissions
have a significant impact during these times. It is noteworthy that the summertime peak occurs
earlier in the morning than it does during the winter months. This phenomenon is attributed to the
onset of photochemistry, which commences at an earlier time due to the earlier rising of the sun. The
identified NO, behavior is observed in all five types of stations across all seasons examined in this
study, including the industrial suburban case (Figure 6d). The industrial rural stations (not shown
here) are the exception, exhibiting less pronounced diurnal fluctuations, implying that industrial
zones tend to have more consistent emissions than the pulsed traffic emissions observed in urban
areas. The traffic urban station exhibits the most pronounced peaks for NO, overall, displaying peak
and minimum concentrations approximately 1.5 to 2 times larger than those observed at other station
types for all seasons. In particular, during the winter season levels reach ~50 pg/m? at 07:00 UTC
(early morning) and ~60 pug/m? at 18:00 UTC (late afternoon). Conversely, in the winter period the
background suburban stations exhibit the lowest minimum value (~3 pg/m?), in stark contrast to the
other station types, which display low values within the range of ~18-35 pg/m?3. The presented NO,
diurnal cycle is well in line with the findings of [18], which conclude that the double-peaked pattern
observed in winter is due to traffic emissions during the rush hour periods, with the evening peak
extended longer than the morning peak partly due to the higher night-time atmospheric stability as
well as the decreased photochemical destruction due to insufficient sunlight.
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Figure 6. Seasonal diurnal variability of EEA surface (a), (c) ozone and (b), (d) nitrogen dioxide concentrations
(ug/m?) for one traffic urban and two industrial suburban stations over the Po Valley. The shaded areas represent

the standard deviation of the hourly mean.

The corresponding seasonal diurnal timeseries, derived from the LOTOS-EUROS simulations,
are presented in Figure 7 and reveal a discernible seasonal trend for ozone (a&c), analogous to that
observed in Figure 6. The highest Os concentrations, around 125-132 ug/m?, are observed during the
summer months (red line), here reaching their peak at ~14:00 UTC, while the lowest concentrations
(~5-32 ug/m?d) are observed in wintertime (blue). It is noteworthy that the industrial suburban stations
exhibit the highest minimum concentrations, which are approximately two to three times higher than
those observed at other station types across all seasons. On the contrary, the traffic urban station
consistently exhibits the lowest minimum concentrations. A review of the NO, diurnal variability
(Figure 7b,d) reveals a similar distinct seasonal pattern across all station types to that observed in the
EEA NO,; case study. The highest concentrations are observed during winter (~30-59 ug/m?) at ~ 7:00
UTC and the lowest concentration levels are observed at ~ 13:00 UTC, throughout the summer within
the range of ~1-3 ug/m3. Among station types, it is found that the traffic urban station shows the
greatest peak and minimum concentrations of NO,, reaching levels up to twice that observed in other
stations. In contrast, the industrial suburban stations exhibit the lowest diurnal variability (Figure

7d).
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Figure 7. Seasonal diurnal mean LOTOS-EUROS surface (a), (c) ozone and (b), (d) nitrogen dioxide concentration

(ng/m?3) for one traffic urban and two industrial suburban stations over the Po Valley.

The correlation between the seasonal urban variability measured by the insitu stations and the
LE simulations datasets is highly significant, with correlation coefficients ranging between 0.83 and
0.98 and p-values near zero (Table 2) while the diurnal cycle is accurately represented by the model.
Even though the winter-time correlations are the highest for all types of stations, the LE simulations
result in higher morning peaks for both Os and NO.. This fact merits further investigation since it
was established that the surface levels were not influenced by probable intrusions from the free
troposphere into the planetary boundary layer, which might have possibly enhanced the surface
concentrations. In summary, the LOTOS-EUROS model simulations show a remarkable ability to
capture the diurnal cycles of ozone across different station types and seasons and agrees well with
the in situ measurements.

Table 2. Seasonal urban correlation coefficients for all types of stations (pvalue<< 0).

R Value
Station Type Winter Spring Summer Autumn
Background urban 0.98 0.96 0.94 0.97
Background suburban 0.98 0.95 0.94 0.95
Traffic urban 0.93 0.87 0.83 0.87
Industrial suburban 0.93 0.95 0.98 0.97
Industrial rural 0.94 0.96 0.96 0.97

3.1.3. Co-Variability of Ozone and Nitrogen Dioxide Levels

This sub-section aims to provide an extensive analysis of the co-variability between Osand NO-.
In all station types for the EEA measurements, there is an inverse relationship between ozone and
nitrogen dioxide, particularly during daylight hours. The measurements of the traffic urban station
(Figure 9,(a)) exhibit the greatest diurnal fluctuations in NO, concentrations due to traffic-related
emissions, while industrial and background stations (not shown here) report more uniform
pollutants levels throughout the day. The LOTOS-EUROS simulations also demonstrate an inverse
correlation between Os; and NO,, which is most pronounced during summer midday (Figure 9, (b)).
The inverse relationship between Os; and NO; follows a study conducted in the urban background
atmosphere of Nanjing, East China [49], which demonstrated that during the summer months, the
increased intensity of sunlight and elevated temperatures result in elevated rates of NO, photolysis,
consequently leading to a more pronounced formation of ozone. This is attributed to the elevated
midday Os levels observed during the summer season in comparison to other seasons. In winter, the
reduction in sunlight and temperatures result in a decrease in photochemical activity, leading to
lower ozone levels and higher NO, concentrations. The conditions are more favorable for the
decreased photolytic breakdown of NO; in winter. Furthermore, [49] emphasized the pivotal role of
nitrogen oxide (NO) in reducing ozone levels through the titration effect, whereby NO reacts with O3
to form NO,, thereby depleting ozone. This effect is particularly evident during the early morning
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and late evening hours, when NO concentrations are elevated due to traffic emissions and reduced
photolytic activity. Consequently, lower O3 levels are observed during these periods.
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Figure 8. Winter and summer diurnal mean surface Os (blue) and NO: (red) concentration (pg/m?) for the traffic

urban station from EEA measurements (a) and LOTOS-EUROS simulations (b) in central Milan.

To further investigate their correlation, Figure 10 presents a scatterplot of monthly mean Os and
NO: for all station types. As can be seen, the EEA measurements (Figure 10, (a)) exhibit a pervasive
negative correlation (R) across all station types, with R values ranging from -0.76 to -0.88. The LOTOS-
EUROS simulations (Figure 10, (b)) demonstrate also an inverse relationship between Os and NO,
albeit with higher correlation coefficients (R > -0.96), indicating a stronger covariance of the
simulations. This is to be expected given that the model's spatial resolution is inherently limited by
the resolution of the meteorological and emissions input data. This constraint is particularly evident
in traffic urban stations, where the model struggles to capture sharp concentration gradients and
localized emission dynamics. Consequently, the simulated Os and NOxzfields appear more smoothed,
resulting in a stronger inverse linear relationship compared to the measured data
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Figure 9. Scatterplot of monthly mean surface ozone and nitrogen dioxide concentration (ug/m?) for all station
types from (a) EEA stations and (b) LOTOS-EUROS simulations over the Po Valley.
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Figure 10. Number of days exceeding the EU ozone 8h limit for the locations of EEA in situ stations as reported
by the ground-based measurements (a) and the LOTOS-EUROS simulations (b).

4. Discussion and Conclusions

Air quality assessment, at a European scale, is traditionally performed using the in situ air
quality monitoring measurements reported officially to the EEA database. In recent years, chemical
transport modelling has emerged as a dependable alternative which can bridge the spatial locations
that the deployment of in situ stations cannot cover and hence leaving a large part of Europe under-
represented in the annual reviews on the state of European air quality. In this study, the air quality
over the Po Valley in northern Italy for the year 2022 was investigated using the surface
concentrations of Os and NO:z as air quality indicators. For this purpose, ground-based in situ
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measurements from EEA air quality stations as well as chemical transport simulations from the
LOTOS-EUROS CTM were utilized. The in situ measurements are analyzed in detail in this work, to
act as the “ground truth” for the assessment of the capability of the CTM to describe accurately the
air quality levels of the region. In that respect, in this work we have demonstrated that:

¢ LOTOS-EUROS CTM simulations showed a strong correlation with EEA measurements (R >
0.98) on a monthly mean basis and R values between 0.83 and 0.98 on a seasonal diurnal
temporal scale, indicating that the LOTOS-EUROS muodel is highly effective at capturing the
spatiotemporal temporal patterns and overall seasonal trends of ozone concentrations.

*  The inverse correlation between ozone and nitrogen dioxide surface levels reported by the EEA
in situ measurements reports high R values from -0.76 to -0.88 while the CTM, due to the spatial
resolution of the simulations which disable the identification of local effects, reports higher
correlations of -0.96 to -0.99.

¢ The consistent overestimation of ozone concentrations during its morning peak levels in January
and February 2022 identified in this work remains a point for further investigation.

With respect to the ozone-related air quality assessment based on the EEA in situ stations, it was
shown that all 28 stations studied in this work exceeded the EU ozone limit for an 8h average of 120
pg/m? for over 33 days and the WHO limit of 100 pg/m?® for more than 78 days, with the highest
exceedances occurring in urban and suburban areas (Figure 10a). Displaying a similar spatial pattern,
albeit in some cases with higher number of days reporting exceedances, the LOTOS-EUROS CTM
simulations (Figure 10b) can provide a suitable addition to the assessment of air quality in the region.

In summary, the results of the EEA measurements and LOTOS-EUROS simulations were
consistent with the seasonal variation and diurnal patterns documented in the literature for Os and
NO:z. The model effectively mirrors the EEA observed ozone concentrations on a monthly scale, and
its simulations may serve as a trustworthy tool for forecasting or estimating ozone levels, as they
align closely with the ground-based in situ measurements.
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Appendix A
Table Al. Selected EEA air quality monitoring stations.

Sampling Point Name/Locality City Station Type
SPO.IT0705A Verziere Milano Traffic urban
SPO.IT0706A Via Palermo Angolo Pioltello Background urban
SPO.IT0804A Parco Cittadella Parma Background urban
SPO.IT0842A V. villa Cremona Industrial rural
SPO.IT0892A Giardini Margherita Bologna Background urban
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SPO.IT0912A Via Folperti Pavia Background urban
SPO.IT0940A Via Amendola Reggio N. Emilia Background urban
SPO.IT1144A Via Pilalunga Savona Industrial suburban
SPO.IT1459A Accam Busto Arsizio Background suburban
SPO.IT1590A Lancieridi Novara Treviso Background urban
SPO.IT1650A Santuario Saronno Background urban
SPO.IT1692A Pascal Milan Background urban
SPO.IT1737A Vilaggio Sereno Brescia Background urban
SPO.IT1739A Fatebene fratelli Cremona Background urban
SPO.IT1743A Machiavelli Monza Background urban
SPO.IT1746A Via Vigne Pavia Industrial rural
SPO.IT1771A Parco Ferrari Modena Background urban
SPO.IT1830A Spalto Marengo Alessandria Background urban
SPO.IT1871A Via Bragadine Este Industrial suburban
SPO.IT1877A Rubino Torino Background urban
SPO.IT1918A Villa Fulvia Ferrara Background urban
SPO.IT1975A Parco Montecucco Piacenza Background urban
SPO.IT2063A Via Cesare Battisti Cremona Industrial rural
SPO.IT2075A Chiarini Bologna Background suburban
SPO.IT2098A Mirabellino Monza Background suburban
SPO.IT2168A Viale Augusto Monti Torino Background urban
SPO.IT2232A Edison Cormano Background urban
SPO.IT2282A Arpa Novara Background urban
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Appendix B

Count of Max 8-hour Mean Os Concentration Exceedances | EU
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