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Abstract: Exposure to pollutants is usually higher in cities than in the countryside. Generally,
in the urban areas pollution sources as traffic, power generator and domestic heating system are
more intense and spatially distributed. The pollutants can be classified as a function of long-term
toxicological effects due to an exposure and inhalation. In the present work, several kinds of
pollutants concentration generated in Rome during 2015 have been analyzed applying different
advanced post-processing technique. In particular, statistic and cross-statistic have been computed
in time and phase space domain. As main result, it is observed, as expected, that all the pollutant
concentrations increase during the winter season into a couple of time ranges despite of [O3] that has
high values in summer. It can be clearly concluded that Rome has a strongly unsteady behaviour in
terms of a family of pollutant concentration, which fluctuate significantly. It is worth noticing that
there is a strong linear dependence between [C6H6] and [NO] and a more complex interdependence
of [O3] and [C6H6]. Qualitatively is provided that, to a reduction of [C6H6] under a certain threshold
level corresponds an increase of [O3].

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

1. Introduction

Outdoor air pollution has myriad sources, both natural and anthropogenic. It is a mixture
of mixtures, and the mix of contaminants in outdoor air varies widely in space and time,
reflecting variation in its sources, weather, atmospheric transformations and other factors. In any
particular place, the pollution in outdoor air comes not only from local sources, but also from sources
that affect air quality regionally and even globally [1]. The main reason for the air quality problems is
urban population growth, because people are constantly moving from rural to urban areas [2]. The air
pollutants result higher in urban area because of a combination of many elements such as industrial
activities, energy production plants and domestic heating [3]. They are noticeable by the toxicological
effects resulting from long-term exposure via inhalation [4].

The major pollutants produced are related to human activities, especially those produced by
combustion and industrial processes. The International Agency for Research on Cancer (IARC)
focused the attention on the human exposures to PM (Particulate Matter). The risk of being exposed to
a mixture of pollutants depends on particulate matter smaller than 2.5 µm, which is a common useful
indicator [4]. Therefore, the PM2.5 can be taken as indicator of population exposure to outdoor air
pollution. In 2010, 3.2 million of people died because of cardiovascular disease, caused by the exposure
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to ambient fine particles (PM2.5) and 22,300 people died because of lung cancer. China and East Asia
show the largest number of people who lost their life [5,6].

With reference to NO2, SO2 and (PMs) there is general agreement in the scientific literature
that they are the main agents responsible for the damage encountered on monuments and historical
buildings in urban areas [7]. Atmospheric composition is of unquestionable 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.

The urban areas modified the environmental features that contributed to the increase of pollution.
As a matter of fact, the large concentration of the built environment, road pavement and the high
building materials capacitance changed the local micrometeorological conditions. Air temperature,
humidity and wind velocity and direction are altered in the urban environment compared to rural
areas. Furthermore, road traffic, domestic heating, industrial activities and lack buildings energy
performance involves high discomfort for users [8–20]. Besides the increase of pollutions, urbanization
has led to an increase of the urban heat island intensity (spatially-averaged surface or air-temperature
difference between an urban and surrounding rural area(s) [21]). Several studies are focused to reduce
the urban heat island effect with different mitigation techniques [22–28].

The people exposed to air pollutants are even more evident considering the weak ventilation,
because of the presence of high buildings with a consequent reduction of the dispersion of air masses.
For this reason, the contaminants formed below the building height remain at the pedestrian level
and increase the health damages especially during thermal inversion episodes. Several studies
were conducted to analyse the correlation between the street canyon features and the pollution
dispersion [29]. If the ratio between the average height of the buildings (H) and the width of
the canyon (W) is high enough to establish skimming flow conditions (at least higher than 0.65),
the retention of pollutants within the urban canopy layer will be amplified [30]. The major street
canyons in the cities have high value of the ratio H/W with a consequent established helical vortex
with an axis parallel to the canyon direction. In this case, the pollutants that go out of the canyon are
reduced [31].

The identification of analysis tools and methods, pollutant concentrations measurement,
comparison with the threshold values prescribed by law, are the activities foreseen by the legislations
in order to monitor the air quality and predict rehabilitation through the definition of plans
of interventions.

As a first step, in order to plain a control strategy of the pollution concentration in medium and
high scale cities, proper measurement and data processing are required to highlight the achievement
of dangerous concentration levels of pollutants and formulate a prediction model.

Actually, the main active control strategy is based on the introduction of some limits of the
urban traffic (e.g., number of the vehicles and vehicle categories that are authorized to transit).
Other interventions include the increase of efficiency of the heating systems in buildings such as the
replacement of traditional boilers with condensation ones integrated with more performing regulation
systems based on energy load tracking.

In the present work, several kinds of pollutants concentration such as [CO], [SO2], [NOx],
[NO], [NO2], [C6H6], [PM10], [PM2.5] and [O3] generated in Rome during 2015 have been analysed.
These pollutants were taken from the Directive 2008/50/EC, the main legislation about ambient air
quality. In these analyses we applied different advanced post-processing techniques. Statistic and
cross-statistic have been computed in time and Fourier domain. In particular, probability distribution,
Kurtosis, Skewness, Poincaré sections and cross-correlation of the different pollutants were analysed
in order to assess the air pollution level in the city of Rome and the correlation of anthropogenic
sources with the pollutant emission. The extreme value theory was applied to the experimental
data. Especially using the generalized extreme value (GEV) distribution, several fittings of the
experiment probability density functions were calculated. GEV distribution introduced by Fisher and
Tippett [32] is commonly applied in environmental science to model a wide variety of natural extremes,
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including floods, rainfall, wind speeds, wave height, snow depths, earthquake, and other maxima.
For the present research activity, probability density functions fitting of the pollutant concentration
were calculated. The GEV distribution turned out to be very attractive mathematical tool since its
inverse has an analytical form, and its parameters are can be easily estimated [33–38]. This last feature
allows us to compute the return period: the likelihood of an event to occur. This post-processing
strategy is common applied to pollution database to develop model. Shen et al. developed a statistical
model using extreme value theory to estimate changes in ozone episodes [39].

2. Materials and Methods

2.1. Characteristics of the Study Area

Rome is the capital of Italy, and the largest city situated in the west-central part of the country.
It is also one of the most populous cities in the European Union with 2.9 million residents in 1285 km2.
Considering the metropolitan area of Rome, the population reaches up to 4.3 million residents in
5352 km2. With a history of more than two and half thousand years, Rome is called the Eternal City
because of the number of open-air museums. It is a mixture of a modern city and a plethora of
monuments, piazzas, villas, museums, churches, Egyptian obelisks, the Forum and Vatican City.
Its climate is typically Mediterranean: winters are cool and humid and summers are hot and dry. In the
coldest month (January) the temperature can reach about 0 ◦C, and in the warmest months (July and
August) the temperature can reach 36 ◦C.

The problem has two faces: there are a lot of pollutant activities and the public transport is not
efficient enough to reduce the number of cars. Pedestrian and public transport are only 20% of the total
mobility, while 60% of journeys are made by private means of transport; in the historical centre this
modal share changes into 34% of pedestrians, 29% of public transport and 37% of private transport [40].
In order to partially solve the problem of pollution, the Government has developed a lot of policies to
improve the net of the means of transport [41].

Studying the air pollutant in the city of Rome is important because there is a high density of
population and for the effects of pollutant on the variety of open-air museum.

2.2. Pollutant Legislation

The European Union policy on air quality has the goal of implementing appropriate instruments
aimed at improving air quality. The control of emissions from mobile sources, improving fuel quality
and promoting and integrating environmental protection requirements into the transport and energy
sector are the main goals of this policy [42].

The Directive 2008/50/EC of the European Parliament [43] is the main legislation about
ambient air quality. It fixes health based standards and objectives for a number of pollutants in
air. These standards are applied in different time spans because the observed health impacts associated
with the various pollutants occur over different exposure times. Table 1 shows the standard adopted
in the Directive 2008/50/EC.

Table 1. Directive 2008/50/EC standards of main pollutant.

Pollutant Concentration Averaging Period Permitted Excess Each Year

PM10 50 µg/m3 24 h 35
PM10 40 µg/m3 1 year -
PM2.5 25 µg/m3 1 year -
NO2 200 µg/m3 1 h 18
NO2 40 µg/m3 1 year -
SO2 350 µg/m3 1 h 24
SO2 125 µg/m3 24 h 3
O3 120 µg/m3 Maximum daily 8 h mean 25 days averaged over 3 years
CO 10 mg/m3 Maximum daily 8 h mean -

C6H6 5 µg/m3 1 year -
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2.3. Post Processing Techniques

In this paper, different statistics and cross-statistics have been computed in time and Fourier
domain. These correspond to time-frequency analysis that study a signal in both the time and the
frequency domain simultaneously. In particular, the different techniques adopted are:

• Probability distribution describes the possible values that a random variable can take within
a given range.

• Kurtosis is a measure of whether the data have a flattening or elongation from the normal
distribution. High kurtosis indicates a flattering distribution, while low values indicate
an elongation distribution.

• Skewness is a measure of the asymmetry of the distribution. A data set is symmetric if it looks
the same to the left and right of the center point.

• Poincaré sections are a way to represent a dynamical system. The surface of section presents
a trajectory in n-dimensional phase space in an (n-1)-dimensional space. By picking one phase
element constant and plotting the values of the other elements each time the selected element has
the desired value, an intersection surface is obtained. The phase space is a surface that describes
all the possible states of a system.

• Cross-correlation is a measure of similarity of two data series as a function of the lag of one relative
to the other.

• Coefficient of variation normalizes the standard deviation with the mean of a data. This index
gives information about the variability of a data set.

• Generalized Extreme Value distribution is often applied to analyse a large set of data
characterized by small or large value. In this approach three simpler distributions into a single
form are combined, allowing a continuous range of possible shapes.

2.4. Monitoring Station Network

ARPA Lazio [44], the regional environmental agency, operates several air quality monitoring sites
in the Lazio Region, including Rome. The Rome monitoring network consists of 10 monitoring stations
of [CO], [SO2], [NOx], [NO], [NO2], [C6H6], [PM10], [PM2.5] and [O3] that are shown in Figure 1.
The monitoring network acquires concentration data every hour and every stations is set to monitor
different type of concentrations. All the stations taken into account are placed inside high density
urban areas that are characterized by traffic and domestic heating system pollutant sources.

The monitoring stations are constituted by fixed structures in which the entire measurement
instrument, the acquisition systems and local storage are placed inside. The procedures and the control
of the quality of the measures are assured by ARPA Lazio [45]. A zero value was considered when
an instruments errors were found.

All the measurement instruments are made by Project Automation. Table 2 shows the sensors
used for each concentration.

Table 2. Sensors used for each concentration measurement.

Pollutant PMs NOx SO2 O3 CO C6H6

Sensors

MP101MC

M200 A-API

TE 43i

M400E API

TE 48i AIR ToxicSWAMDC FAI

SWAM5a FAI

M100E API M300E API CP 7001SWAM DC FAI
TE SHARP 5030
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Figure 1. Google Earth map of Rome. Red circles are the monitoring stations taken into account. 
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analysed in order to find the behaviour of each pollutant in the different stations. In the case of 
[PM10], there is only one station that indicates a different Kurtosis value than the others. Despite this 
consideration, in all the concentrations the Kurtosis and Skewness values of the different stations are 
similar and it suggest that the mean of the network is possible.  

From Figures 4–11 is shown how the mean concentration of all stations work during the year in 
each hour. It can been seen that the major pollutant concentrations happen in the winter seasons 
from 8 to 13, and from 17 to 2, when there is a greater flow of cars in the city. The highest values are 
recorded from 19 to 23, when the heating systems are turned on. During the night there are lower 
values due to the turned off heating systems that is usually in Italy. In the summer, the high values 
in these hours are due to the urban traffic. 

It is worth noticing that the [CO], [NO], [NO2] and [C6H6] have similar trend during the year 
suggesting the presence of pollutant source simultaneously. 

The [O3] is recorded to be higher in the summer and during the hottest hours, when the solar 
radiation is highest. As a matter of fact, the presence of solar radiation allows the reaction of nitrogen 
dioxide (NO2) in the formation of ozone (O3). 

The [SO2] have values up to 8 μg/m3 compared with the limit of 125 μg/m3 reported in Table 1. 
That is foreseeable because the [SO2] is mainly caused by the combustion of fuel at power plants and 
other industrial facilities. As a matter of fact, in the center of Rome there is not this kind of system. 

The concentration of PM2.5 and PM10 has high values in the winter season and reach the 
maximum values in the last two months of 2015, with values close to 50 μg/m3 of PM2.5 and values 
close to 70 μg/m3 of PM10. 

Figure 1. Google Earth map of Rome. Red circles are the monitoring stations taken into account.

3. Results and Discussion

In the present study, the data recorded in 2015 were considered. It is useful to consider the mean
values of contaminants of each station in order to represent the average pollutant concentrations
of Rome.

Before calculating the mean values concentrations of Rome, Figures 2 and 3 show the mean,
standard deviation, Kurtosis and Skewness values of each pollutant during the year 2015. These are
analysed in order to find the behaviour of each pollutant in the different stations. In the case of
[PM10], there is only one station that indicates a different Kurtosis value than the others. Despite this
consideration, in all the concentrations the Kurtosis and Skewness values of the different stations are
similar and it suggest that the mean of the network is possible.

From Figures 4–11 is shown how the mean concentration of all stations work during the year
in each hour. It can been seen that the major pollutant concentrations happen in the winter seasons
from 8 to 13, and from 17 to 2, when there is a greater flow of cars in the city. The highest values are
recorded from 19 to 23, when the heating systems are turned on. During the night there are lower
values due to the turned off heating systems that is usually in Italy. In the summer, the high values in
these hours are due to the urban traffic.

It is worth noticing that the [CO], [NO], [NO2] and [C6H6] have similar trend during the year
suggesting the presence of pollutant source simultaneously.

The [O3] is recorded to be higher in the summer and during the hottest hours, when the solar
radiation is highest. As a matter of fact, the presence of solar radiation allows the reaction of nitrogen
dioxide (NO2) in the formation of ozone (O3).

The [SO2] have values up to 8 µg/m3 compared with the limit of 125 µg/m3 reported in Table 1.
That is foreseeable because the [SO2] is mainly caused by the combustion of fuel at power plants and
other industrial facilities. As a matter of fact, in the center of Rome there is not this kind of system.

The concentration of PM2.5 and PM10 has high values in the winter season and reach the maximum
values in the last two months of 2015, with values close to 50 µg/m3 of PM2.5 and values close to
70 µg/m3 of PM10.
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Figure 2. Mean (blue) and standard deviation (red) values calculated for all pollutant species in the 
different stations. Blue line is the mean of the mean values of the different stations and the red line is 
the mean of the standard deviation values of the different stations. (a) [CO]; (b) [NO]; (c) [NO2];  
(d) [C6H6]; (e) [O3]; (f) [SO2]; (g) [PM2.5]; (h) [PM10]. 
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Figure 4. Hourly annual concentration variation of C6H6 during 2015 in μg/m3. 
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Figure 4. Hourly annual concentration variation of C6H6 during 2015 in µg/m3.
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Figure 5. Hourly annual concentration variation of CO during 2015 in mg/m3.
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Figure 6. Hourly annual concentration variation of NO during 2015 in µg/m3.
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Figure 7. Hourly annual concentration variation of NO2 during 2015 in µg/m3.
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The main pollutant species in terms of probability density function (pdf ) have been analysed and
represented in normalized form in order to have zero mean and unitary standard deviation defined
as follows:

xnorm =
x− 〈x〉

σx
(1)

where as 〈·〉 is denoted the ensemble average and as σ is indicated the standard deviation.
It is shown in Figure 12 that [CO], [NO], [SO2] and [C6H6] have a narrow distribution around

the most frequent value and significant positive tail. The latter aspect can be ascribed to intermittent
energetic events embedded in concentration time histories. To better clarify this aspect all pdf are fitted
using the Generalized Extreme Value (GEV) function. By means of the GEV function, the return level
and period were calculated in order to evaluate the occurrence time of these events as reported in
Figure 13. With reference to the return period of [NO], every two days a high energetic peak in [NO]
concentration can be detected. On the other hand, in [NO2] time history intermittent events are rarely
observed. This aspect is a footprint of chaotic behavior of the Rome in terms of pollutant generation
and could be taken into account during the modelling stage of this process.

Instead [NO2], [PM2.5], [PM10] and [O3] have a distribution with a more flat trend. In particular,
[NO2] pdf is well fitted by the Gaussian pdf except for a small region over 3σ where a departure of
the positive tail can be clearly observed. In the latter case, we can consider, in a first approximation,
equally probable concentrations in a certain range.
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Figure 12. Probability density function (red triangles) and Generalized Extreme Value fitting
(blue circles) of pollutant concentrations calculated for samples acquired in a year.
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Analysing the probability distributions in comparing with the standards reported in Table 1,
it could be notice that [NO2], [PM2.5], [PM10], [C6H6] and [O3] exceeds the limit of legislation during
the year. In particular, 64% of time the [NO2] was over the limit of 40 µg/m3, 23% of time the [PM2.5]
was over the limit of 25 µg/m3, and 21% of time [PM10] was over the limit of 40 µg/m3. Regarding the
concentration of [C6H6] and [O3] the time in which the concentration is over the limit of legislation is
less than previous pollutant: 4% of time the [C6H6] was over the limit of 40 µg/m3 and 3% of time the
[O3] was over the limit of 120 µg/m3.

In 2015, regarding the limit in the short averaging period (from 1 to 24 h), [NO2], [SO2] and [CO]
haven’t exceeded the legislation thresholds. For [PM10] the limit of 50 µg/m3 for an averaging period
of 24 h was exceeded 39 times that is more than 35 permitted exceedances each year by the legislation.
These exceedances are concentrated in December when there was a combination of exogenous state
variable (i.e., temperature, humidity and wind velocity and direction, and traffic flow) and low
rainfall. For [O3] the limit of 120 µg/m3 for an averaging period of 8 h was exceeded 7 times. For this
concentration, the legislation permitted 25 exceedances days over 3 years.
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As stated previously and as further confirmed by the values assumed by Kurtosis and Skewness
(see Table 3), with reference to the set of [CO], [NO], [SO2] and [C6H6] a high Kurtosis value is evaluated,
indicating that these pollutants are present on Rome in constant quantities. On the other hand the high
Kurtosis values suggests a sharped distribution around the mode. Whereas the coefficient of variation
of [NO] have large value indicating that there are high energetic extreme value (see Figure 12).

Table 3. Kurtosis and Skewness values calculated for all pollutant species.

Specie Kurtosis Skewness Coefficient of Variation

[CO] 14.3 2.7 66%
[NO] 17.1 3.3 155%
[SO2] 9.6 2.2 91%

[C6H6] 9.4 2.1 72%
[NO2] 3.9 0.7 48%

[PM2.5] 4.2 1.3 60%
[PM10] 3.7 1.0 46%

[O3] 2.8 0.7 80%
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In the case of [NO2] the values assumed by the Kurtosis are close to those of a Gaussian
distribution as confirmed by the comparison in Figure 12, indicating the presence of a species of
pollutant that fluctuate significantly around an average value.

Given that the most important benzene source is the urban traffic, the concentration of benzene
may be used as an index of city traffic flux and its time history can be taken into account as reference.
The production of benzene is characterized by small oscillations in Rome during the time window
investigated. Furthermore, [C6H6] are strongly related to the concentration of pollutants species
such as [CO], [NO] and [NO2], as confirmed by the cross-correlation values reported in Figure 14.
This correlation is due to the fact that nitrogen oxide and carbon oxides are combustion products and
that their fluctuations are due to the oscillations of the city traffic flux. It is noteworthy that [O3] is
weakly related to the production of benzene but it is indeed in phase opposition with it. To further
investigate this interesting aspect, the Poincaré section of [C6H6] upon [NO] and [C6H6] upon [O3] are
represented in Figure 15. As noted above there is a strong linear dependence between [C6H6] and [NO]
and a more complex interdependence of [O3] and [C6H6]. More specifically an inverse proportionality
is clearly observed as formalized in the following:∣∣∣∣d [C6H6]

dt

∣∣∣∣ ∼ − ∣∣∣∣d [O3]

dt

∣∣∣∣ (2)
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Qualitatively is provided that to a reduction of [C6H6] under a certain threshold level corresponds
an increase of [O3]. Such behaviour could be attributed to exogenous state variable, which were not
taken into account in the present work.

4. Conclusions

Observance of air quality standards represents a great challenge in cities, especially in the ones in
which traffic and other additional sources are combined with bad weather conditions. With reference
to this issue, the results herein provided shown that the major pollutant concentrations are observed
in the winter seasons during the intense traffic flow and the threshold values are often exceeded.
Furthermore, according to the coefficient of variation values, Rome has a strongly unsteady behaviour
in terms of a family of pollutant concentration which fluctuate significantly.

[C6H6] are strongly related to the concentration of pollutants species such as [CO], [NO] and
[NO2], as confirmed by the cross-correlation analysis. This correlation is due to the fact that nitrogen
oxide prompts and carbon oxides are combustion products and that their fluctuations are caused by
the oscillations of the city traffic flux. [O3] is weakly related to the production of benzene and it is also
in phase opposition with it. For this reason, the Poincaré section of [C6H6] upon [NO] and [C6H6]
upon [O3] was investigated. It is worth noticing that there is a strong linear dependence between
[C6H6] and [NO] and a more complex interdependence of [O3] and [C6H6]. Qualitatively is provided
that, to a reduction of [C6H6] under a certain threshold level which corresponds to an increase of [O3].
Such behaviour could be attributed to exogenous state variable.

The main objective for the reduction of air pollutant is to reach, thanks to the implementation of
suitable mobility policies, an urban sustainable development, i.e., to improve traffic mobility conditions,
to increase road safety and to decrease traffic caused by pollution and to re-qualify urban spaces.
It includes rationalizing public space, safeguarding citizens’ health and life quality, and preserving
historical and architectural heritage.

The government is promoting both long and short-term activities to reach these goals. From the
analysis of the current air situation, it is clear that traffic is the reason why the pollutant concentrations
are so high. Traffic is the main source of [CO], [C6H6] and [PM10] concentrations.

In order to reduce the pollution in Italian cities and in particular in Rome, measures are needed to
decrease the level of the various substances dispersed into the air. One of the main actions that can be
performed is the reduction or elimination of the use of the most polluting cars, i.e., cars Euro 0, 1 and
2. As a matter of fact, Roma Capitale has imposed the circulation reduction of these cars permanently
from 15 December 2015 [46].

Regarding the reduction of the pollutants due to buildings heating systems, it is necessary to
replace traditional boilers with more efficient systems, such as condensing boilers. As a matter of
fact, the condensing boilers allow reducing the utilization of combustion and a consequence decrease
of emission.

However, the boilers are only one element of the heating systems. Its efficiency depends on other
elements such as distribution, emission and regulation. Using condensing boilers coupled with other
high heating systems elements, can improve the total efficiency and reduce the environmental emission.

The Poincaré sections in Figure 15 gives a significant contribution to the modeling purpose:
such as dynamical model (ODE) or regression approach (LUR) (see among many [47,48]).

More specifically, the experimental analysis shows a correlation between [C6H6] over [NO] and
[C6H6] over [O3]. These aspects are well known for small scale zero-dimensional reactor, but for very
large scale problems as the city domain is not commonly investigated. Therefore, a reduction of a three
dimensional large scale process to zero-dimensional phenomenon as in homogeneous volume can be
consider the first step for a mathematical model development by means of an ODE system as follows:

x = f [x (t)] where x (t) = {[NO] , [O3] , [C6H6] , . . .} (3)
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This aspect is the fundamental task to predict the time evolution of the pollutant species generated
within an urban domain.

Furthermore, as a result, it can be clearly concluded that Rome has a strongly unsteady behaviour
in terms of pollutant concentration. All-time series are positive skewed, indicating that some short
time rare events, of pollutant concentration, have an order of magnitude bigger than the expected
values. Such as intermittent behaviour must be taken into account for modelling purpose.
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