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Abstract: Most cities worldwide suffer from serious air-quality problems, which have received
increasing attention in the past decade. The most probable reason for the air-quality problems is the
urban population growth, combined with a change in land use due to increasing urban areas. The
emission of air pollutants is caused by different anthropogenic processes which can be categorized
into the sources of urban traffic, industry, and domestic heating. Dispersion and dilution of air
pollutants are strongly influenced by meteorological conditions, especially by wind direction, wind
speed, turbulence, and atmospheric stability. With an increasing number of people living in cities,
there is the need to examine the correlation between air pollution, local climate, and the effects these
changes have on global climate. New interdisciplinary research studies are needed to increase our
understanding of the interactions among these aspects. The aim is to analyze the pollutant condition
in Rome and the other provinces of the Lazio region with qualitative and quantitative analysis, in
order to understand which are the main pollutant sources and what is the correlation of habits of the
population on air pollutant emissions.

Keywords: air quality; pollutant emissions; statistic analysis; domestic heating; urban traffic;
human exposure

1. Introduction

Anthropogenic atmospheric pollution is thought to be a recent problem, but it isn't.
The first records about it can be found in Ancient Rome, where a great amount of wood
was used to build, cooking and heat. Some businesses in Rome needed a lot of biomass
fuel (like wood, vegetal materials, or animal dung) to make the bricks and roofing tiles
that were used to create Rome as well as to build the massive and majestic edifices that
the city was known for. In AD 61, Lucius Annaeus Seneca, the Younger, marveled: “As
soon as I had gotten out of the heavy air of Rome, from the stink of the chimneys and the
pestilence, vapors, and soot of the air, I felt an alteration to my disposition.” While some
individuals may have been exposed to irritating volatile organic mixtures from rotting
garbage, contaminated indoor air was the cause for a large portion of the illness attributed
to ambient factors in ancient times.

The Industrial Revolution made this problem bigger, and nowadays, domestic heating,
road traffic, and factories are the main causes of air toxicity that can negatively affect human
health [1]. IARC, International Agency for the Research of Cancer, focuses its studies on
the particulate matter effects on human beings. PM; 5, the particulate matter with particles
smaller than 2.5 microns, is used as an indicator of air quality [2,3]. It is estimated that
in 2010 3.2 million died because of PMj; 5. East Asia and India are the zones in which the
majority of these people died [4,5].

Apart from the damages for people, pollutants can damage monuments, because of the
presence of particulate matter, Nitrogen dioxide, and Sulphur dioxide [6-9]. The increase
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of buildings changed the parameters of temperature, humidity, wind speed, and direction
in big cities [10]. This condition led to the phenomenon known as urban heat island: the
heat dispersion is partially inhibited and it causes a rise in temperature compared to rural
areas [11,12]. The more the pollutants stay on the street level, the more people are affected.
A lot of studies were carried out to analyze the relationship between the presence of an
urban canyon and the increase of the pollutant concentration [13-17]. Usually, the ratio
between buildings height and street width is high, so the pollutant can’t disperse into the
air and it remains inside urban canyon [18].

In recent years, many studies were focused on the investigation of the spatial and
temporal distribution of pollutant levels in cities. The Geographic Information System
(GIS) is important for scientifically portraying different elements of pollution sources and
their influence on human health. Geostatistics is a widely used method for resolving
problems involving the geographical and temporal distribution of parameters. Using the
autocorrelation approach, Sarangi et al. [19] explored geostatistical techniques to interpolate
unsampled sites. Fuentea et al. [20] conducted a similar study in which they extensively
used interpolation methods to map the impacts of air pollution deterioration using chosen
sample locations. The use of interpolation techniques to establish various air quality metrics
is of worldwide relevance [21,22], and it is used in most metropolitan areas to analyze their
spatial distributions. Whitworth et al. [23] utilized this approach to analyze benzene levels
in a densely populated metropolitan area. ArcGIS tool is often used to assess geographic
correlations of pollutant point sources [24,25]. A Geographic Information System is used
also to highlight the land status that can be related to the pollutant level of an area. Shulgan
et al. [26], analyzed the natural and agricultural regions using mathematical modeling
and suggesting an automated zoning technique. Demetriou [27] uses an advanced spatial
method composed of multiple regression analysis (MRA) and geographically weighted
regression (GWR). Kwiecieni and Szopiriska [28] used geostatistical modeling to assess the
size of a risk area to the CO levels exposure produced by traffic.

The study of the pollutant level of an urban area has growing importance due to de-
veloping air pollutant prevention and environmental management [29]. In this context, the
prediction of the air pollutant level has received great attention by recent research [30-33].
Numerical prediction methods are widely used to predict the pollutant level in cities [34-36].
Cordano and Frieze [37] used a deterministic model, Tian and Chen [38] used an empirical
black-box model, Russell et al. [39] use a statistical model while Suleiman et al. [40] adopt
a machine learning model. However, the difference in regional conditions in terms of
geography characteristics, climatic conditions, economy, population, and industrial layout,
as well as the chemical complexity of air pollutants have raised the management and
prediction challenges [41,42]. For this reason, trying to understand the emission features
with a spatial and temporal distribution point of view in cities and regions can contribute
to the development of policy and environmental strategies in order to reduce the air
pollutant level.

In Italy, often the policy and environmental strategies aimed to reduce the pollutant
concentrations were taken in the same way for the whole country. In many cases to the
variation of the characteristics of the sites as listed in the preceding paragraph, can induce
a different pollutant condition that needs different types of policy directive to decrease the
urban pollutant levels. Due to the extreme variability of the geography, climatic, population
density, industrial structures conditions in the Lazio region and at the same time inside
the Rome city, which is very vast and has different types of build-up, greening, and traffic
conditions, finding a pollutant level correlation can help environmental management of
each area.

The aim of this study is to find a correlation of pollutant concentration between the
different sites of the Lazio region which is in the middle of Italy and in which there is
located the capital Rome, one of the largest cities in the world. Experimental data were
taken from 39 monitoring stations considering the pollutant concentrations of [CO], [SO,],
[NOx], [INOJ, [NO,], [CsHg], [PM1p], [PM; 5] and [O3]. At the same time, it was investigated
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the possible main pollutant sources for the Lazio region in order to focus on the priority of
future policy strategies. In this way, a nowadays strategy in Italy was analyzed in order to
verify the validity of this technique from a pollutant level decrease point of view.

2. Materials and Methods
2.1. Characteristics of the Study Area

Rome is the capital of Italy and one of the most overcrowded cities of Europe (3 million
people for 12,850 km?). Considering the extra-urban areas, people are more than four
million. It is a historical city that traces its origin to 753 a.C. and it was the capital of the
biggest empire ever. That’s why it is known as the eternal city and its cultural heritage
finds no equals. Thanks to its position, Rome shows a Mediterranean climate: temperate
winter and hot summer, with temperatures from 0 to 36. The greatest problem of this city is
the lack of an adequate net of public transport, so people use cars [43]. Apart from traffic,
there are a lot of other pollutant activities, such as domestic heating.

2.2. Monitoring Station Network

ARPA Lazio is the agency that monitors the air condition in the region of Lazio [44].
The monitoring network used in the present work consists of 39 monitoring stations of [CO],
[SOs], [NOx], [NOJ, [NOz], [CeHgl, [PMyg], [PM35], and [O3] that are shown in Figure 1
and listed in Tables 1 and 2. The monitoring stations are located in strategic places. It
collects data hour by hour in a place with a great concentration of pollution. Ten monitoring
stations are used to evaluate the pollutant conditions inside the city of Rome (called “Roma
Green Band”), while other 6 stations are used to evaluate the pollutant concentrations near
the city (called “Roma Suburb”). Civitavecchia is monitored by another station set because
it’s very far from Rome, even if it is in its province (called “Roma (Civitavecchia)”).
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Figure 1. Monitoring stations network of ARPA LAZIO used in the present study.

In Tables 1 and 2, the stations used in the present work are listed. The tables show the
background of each station. They are useful to impute the pollutant concentrations to the
urban traffic, industrial or building heating.
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2.3. Pollutant Legislation

In the 1960s, the USA made the first laws to guarantee air quality. In Italy, it is
regulated by DPR 203/88 [45], which states that it’s possible to define as pollution each
element able to:

Alter the normal environmental condition and air quality;
Generate a danger for human health;

Compromise the environment;

Alter the biological resources and public and private goods.

Table 1. Pollutant monitoring stations of Rome center and suburbs used in the present study.

Area Name Number Background
Arenula 1 Low Traffic
Preneste 2 Low Traffic
Francia 3 High Traffic
Magna Grecia 4 High Traffic
Cinecitta 5 Low Traffic
Roma Green Band Villa Ada 6 Low Traffic
Fermi 7 High Traffic
Bufalotta 8 Low Traffic
Cipro 9 Low Traffic
Tiburtina 10 High Traffic
Guidonia 11 Industrial
Castel di Guido 12 Rural Area
Cavaliere 13 Rural Area
Roma Suburb Ciampino 14 Industrial
Malagrotta 15 Low Traffic
Allumiere 16 Rural Area
Civitavecchia 17 High Traffic and Industrial
Porto 18 High Traffic and Industrial
Roma (Civitavecchia) Villa Albani 19 High Traffic and Industrial
Via Morandi 20 High Traffic and Industrial
Via Roma 21 High Traffic and Industrial

Table 2. Pollutant monitoring stations of the Lazio region province were used in the present study.

Area Name Number Background
Alatri 22 High Traffic and Industrial
Anagni 23 High Traffic and Industrial
Cassino 24 High Traffic and Industrial
. Ceccano 25 High Traffic and Industrial
Frosinone Ferentino 26 High Traffic and Industrial
Fontechiari 27 Rural Area
Frosinone-Scalo 28 High Traffic and Industrial
Mazzini 29 High Traffic and Industrial
Aprilia2 30 Low Traffic
Latina-Scalo 31 Low Traffic
Latina Via Tasso 32 Low Traffic
Gaeta 33 Medium Traffic and Industrial
Viale de Chirico 34 Low Traffic
L Leonessa 35 Rural Area
Rieti Rieti 1 36 Medium Traffic
Viterbo 37 Medium Traffic
Viterbo Acquapendente 38 Rural Area
Civita Castellana 39 Medium Traffic and Industrial
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In this perspective, the 2008/50/CE directive of the European Parliament [46] finds its
application in Italy through D.Lgs. 155\2010 [47], which defines the pollutant agents, the
concentration limits into the air, the laws, and the measures able to reduce the pollutant
concentrations. Benzene, carbon monoxide, nitrogen oxides, ozone, PM; 5, PM;g, and
sulfur dioxide are defined as pollutants. For each of them was defined a limit to reducing
its effect. Table 3 reports the most relevant pollutants for this study.

Table 3. Directive 2008/50/EC standards of the main pollutant.

Pollutant Concentration Averaging Period Permitted Excess Each Year
PM;y 50 pg/m?3 24h 35
PMjp 40 pg/ m3 1 year -
PM; 5 25 ug/ m3 1 year -
NO, 200 pg/m?3 1h 18
NO, 40 pug/m3 1 year -
SO, 350 pug/m?3 1h 24
SO, 125 pug/m? 24 h 3
O3 120 pg/ m3 Maximum daily 8 h mean 25 days averaged over 3 years
CcO 10 mg/ m3 Maximum daily 8 h mean -
CeHg 5ug/ m? 1 year -

2.4. Type of Pollutant

Carbon monoxide (CO) [48] is a colorless, odorless gas emitted from combustion
processes. Nationally and particularly in urban areas the, majority of CO emissions to
ambient air come from mobile sources. CO can cause harmful health effects by reducing
oxygen delivery to the body’s organs (like heart and brain) and tissues. At extremely high
levels, CO can cause death.

Nitrogen dioxide (NO3) [48] is one of a group of highly reactive gasses known as
“oxides of nitrogen,” or “nitrogen oxides (NOx).” NO; is used as the indicator for the
larger group of nitrogen oxides. NO, comes from emissions by cars, trucks and buses,
power plants, and off-road equipment. In addition to contributing to the formation of
ground-level ozone, and fine particle pollution, NO; is linked with a number of adverse
effects on the respiratory system.

Sulfur dioxide (SO,) [48] is one of a group of highly reactive gasses known as “oxides
of sulfur.” The largest sources of SO, emissions are from fossil fuel combustion at power
plants (73%) and other industrial facilities (20%). SO, is linked with a number of adverse
effects on the respiratory system.

Particulate matter (PM) [48] is a complex mixture of extremely small particles and
liquid droplets. Particle pollution is made up of a number of components, including acids
(such as nitrates and sulfates), organic chemicals, metals, and soil or dust particles. The size
of particles is directly related to their potential for causing health problems. Once inhaled,
these particles can affect the heart and lungs and cause serious health effects. There are
two categories of PM:

e  “Inhalable coarse particles,” such as those found near roadways and dusty industries,
are larger than 2.5 micrometers and smaller than 10 micrometers in diameter.

e “Fine particles,” such as those found in smoke and haze, are 2.5 micrometers in
diameter and smaller. These particles can be emitted from sources such as forest fires,
or they can form when gases emitted from power plants, industries and automobiles
react in the air.

With reference to NO,, SO,, and (PMs) there is general agreement in the scientific liter-
ature that they are the main agent responsible for the damage encountered on monuments
and historical buildings in urban areas [34]. Atmospheric composition is of unquestion-
able importance in the study of the damage produced on building materials of artistic
interest since it directly influences the species characteristics and entity of the degradation
mechanism occurring on the cultural heritage.
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Ozone (O3) [48] is not emitted directly into the air, but it is created by chemical
reactions between oxides of nitrogen (NOx) and volatile organic compounds (VOC) in
the presence of sunlight. Emissions from industrial facilities and electric utilities, motor
vehicle exhaust, gasoline vapors, and chemical solvents are some of the major sources of
NOx and VOC. Breathing ozone can trigger a variety of health problems, particularly for
children, elderly people, and people of all ages who have lung diseases such as asthma.
Ground-level ozone can also have harmful effects on sensitive vegetation and ecosystems.

Benzene (CgHg) [48] is used as a constituent in motor fuel; as a solvent for fats, waxes,
resins, oils, inks, paints, plastics, and rubber, in the extraction of oils from seeds and
nuts, and in photogravure printing. It is also used as a chemical intermediate and in
the manufacture of detergents, explosives, pharmaceuticals, and dyestuffs. It is found
in the air from emissions from burning coal and oil, gasoline service stations, and motor
vehicle exhaust. Acute (short-term) inhalation exposure of humans to benzene may cause
drowsiness, dizziness, headaches, as well as eye, skin, and respiratory tract irritation,
and, at high levels, unconsciousness. Chronic (long-term) inhalation exposure has caused
several blood disorders, including reduced numbers of red blood cells and aplastic anemia,
in occupational settings. Negative effects on reproduction have been reported for women
exposed to high levels of inhalation, and adverse effects on the developing fetus have been
observed in animal tests. Increased incidence of leukemia (cancer of the tissues that form
white blood cells) has been observed in humans occupationally exposed to benzene.

2.5. Anthropogenic Sources

Today, air quality affects even small cities. To know the values of the emissions is
fundamental to monitor air quality and consequently to find solutions to it.

Pollutant emissions can be divided into localized and spread. The first are the ones
that can be studied singularly and can be localized. They show emissions higher than
90-100 tons per year that are referred to industries that use combustion processes. The
second are the ones that can’t be classified as the first ones and they don’t go over the
limits of the localized ones. They are referred to as urban traffic and building heating
systems [44].

Cars are one of the main reasons for the increase in cities pollution. In recent years, the
percentage of goods and people on the road increased compared to railway transportation.
In Italy, in the 1980s there were about 20 million vehicles, in the 1990s there were about
33 million of them. This value became 39 million in 1998 [49]. Referring to the total amount
of emission of road traffic, urban traffic represents 77% of the CO, 39% of CO,, 27% of NOx,
and 29% of particulate matter [50].

Together with road traffic, building heating systems are an important factor for the air
quality standard. They aren’t regulated yet, so they are difficult to monitor and improve.

The production of a pollutant that can be found in the air is caused both by natural
processes, like volcanos activities and by human production. The natural processes are not
taken into account in this study because they produce fewer effects than the anthropogenic
ones, which include industrial processes, heating systems, energy generators, urban traffic,
and even smoke. That’s why urban and industrial areas are more exposed than rural ones
and show a higher level of risk. Anyway, the city of Rome is taken into account only the
effects of urban traffic and heating systems.

2.5.1. Urban Traffic

Urban traffic is tough to be the main cause of pollution in the city of Rome because of
the emission of incomplete combustion.

Most of the cars are petrol or diesel, and there is a very low increase in the use of electric
or hybrid engines. In 2015, for 4,340,474 people, there were 2,665,174 cars, 521,070 motorcycles
and 8589 buses [51]. Because of their incomplete combustion, diesel engines produce pol-
lutants. The most relevant are sulfur dioxide (SO;), carbon monoxide (CO) nitrogen oxides
(NOx), and particulate matter, which is the one to pay more attention to.
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The benzene (CyHg) is used as a constituent in motor petrol and it causes the formation
of toxic substances like carbon monoxide (CO), nitrogen oxides (NOx), and particulate matter.

2.5.2. Heating Systems

The aim of the heating system is to make people reach their wellness with an adequate
temperature. In Rome, the most used systems are the independent and centralized ones.
A heating generator, powered by liquid or gas fuel (methane or gasoline), makes these
systems work.

Methane is the most used gas thanks to its widespread diffusion in Italy. It is called
natural gas because it is a hydrocarbon already present in nature. It's quite cheap and it
produces pollutant as CO, NOx, PMyg, and PM; 5.

Diesel boilers are safer than gas ones but they pollute more. In Italy, diesel isn’t as
cheap as in the rest of Europe. They produce SOx and SO5.

Anyway, pollutants are produced because of the incomplete combustion that leads to
the formation of CO and NOx.

Condensing boilers are able to save energy from steam water and heat from drain
gas. Fumes are made cold as steam goes into liquid losing heat that goes in the water in
the thermic system. The use of it reduces the emissions of CO, CO, e NO, and particular
matter up to 70%.

Different from urban traffic, heating systems are not regulated by any Italian or
European law. The only rule is for the systems under 35 kW, which have to show less
than 0.1% of CO in the drained gas. There are no limits for particular matter and NOx so
producers are not so interested in environmental safeness.

2.6. Methodology

In this paper, the correlation of pollution concentration between different types of
urban context was investigated to find a possible link between pollutant level and urban
context. Considering the monitoring station network shown in Figure 1, the Lazio region,
like Rome, has an extreme variability of the geography, climatic, population density,
industrial structures conditions. These differences should bring to a different type of
policy and environmental strategies in order to reduce the pollution concentration in each
site. Furthermore, the quantification of the pollutant concentration impact from different
types of anthropogenic sources can help to decide the priority of future policy strategies.
To accomplish the objective of the present paper there is the need to analyze the spatial
and temporal dependence of pollutant concentration in the different types of locations.
Therefore, the quantification of the anthropogenic sources’ contribution can be investigated.
The steps followed in the present paper are:

1.  Spatial dependence of pollutant concentrations: The analysis considers the cross-
correlation of the single pollutant concentration between the different locations. Cross-
correlation is a measure of similarity of two data series as a function of the lag of
one relative to the other. The aim of this analysis is to investigate the similarity of
pollutant trends from different types of locations in order to find the same corporation
in a different area. The final results depend on the spatial distribution of the sites
taken into account and on the different seasons of the year;

2. Temporally dependent on pollutant concentrations: The analysis investigates the
trend of pollutant concentrations over years. The objective of this analysis is to find if
there is the same behavior over time or not in depending also for the different seasons;

3. Anthropogenic sources’ contribution to pollutant emissions: The analysis compares
the mean pollutant concentration variation during the day for the different locations.
the analysis is considered separately the contribution of the different type types
of anthropogenic sources with the possibility to quantify their impact on pollutant
concentration.

Furthermore, the nowadays policy strategy in Italy was analyzed in order to verify
the validity of this technique from a pollutant level decrease point of view.
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3. Results and Discussion

In order to analyze the emissions by heating systems and urban traffic, the data of
pollutant concentration of the year were divided taking into account the periods with
heating systems turned on or off. Based on DPR n.412/1993 [52], heating systems are
turned on from 1 November to 15 April for 12 h per day.

3.1. Spatial Dependence of Pollutant Concentrations

The cross-correlation represents the similitude of two signals depending on a time
translation of one of them. In the present study, it was used to evaluate the results from
different stations. Cross-correlation of zero represents no dependence of the pollutant
concentration for different monitoring stations, the value of +1 represents the same trend
and the value of —1 represents an opposite trend. It is possible to consider values greater
than 0.4 as representative of a good similarity of two monitoring stations or areas for a
specific pollutant.

The aim of the cross-correlation analysis is to understand if pollutant monitoring
stations in different areas show similar results. It is useful to consider the mean values
of contaminants of each station of Roma Green Band, in order to represent the average
pollutant concentrations of Rome.

Tables 4-12 show the cross-correlation results for each pollutant concentration between
the mean values of the Roma Green Band and suburbs or province monitoring stations.
In the tables, the values are referred to four periods of the year. “From July to August” is
the summer period in which there is low urban traffic due to the summer holidays. “From
April to June” and “from September to November” are periods with only urban traffic.
“From November to April” is the winter period and it is influenced both by urban traffic
and building heating systems.

Table 4. Cross-correlation values between Roma Green Band and suburbs or province stations of [C¢Hg] in 2015.

Monitoring From July to From April From September From November

Station August to June to November to April
Suburb Malagrotta 0.15 0.22 0.39 0.69
uburbs Ciampino 0.54 0.56 0.53 0.65
Latina 0.32 0.18 0.39 0.64
Provi Frosinone 0.20 0.36 047 0.56
rovinces Rieti 0.13 0.22 0.46 0.41
Viterbo 0.50 0.47 0.52 0.66

Table 5. Cross-correlation values between Roma Green Band and suburbs or province stations of [CO] in 2015.

Monitoring From July to From April From September From November
Station August to June to November to April
Latina 0.19 0.08 0.48 0.59
Frosinone 0.47 0.48 0.72 0.67
Provinces Rieti 0.19 0.43 0.57 0.46
Viterbo 0.24 0.47 0.57 0.53
Civitavecchia 0.30 0.46 0.51 0.53

In order to summarize the results of Tables 4-13 are shown the average, maximum,
and minimum cross-correlation values. Considering all the pollutant concentrations,
the average value ranges from 0.18 for [SO;] to 0.88 for [PMjp]. Despite the value of
[SO;] the average cross-correlation is always higher than 0.4 indicating that the pollutant
concentration of Roma Green Band area with the suburbs or province ones have the same
trend. This affirmation is more relevant considering [PM;jg] and [PM; 5] in which the
cross-correlation values reach the higher values ranging from 0.57 to 0.96 and from 0.72 to
0.97 respectively. Considering the seasons, it is possible to notice that the cross-correlation
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values increase in the winter because of the higher use of heating systems that seems to be
the main pollutant source in this period.

Table 6. Cross-correlation values between Roma Green Band and suburbs or province stations of [NOx] in 2015.

Monitoring From July to From April From September From November
Station August to June to November to April
Guidonia 0.48 0.60 0.72 0.82
C. di Guido 0.61 0.66 0.50 0.56
Cavaliere 0.64 0.64 0.72 0.72
Suburbs Ciampino 0.56 0.54 0.47 0.56
Malagrotta 0.69 0.73 0.67 0.77
Allumiere 0.19 0.28 0.15 0.27
Latina 0.64 0.66 0.72 0.78
Frosinone 0.73 0.71 0.76 0.80
Provinces Rieti 0.53 0.59 0.59 0.63
Viterbo 0.47 0.47 0.69 0.71
Civitavecchia 0.43 0.35 0.52 0.59

Table 7. Cross-correlation values between Roma Green Band and suburbs or province stations of [NO,] in 2015.

Monitoring From July to From April From September From November
Station August to June to November to April
Guidonia 0.48 0.55 0.67 0.75
C. di Guido 0.57 0.60 0.45 0.55
Cavaliere 0.66 0.66 0.69 0.77
Suburbs Ciampino 0.54 0.43 0.56 0.69
Malagrotta 0.63 0.67 0.62 0.72
Allumiere 0.23 0.30 0.25 0.42
Latina 0.65 0.64 0.73 0.76
Frosinone 0.70 0.64 0.73 0.77
Provinces Rieti 0.45 0.48 0.62 0.70
Viterbo 0.50 0.47 0.70 0.78
Civitavecchia 0.52 0.43 0.49 0.65

Table 8. Cross-correlation values between Roma Green Band and suburbs or province stations of [NO] in 2015.

Monitoring From July to From April From September From November
Station August to June to November to April
Guidonia 0.48 0.65 0.71 0.81
C. di Guido 0.63 0.63 0.40 0.39
Cavaliere 0.61 0.63 0.69 0.67
Suburbs Ciampino 0.61 0.62 0.43 0.47
Malagrotta 0.71 0.74 0.59 0.74
Allumiere 0.19 0.23 0.05 0.16
Latina 0.58 0.62 0.66 0.76
Frosinone 0.73 0.75 0.75 0.80
Provinces Rieti 0.60 0.70 0.49 0.56
Viterbo 0.33 0.51 0.57 0.64
Civitavecchia 0.26 0.37 0.54 0.55

Regarding Sulphur dioxide, the cross-correlation reaches the minimum average value
with a range from —0.24 to 0.50. in this case, the pollutant concentrations of the Roma
Green Band area don’t have the same trend as the other locations. This is because there is a
very low concentration magnitude of [SO,], and it behaves as background noise.

Rural areas are usually places with a low presence of buildings and consequently,
a low presence of heating systems and a low number of vehicles circulating in the area.
Considering the Allumiere station, which is in a low populated area identified as a rural
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area of the Rome suburb, it is possible to notice that the average cross-correlation values
are 0.22, 0.30, 0.16, 0.39, and 0.73 for respectively [NOx], [NO;], [NO], [O3] and [PMyp].
Comparing those values with the ones calculated for the Castel di Guido and Cavaliere
stations, which are considered as a rural area of Rome suburb as Allumiere, the cross-
correlation values for the same pollutant concentrations are about 0.63, 0.62, 0.58, 0.87, and
0.93. This is an interesting result that shows how the proximity to Rome influences the
levels of pollution whenever the location is a rural or urban area.

Table 9. Cross-correlation values between Roma Green Band and suburbs or province stations of [O3] in 2015.

Monitoring From July to From April From September From November
Station August to June to November to April
Cavaliere 0.93 0.91 0.85 0.85
C. di Guido 0.90 0.88 0.83 0.80
Suburbs Malagrotta 0.93 0.91 0.88 0.87
Allumiere 0.40 0.31 0.38 0.47
Latina 0.81 0.81 0.78 0.78
Frosinone 0.81 0.81 0.80 0.76
Provinces Rieti 0.77 0.81 0.77 0.83
Viterbo 0.77 0.74 0.75 0.82
Civitavecchia 0.51 0.53 0.60 0.69

Table 10. Cross-correlation values between Roma Green Band and suburbs or province stations of [SO,] in 2015.

Monitoring From July to From April From September From November

Station August to June to November to April
Guidonia 0.03 0.32 0.28 0.33
Suburbs Malagrotta 0.21 0.14 -0.24 0.31

Allumiere 0.19 0.16 —0.04 —0.02

Latina 0.20 0.11 0.19 0.16
Frosinone 0.18 0.10 0.31 0.50
Provinces Rieti 0.25 0.14 0.24 0.22
Viterbo 0.17 0.14 0.23 0.13
Civitavecchia 0.18 0.30 0.10 0.19

Table 11. Cross-correlation values between Roma Green Band and suburbs or province stations of [PMjp] in 2015.

Monitoring From July to From April From September From November
Station August to June to November to April
Guidonia 0.90 0.92 0.95 0.92
C. di Guido 0.95 0.91 0.92 0.92
Cavaliere 0.94 0.88 0.96 0.94
Suburbs Ciampino 0.90 0.90 0.93 0.82
Malagrotta 0.90 0.69 0.93 0.93
Allumiere 0.84 0.76 0.57 0.75
Latina 0.92 0.90 0.92 0.90
Frosinone 0.89 0.92 0.90 0.89
Provinces Rieti 0.78 0.82 0.83 0.75
Viterbo 0.84 0.91 0.93 0.88
Civitavecchia 0.88 091 0.91 091

The spatial dependence analysis leads to the consideration that the pollutant concen-
tration trend of the core of Rome city (named Roma Green Band) has the same trend to
the other urban areas whenever they have low or high traffic characteristics especially
regarding the particular matter ([PM;o] and [PM;5]). On the other hand, rural areas that
are far from cities don’t have the same pollutant concentration behavior especially due to
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the low presence of traffic because, as mentioned before, the heating systems are turned on

about 12 h per day during winter for the rural and urban context.

Table 12. Cross-correlation values between Roma Green Band and suburbs or province stations of [PM; 5] in 2015.

Monitoring From July to From April From September From November
Station August to June to November to April
Guidonia 0.93 0.90 0.97 0.92
C. di Guido 0.89 0.89 0.95 0.95
Suburbs Cavaliere 091 0.89 097 0.94
Malagrotta 0.75 0.72 0.86 0.93
Latina 0.87 0.84 0.92 0.76
. Frosinone 0.87 0.85 0.91 0.87
Provinces Rieti 0.84 0.82 091 0.80
Viterbo 0.87 0.83 0.85 0.79

Table 13. Cross-correlation average, maximum and minimum values between Roma Green Band and suburbs or province

stations of all pollutant concentrations in 2015.

[CeHel [co] [NOx] [NO,] [NO] [Os] [SO.] [PMjo] [PM2 5]
Average 0.43 0.45 0.59 0.59 0.56 0.75 0.18 0.88 0.87
Maximum 0.69 0.72 0.82 0.78 0.81 0.93 0.50 0.96 0.97
Minimum 0.13 0.08 0.15 0.23 0.05 0.31 —-0.24 0.57 0.72

3.2. Temporally Dependence of Pollutant Concentrations

The main result of the cross-correlation analysis is that the pollutant concentration
trend of Roma Green Band is the same in the other suburbs or provinces areas. For this
reason, the following analysis is focused on the mean values of contaminants of each station
of Roma Green Band, that will be representative of the pollutant concentrations trend in all
the monitoring station of the Lazio region.

Figure 2 shows the trends from 2006 to 2015 of pollutant concentrations in Rome.
In this analysis, the values of the period from July to August aren’t taken into account,
because the urban traffic values are very low due to the summer holidays that lead people
outside the cities. The blue line of Figure 2 identifies the average pollutant concentration in
winter taking into consideration the data from November to April in which the heating
systems are turned on (based on DPR n.412/1993 [52]). The red line referred to the average
pollutant concentration in spring and autumn in which the heating systems are turned off
(period from April to June and from September to November).

It is possible to notice that the values of most of the pollutants are decreasing in the
years due to the update of the laws of pollutant emissions. Only the ozone concentration
has a rising trend during the years and has a higher value in spring and autumn than in
winter, because of its dependence on solar radiation. Considering the difference of winter
and spring-autumn values there is an average percentage deviation of about 58.8% with
a range from 20.1% to 127.4% excluding the [O3] that have an opposite trend despite the
other pollutant concentrations. This result indicates that there is an average pollutant level
increase of 58.8% from spring-autumn, in which the main anthropogenic pollutant source
is urban traffic, to winter where there are heating systems are turned on. This highlights
the importance to take some policy strategies to decrease the pollutant emissions from
heating systems.

Focusing on all the pollutant concentrations excluding the [O3], that have an opposite
trend despite them, the average difference of pollutant level year after year is about —1.6%
for winter and —4.1% for spring-autumn with a range from 1.3% to —3.2% in winter and
from —1.4% to —6.2% in spring-autumn. These results indicate that there is a decrease year
after year of pollutant concentrations both in winter and in spring-autumn. Nevertheless,
the range for spring-autumn, which is directly related to urban traffic, has only negative
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values (from —1.4% to —6.2%) denoting an average decrease every year after year of the
pollutant concentration in these seasons. Different results are for winter in which the range
has positive values (from 1.3% to —3.2%) denoting that the average decrease every year
after year isn’t for all the pollutant concentrations. Focusing the attention on these aspects,
the only pollutant that has an average increase year after year in winter is [PM; 5] that has
a value of 1.3%. As a matter of fact, in Figure 2 it is possible to notice that the trend line
in winter is quite constant year after year despite the one of spring-autumn that decrease.
Regarding the [Os] the results are an increase of the level year after year of about 4.4% and
6.2% for winter and spring-autumn cases respectively.
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Figure 2. Average pollutant concentrations trend of Rome over the decade 2006-2015 of winter (blue line) and spring-autumn
(red line). Dashed lines are referred to as trend lines.
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The presence of heating systems turned on in winter denotes a higher pollutant
emission. As a matter of fact, in Figure 2 the blue line is always over the red line despite
the ozone concentration. This result affirms that the heating systems in cities have an
important contribution to the pollutant level. Furthermore, the emission from these systems
leads to a more irregular variation unlike in spring and autumn due to the variability of
climate during the years (colder or less cold winter leads to a different use of heating
systems). The higher pollutant concentration in winter than in spring and autumn is
due also to the cooling air masses that promotes the stagnation at low altitude. So, the
air temperature inside cities can influence the pollutant concentration at the pedestrian
level. For this reason, the urban heat island phenomenon plays an important role, that is
the increase of urbanization lead to the change of climatic conditions [53]. In particular,
the increase of waterproof surfaces and the build-up area in cities lead to the increase
of the air temperature in comparison with rural areas. High temperatures in summer
improve the natural convention phenomenon that increases the mixing with clean air and
the consequent dispersion of the pollutant concentration. It is important to remember that
the more the pollutants stay on the street level, the more people are affected.

Focusing on 2015, to quantify the differences of urban traffic and building heating
systems sources, the mean pollutant concentration of the period spring-summer-autumn,
in which there is only urban traffic, was removed from the data. The results of this analysis
are shown in Figure 3 in which the data set were represented in a normalized form in order
to have zero mean and unitary standard deviation defined as follows:
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Figure 3. Normalized pollutant concentrations of Rome in 2015. Values are referred to the subtraction of the pollutant
concentration in time by time with the mean values in spring, summer, and autumn in order to decurtate the pollutant level
from the urban traffic sources.

The highest values can be found in December, not only for the role of the heating
systems but also for a bigger presence of traffic because of Christmas. It is useful to clarify
that the values in Figure 3 are the results of the difference of the pollutant concentration in
time by time with the mean values in spring, summer, and autumn in order to decurtate
the pollutant level from the urban traffic sources. In this way, the values shown in Figure 3
should show only the contribution of the heating systems. Of course, the high traffic during
Christmas can’t be eliminated just by the mean value of spring, summer, and autumn. So,
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values in Figure 3 represent the variability of the pollutant concentration compared to the
traffic sources.

In most of the cases, the variability of the pollutant concentrations reaches 8¢ indicat-
ing, especially during December, a high oscillation compared to the mean value during
the winter season. So, the analysis on the pollutant fluctuation shown in Figure 3, that
considered 2015, can be done for all the other years, considering that there is an important
variation of the pollutant concentration during the year focusing most of the variability
during the winter due to the turning on of heating systems and to the population actions
during the year. As mentioned above, at Christmas and more generally during festivity
people go out more often to buy some presents or to do the shopping at the supermarkets.
In these cases, the urban traffic in cities can considerably increase with a variability calcu-
lated up to 8o. This aspect highlights the importance to take some policy strategies that
can help to control pollutant emissions, especially during the festivity.

The temporal dependence analysis leads to the consideration that the pollutant con-
centration in Roma Green Band, so in cities, had a decrease year after year through the
update of the laws of pollutant emissions especially for vehicles, excluding the ozone that
has an opposite trend. Furthermore, the presence of heating systems brings to a significant
increase of the pollutant concentrations during the year with a difference from winter
to spring-autumn of about 58.8%. This highlights the importance to take some policy
strategies to decrease the pollutant emissions from heating systems through for example
the adoption of high-efficiency thermal plants. Moreover, the analysis of the pollutant
fluctuation during the year brings to the consideration to adopt policy strategy that can
help to control the pollutant emissions, especially during the festivity.

3.3. Anthropogenic Sources” Contribution to Pollutant Emissions

The average distribution of pollutants is reported in order to better understand the
way of acting of the population. Figure 4 shows the day variation of pollutants in 2015,
considering the mean value hour per hour and from winter to spring-autumn. The higher
values can be traced in two times related to a greater flow of cars, when people go out in
the morning and when they come back home in the evening (9.00 a.m., 7 p.m.). At night,
there are lower values due to the turned-off heating systems (an Italian habit). In the winter,
the values are even higher because of the heating systems.

It is worth noticing that Frosinone shows, for most pollutant concentrations, higher
values than Rome. It is peculiar because Rome is greater than Frosinone. These results are
due to the vast presence of industrial plants in the area near Frosinone.

Starting with the assumption that the pollutant concentration in winter is the com-
bination of building heating systems and urban traffic while in spring and autumn the
pollutant concentration is due only to urban traffic, in Tables 5-14 is reported the percentage
repartition is calculated as the mean value of the typical day of Figure 4. So, for the type
shown in Figure 4, it can be considered that the total pollutant emissions are the sum of
heating systems and urban traffic. For this reason, it is possible to consider in Figure 4 the
blue line has the total pollutant emissions and the red line the one related only to the urban
traffic. Table 14 are reported the repartition of the urban traffic (UT) and heating systems
(H) emissions that summed each other bring to 100% of the pollutant concentration. So
taking into consideration the average difference from the blue line and the red line values
of Figure 4 it is possible to show in Table 14 the results of that repartition. The analysis was
done for all the cities of the Lazio region provinces.

Considering the average values of all the pollutant concentrations and for all the
cities, it is possible to notice that the emissions from urban traffic are the same as building
heating systems. Higher emissions from urban traffic are referred to [NO;], [NOx], [CO]
and [PM;o] with the average value for all the cities from 50.8% to 66.8%, while for building
heating systems are [C¢Hg], [NO] and [PM; 5] with the average value for all the cities from
55.2% to 65.6%. In the cities of Rome and Viterbo, the percentages are significantly different
and are higher of urban traffic for the most of pollutant concentration despite the other



Appl. Sci. 2021, 11,7936

15 of 26

provinces. 58.7% and 60.9% of emissions are for urban traffic respectively for Rome and
Viterbo. Opposite results are for Frosinone and Rieti in which there are more pollutant
emissions from heating systems than from urban traffic. There is an average pollutant
emission for urban traffic of 41.3% and 40.4% respectively for Frosinone and Rieti. Instead,
for Latina, there is quite a balance from the two anthropogenic sources with values of 48.7%
and 51.3% respectively for urban traffic and heating systems.

Table 14. Daily mean percentage of urban traffic (UT) and building heating systems (H) for each pollutant concentration

and area.

Area [CeHgl [NO] [NO,] [NOxI [CO] [PMy,] [PM, 5] Average

UT H UT H uT H UT H uT H UT H uT H UT H
Frosinone 32 68 34 66 67 33 47 53 40 60 38 62 31 69 413 58.7
Latina 35 65 40 60 64 36 52 48 48 52 60 40 42 58 487 513
Roma 67 33 36 64 79 21 54 46 63 37 62 38 50 50 58.7 413
Rieti 24 76 26 74 56 44 45 55 36 64 57 43 39 61 404 59.6
Viterbo 60 40 36 64 68 32 56 44 78 22 66 34 62 38 60.9 39.1
Average 436 564 344 656 668 332 508 492 53 47 56.6 434 448 552 50.0 50.0

The analysis of the contribution of the different anthropogenic sources to pollutant
emissions highlights that, on a typical day of the year, there is quite a balance of levels
due to urban traffic and heating systems. From this aspect, the policy strategy needs to
have attention to both the pollutant sources paying more attention in the time of the time
in which there are the most traffic or the more plants turned on, that is in the morning at
about 9 A.M. and in the evening at about 7 A.M.

3.4. Pollution Concentrations Counter Measurements Efficacy Analysis

The main measures adopted in Italy to reduce pollutant concentrations are aimed at
reducing the urban traffic with two types of strategy: rotation of cars on the streets based
on the number of the plate and days of a total block of urban traffic. In fact, no policy
strategy is made to reduce the utilization of heating systems. In order to verify the validity
of the block of urban traffic, it was taken the data of pollutant concentration in 2015 when
these measures were made. In particular, in 2015 they are:

9 January 2015—Total block

1 February 2015—Total block

15 November 2015—Total block

4/5 December 2015—Alternate plates

6 December 2015—Total block

13 December 2015—Total block

17/18 December 2015—Alternate plates
19/20 December 2015—Alternate plates
21/22 December 2015—Alternate plates
28/29 December 2015—Alternate plates
31 December 2015—Total block

Starting from the list above, it is useful to notice that the days in which the policy
strategy was made are during the part of the year with the maximum pollutant levels.
Chapter 3.3 has shown the fluctuation of the pollutant concentrations with the results of a
high value during winter and especially from November to February.

Usually, days with a total block of cars on the streets aren’t applied after a day of
rain. In Figures 5-15 the red band identifies the days of alternated plates, the green band
identifies the total block of traffic, the blue line is the hourly pollutant concentration and
the red dashed line is the daily mean pollutant concentration. In the charts are also shown
the days with precipitation, expressed in mm.
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Figure 5. Pollutant concentration variation related to the total block of urban traffic of 9th January 2015 (green band). The
blue line is the hourly pollutant concentration. The Red dashed line is the daily mean pollutant concentration. Data of daily
precipitation are indicated in mm.
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blue line is the hourly pollutant concentration. The Red dashed line is the daily mean pollutant concentration. Data of daily

precipitation are indicated.
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band) of December 2015. The blue line is the hourly pollutant concentration. The red dashed line is the daily mean pollutant
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Figure 9. Carbon monoxide concentration variation related to the total block of urban traffic (green band) and alternated
plates (red band) of December 2015. The blue line is the hourly pollutant concentration. The red dashed line is the daily
mean pollutant concentration. Data of daily precipitation are indicated in mm.
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Figure 10. Nitric oxide concentration variation related to the total block of urban traffic (green band) and alternated plates
(red band) of December 2015. The blue line is the hourly pollutant concentration. The red dashed line is the daily mean
pollutant concentration. Data of daily precipitation are indicated in mm.
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Figure 12. Nitrogen oxides concentration variation related to the total block of urban traffic (green band) and alternated
plates (red band) of December 2015. The blue line is the hourly pollutant concentration. The red dashed line is the daily
mean pollutant concentration. Data of daily precipitation are indicated in mm.
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band) of December 2015. The blue line is the hourly pollutant concentration. The red dashed line is the daily mean pollutant
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Figure 15. Particulate matter PM; 5 concentration variation related to the total block of urban traffic (green band) and
alternated plates (red band) of December 2015. The blue line is the hourly pollutant concentration. Data of daily precipitation

are indicated in mm.

In the days of the block of the urban traffic, both for the alternate plate or total block
cases, the levels of pollutant concentrations are quite the same. As shown from the dashed
red line representing the daily mean pollutant concentration, the level isn’t affected by the
policy strategy whenever it is an alternate plate or total block case. Focusing on the total
block plate it is possible to notice a decrease of the particular matters [PM;jg] and [PM; 5]
during November, January, and February in the following days. Nevertheless, this effect
doesn’t appear in December and it is possible to affirm that this kind of policy strategy can’t
have positive effects regarding the reduction of the pollutant emissions from urban traffic.
About the alternate plates strategy, there aren’t effects in the day and in the following days
of application suggesting that also this kind of strategy didn’t give any positive effect.

Figures 5-15 reported the magnitude of rain in the period near the policy strategy
thanked to reduce pollutant emissions. These values are useful in order to verify if the
variation of the pollutant concentration can depend on the quantity of rain. Regarding the
period taken into account seems that neither the rain can have a positive effect in order to
reduce the pollutant concentrations.

The analysis of actual counter measurements adopted in Italy leads to affirming that
in Rome, and in more general in Italian cities, the policy strategy doesn’t make a sensible
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variation of the pollutant concentrations. Every time there is the adoption of an alternate
plate or total block of urban traffic there isn’t a variation of the pollutant levels during the
day of application of the measure and in the following days.

4. Conclusions

Compliance with air quality legislation is a great challenge for modern society, in
which industries, urban traffic, and building heating systems are the sources of a large
number of pollutants that lead the values of concentrations beyond the allowed limits. In
Italy often the policy and environmental strategies aimed to reduce the pollutant concen-
trations were taken in the same way for the whole country despite that there is an extreme
variability of the geography, climatic, population density, industrial structures conditions.
In this study, a correlation of pollutant concentration between the different sites of the
Lazio region and at the same time inside the Rome city, which is very vast and has different
types of build-up, greening, and traffic conditions, was investigated. Finding a pollutant
level correlation can help the environmental management of each area.

This study traces its basis on pollutant data taken from stations of ARPA LAZIO
Italian organization and from the analysis done by Battista et al. in 2016 [2] and 2017 [54].
This work aims to analyze the pollutant condition in Rome and in the other provinces of
the Lazio region with qualitative and quantitative analysis.

Starting from this analysis, it is possible to affirm that the pollutant concentrations
trend for the Rome Green Band area is the same of the suburbs of Rome and of all the
provinces of Lazio. It was found that the average cross-correlation values range from 0.18
for [SO,] to 0.88 for [PMyg]. Despite the value of [SO;] the average cross-correlation is
always higher than 0.4 indicating that the pollutant concentration of Roma Green Band area
with the suburbs or province ones have the same trend. Analyzing the cross-correlation val-
ues for rural areas, that are usually placed with low presence of buildings and consequently
the low presence of heating systems and a low number of vehicles circulating in the area, it
was found that the proximity to Rome city influences the levels of pollution whenever the
location is a rural or urban area, else have low or high traffic levels. Apart from the Ozone,
the higher pollutant concentrations are in the winter and especially in December due to
the increase of urban traffic for Christmas and the use of building heating systems. On the
other hand, rural areas that are far from cities don’t have the same pollutant concentration
behavior especially due to the low presence of traffic.

The update of the laws in pollutant emissions leads to the decrease year after year
of pollutant concentrations, excluding the ozone that has an opposite trend. Excluding
the [O3], which have an opposite trend despite the other pollutant concentrations, the
average difference of pollutant level year after year is about —1.6% for winter and —4.1%
for spring-autumn with a range from 1.3% to —3.2% in winter and from —1.4% to —6.2%
in spring-autumn. The presence of heating systems brings to a significant increase of the
pollutant concentrations during the year with a difference from winter to spring-autumn
of about 58.8% with a range from 20.1% to 127.4% excluding the [O3].

The analysis done in spatial and temporal dependence highlights the importance to
take some policy strategies to decrease the pollutant emissions both from heating systems
than urban traffic because the contribution from the two anthropogenic sources is the same.
Moreover, it was shown that there is a relevant variation on the pollutant level during
festivity highlighting the importance to adopt a policy strategy that can help to control the
emissions, especially during these periods. Focusing the attention to a typical day of the
year, calculated as the average daily pollutant variation in winter and in spring-autumn, it
was possible to find that there is a quite balance of levels due to urban traffic and heating
systems. Higher emissions from urban traffic are referred to [NO,], [NOx], [CO] and
[PM;y] with the average value for all the cities from 50.8% to 66.8%, while for building
heating systems are [C¢Hgl, [NO] and [PM; 5] with the average value for all the cities
from 55.2% to 65.6%. In Rome city, the percentage is higher for urban traffic for the most
pollutant concentration despite the other provinces. However, considering the average
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values for all the cities and for all the pollutant concentrations it is possible to notice that
50% of emissions are from urban traffic and 50% are for building heating systems. From
this aspect, the policy strategy needs to have attention to both the pollutant sources paying
more attention in the time of the time in which there are the most traffic or the more plants
turned on, that is in the morning at about 9 a.m. and in the evening at about 7 p.m.

In Italy, the adopted counter measurement to pollutant emissions is focused on the
adoption of alternate plate or total block of urban traffic, and no policy strategy is done to
reduce the utilization of the heating systems. To verify the validity of this kind of technique,
it was taken the data of occurrence of this Italian policy strategy in Rome in 2015. The
analysis highlight that the use of an alternate plate or total block of urban traffic does not
give any reduction of the pollutant concentrations. So, it can be affirmed that in Rome,
and in more general Italian cities, the policy strategy doesn’t lead to a sensible variation
of the pollutant concentrations. Every time there is the adoption of an alternate plate or
total block of urban traffic there isn’t a variation of the pollutant levels during the day of
application of the measure and in the following days. It is worth noticing that during the
2015 year there was only 11 policy intervention on the urban traffic, and it seems that spots
counter measurements can’t have a positive effect to reduce the pollutant concentrations.

Future steps of this research are aimed at creating a numerical model of the city of
Rome able to investigate the possible policy strategies that can be used in the city and
in more general in Italian urban areas. For example, it will be interesting to analyze
the adoption of high-efficiency thermal plants in order to reduce the heating systems
emissions, as the introduction of limitation to the vehicle circulation by adopting counter
measurement like an alternate plate or total block of urban traffic in continuous during the
time. Furthermore, the analysis was conducted with data from 2006 to 2015 in which there
were no services like car-sharing or the electric scooter in the Italian cities that, in recent
years, have a great diffusion. In this point of view, a future study can be done to analyze
the impact of this technology in the reduction of urban traffic emissions.
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