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ABSTRACT

Pollution monitoring in the urban environment is an issue of paramount importance both for public
health and for the environment, and in relation to the need of finding adequate solutions towards a more
sustainable lifestyle. This is particularly true in the case of areas where specific activities or intense
emissions occur. This is the case, for example, of ports. In fact, harbours are important for economic and
social development of coastal areas, but they also represent an anthropogenic source of emissions, often
located near urban centres and industrial areas. In order to define the characteristics and the boundaries
of these critical areas, a method for conducting a survey has been defined and tested. The purpose of this
work is to define a methodological approach for particulate matter (PM) monitoring of a given extended
source. This article introduces a specific case study in the port of Naples (Southern Italy). A preliminary
survey approach for defining the setup and operational conditions for a monitoring network has been
defined. In this research a key role is played by the use of innovative devices, having a higher spatial and
temporal resolution with respect to standard reference instruments, which already proved to be effective
means in supporting the survey actions.
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1 INTRODUCTION

Air pollution is a subject of major concern, due to its adverse effects both on the environment
and on human health. Many historical documents already report the existence of polluted
air in towns prior to the modern industrial era. Concern about the effects of air pollution
has existed for centuries. In 14th-century England, regulations were introduced regarding
the burning of sea coal, and violators were tortured for producing foul odours. In the United
States, the first air pollution regulations also dealt with coal, and in the 19th century, coal
and smoke ordinances were passed in Chicago, St. Louis and Cincinnati. In the 20th century,
concern about air pollution in the United States can be traced to severe pollution episodes,
such as the 1948 episode in Donora, Pennsylvania (near Pittsburgh), which resulted in nearly
7,000 illnesses and 20 deaths. We cannot forget the existence of so-called ‘smog crises’,
which still affect various part of the world. Apart from St. Luis, we must quote the tragedy
that befell Greater London: from 5 December through 9 December 1952 a heavy, motionless
layer of smoky, dusty fumes from the region’s million or more coal stoves and local factories
settled in the London basin. This fog became known as the ‘Big Smoke’, because its toll and
the public reactions to it were without precedent [1].

Among the different air pollutants, particulate matter (PM) deserves a great attention
because of its impacts. In fact, it increases mortality and morbidity, while it decreases lung
function [2]. In most epidemiological studies, health effects are related to the mass con-
centration of particles with diameter less than 10 um (PM, ) [3]. PM are usually classified

as PM, (particles with an aerodynamic diameter — @ — less than 10 um), PM,, (9 < 2.5
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pum) and PM, (@ < 1 um). The coarse fraction (belonging to the size class: 2.5 um < @ < 10
um) is predominantly originated by natural sources (geological material — such as fugitive
and resuspended dust — and biological material — such as pollen and endotoxins), while
its composition changes depending on the geology of the site considered. Coarse particles
are mainly deposited in the extrathoracic region, while some inhaled fine particles reach
the alveolar region of the lung [4]. The PM coarse fraction has been associated with pro-
inflammatory and cytotoxic effects [5, 6]. On the other side, the PM fine fraction (PM, and
its sub-fraction, PM,) are dominated by combustion-derived particles, consisting mainly of
both organic and inorganic elements adsorbed onto the surface of a carbonaceous core and
of secondary particles, produced by photochemical reactions in the atmosphere (sulphates
and nitrates) [7]. The carbonaceous fraction consists of aggregates of organic and inorganic
carbon, on which transition metals (Pb, Cd, V, Ni, Cu, Zn, Mn, Fe), organic compounds and
biological constituents are adsorbed [8]. PM, ; has been associated mainly to a higher geno-
toxic potential [9, 10]. While, in the past, the attention was mainly concentrated on these
effects, new evidence is emerging about PM role, as neurotoxic agent, in neurodegenerative
processes [11, 12].

Cities are currently home to nearly half of the world’s population. By 2030 each of the
major regions of the developing world will host more urban than rural dwellers; by 2050
fully two-thirds of their inhabitants are likely to live in urban areas [13]. The strong increase
of urban population, on one side, and the need of a transition towards a more sustainable
lifestyle, on the other side, can be the reasons of a call for action in reducing the existing
environmental pressures, among which PM occupies a relevant place. In fact, PM and precur-
sors are released by human activities in every part of the world, but the concern is growing,
particularly for areas of rapid economic growth and high population density [14].

Several factors, behind their origin, influence the characteristics of PM. Local climate and
topography are known variables influencing air pollution levels [15]. The conditions can be
particularly troublesome, if the affected city is located in a valley surrounded by mountains
[16, 17]. The influence of local meteorological factors is related both to the aerosol genera-
tion processes and to transport and scavenging phenomena. In fact, meteorology is important
for understanding the degradation of SO,, NO, and NH,, leading to secondary aerosol forma-
tion [18]. In particular, temperature and solar radiation enhance the formation of 0,, H,SO,
and (NH,),SO,, while relative humidity enhances the transformation of NO, to form HNO,
and NH,NO, [19]. The aerosol transport by wind has been studied and described in different
areas [20]. Aerosol in-cloud scavenging [21] and removal processes by precipitations [22, 23]
and by fog [24] are also known.

The presence of specific economic activities constitutes another important factor in influencing
the characteristics of PM. This is the case, for example, of ports. Harbours are important for
economic and social development of coastal areas, but they also represent an anthropogenic
source of emissions, often located near urban centres and industrial areas [25, 26]. The main
pollutants emitted by ship traffic are nitrogen oxides, sulphur oxides and particulate matter
that represent, globally, 5-7 Tg/year, 4.7-6.5 Tg/year and 1.2-1.6 Tg/year, respectively [27].
In general, ship emissions will increase in the next 1040 years due to growth in international
trade [28]. It is important to remark that nearly 70% of the ship emissions occur within 400 km
of land [26]. Thus, close-to-land emissions could have significant environmental impact on
the coastal areas [29]. In-port ship emissions and the emissions of harbour-related activities
represent only a small fraction of the global emissions associated with shipping [30]. However,
they can have an important environmental effect on coastal regions in Europe, Asia and the
United States, which often have harbours located near urban and industrial centres [31, 32].
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Specific case studies were also analysed [33-38]. The multiple and complex nature of port
emissions constitutes a further thread for the health of exposed citizens in the neighbouring
urbanized coastal areas. Thus, pollution monitoring becomes important, as a first step in order
to develop appropriate and effective countermeasures to reduce the impacts. Furthermore, it
can support the port authority in identifying more appropriate actions in the transition towards
a more sustainable management of such an economic activity.

There is no universal way of defining a priori the characteristics of air pollution monitoring
in relation to ports, since, as discussed before, the number of variables which determine the
level of air toxicants is really high. The first step is, anyway, to define an emission zone of
influence. In the case of PM, this area is defined, referred to a given emitter, as the distance
from that specific source, which contributes no more than 10% of the measured PM concen-
tration [39]. Nonetheless, in our specific case, we are dealing with an extended source. Thus,
it is also necessary to define the spatial uniformity with respect to our site. This parameter is
defined as the extent to which particle concentrations vary over a specified area. Furthermore,
it is expressed as a spatial coefficient of variation of measured concentrations from many
samplers in an area and as the deviation of measurements taken by a single sampler from
the spatial average of all samplers. In particular, an annual coefficient of variation (standard
deviation divided by the mean) of less than 10%, and a 20% maximum deviation of a single
sampler from the mean, are desirable indicators of spatial uniformity for determining com-
pliance with standards. The second value can be assessed using a different reference time
period (day, month, etc.). Furthermore, the reference periods for the comparisons must be
homogeneous.

In order to define both the existence of such a heterogeneity and, consequently, the resolu-
tion grid for a future monitoring network, a preliminary survey is indispensable. The purpose
of this work is to define a methodological approach for this operation, in the case of PM. A
specific case study will be introduced, then, in the case of the port of Naples (S Italy).

2 MATERIALS AND METHODS

This research is focused on the methodological approach of a preliminary survey for defin-
ing the setup and operational conditions for a monitoring network. Such a set of measuring
instruments should also be capable of detecting the internal variability of a complex and
distribute ensemble of PM sources, as a sub-system of a given environment, with a different
ensemble of emitters. A port, located within an urban area, can be a practical example of what
has just been defined in a general way. Three criteria should be considered: the boundaries of
the monitored system, the horizontal homogeneity and the vertical homogeneity. The survey
is used to give a preliminary definition of these characteristics.

It is obvious that difficulties arise since we are dealing with an open sub-system; there are
two main difficulties: defining the boundaries of such an area and defining the existence of
separable components, which should reflect somehow the different activities within the envi-
ronment under study. The answer to the first problem comes from EPA [39], as described in
the introduction. The existence of non-homogeneities for PM emissions is a known fact. For
example, in a previous study by Pinto et al. [40], the spatial variability of PM, , concentration
was demonstrated in the urban areas of the United States, which revealed a meaningful differ-
ence among eastern and western sites. While the definition of homogeneous sub-areas for PM
monitoring is again defined by EPA [39], further indications can be derived from experiences
in similar fields, such as meteorology.

In fact, also in this case, each network contains an organized collection of individual sen-
sors, which gather measurements that are representative of the micro-, local- or mesoscale,
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depending on the network objectives. Furthermore, the atmospheric processes (or pollutant
dynamics, in our case) that are to be observed, and the size and morphology of the area being
covered, will affect the physical arrangement of the network — such as the distance between
the sensors, the sensor heights and the precise location of the sensor — and thus the network
scale. City-scale networks focus on urban processes by using networks of instruments that
allow sufficient coverage. While an urban area could be considered a mesoscale phenom-
enon, mesoscale networks are not specifically designed to resolve the urban climate. Instead,
dense climate networks covering whole cities are required to examine the urban climate in
more detail [41]. Moreover, measurements taken by each sensor are considered representa-
tive of the local area (and not the microscale).

Routine monitoring activities for atmospheric pollutants usually neglect the three-dimen-
sionality of atmospheric diffusion. Nonetheless, apart from the nature of this phenomenon,
there is another reason for including the vertical dimension into these operations. In fact, the
vertical city has become both a planning paradigm and a reality since the 20th century [42].
Furthermore, a great part of the exposed population lives indoor for a meaningful fraction
of day. Furthermore, three different environments have been classified: home indoor, work
indoor and other indoor [43]. Finally, it is a well-known fact that a relation exists between
indoor and outdoor PM pollution [44]. This is why a 3-D survey would be strongly recom-
mended.

A final remark about the instrumentation. Monitoring networks with stationary equipment
gives indeed a quantitative impression of prevailing average concentrations near the instru-
mental site. Troublesome situations (‘hot-spots’), however, are usually not discovered in the
network’s data [45]. This is why the use of mobile instrumentation, characterized by a high-
time-resolution sampling, is preferable.

2.1 Case study, measurement techniques and facilities

The study was conducted in narrow portions of the city of Naples (S Italy), so as to verify
whether the variability of PM concentrations is detectable in relatively limited urban volumes.
First, the definition of a set of such 2-D spaces is necessary to associate a given volume with
a sampling station. In addition, PM values can display a vertical variability. This depends on
the height of the buildings, on the layout of the road network, leading to the formation of dif-
ferent urban canyons, as well as on the different natural morphology of the terrain, which can
vary within a few kilometres. Moreover, a change in exposure to weather conditions affects
the particulate matter and therefore on its variability in terms of concentration.

The port of Naples was chosen for our survey (Fig. 1). Its position is in the central part
of the city, close to high-traffic roads. Such a case is representative of an emission area of
interest, almost surrounded by an extended source, represented by the urban environment of
Naples. This makes, on one side, the definition of port boundaries with respect to PM pollu-
tion more difficult. On the other side, the characteristics of the site are representative for test-
ing the methodological approach that we introduced in the previous section. The port area,
selected for the survey, is about 0.11 km?. The choice of a narrow part of the port depends on
the fact that it is open to the public (this increases the exposed population), while it is also the
part closest to the city centre and, so, to the boundaries of the system under analysis. At the
port area of Naples, the measurements were taken at nine different points (Fig. 2). These were
chosen at the berths where ferries and hydrofoils arrive, depart and station. The nine points
(1,6,7,-2,5,8, -3, 4,9) represent three different port transepts.
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Figure 2: The sampling area (red polygon) and the nine sampling points in the Port of Naples.

The study of the particulate matter concentrations was carried out through a Novaetech
PMR Drone — Particle Monitoring Recorder (Fig. 3), produced by Novaetech. This is an inno-
vative prototype for automatic fine PM measurements in micrometre and sub-micrometre
range, based on Quartz Crystal Microbalance (QCM) technology. The main components of
this instrument are a replaceable inlet (a nozzle, which dynamically selects the PM size), an
impact surface (i.e. the quartz crystal), a micro air pump, the operating system and a Wi-Fi
transmitter (based on Arduino technology). This tool has been previously tested and used in
different field campaigns. In particular, this instrument has proven to be compact, with low
power consumption and simple PC interfaces. Being extremely lightweight and compact, this
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Figure 3: Novaetech PMR Drone (Particle Monitoring Recorder).

tool can be placed on board of any type of vehicle, from where it can sample time sequences,
with a variable high-time resolution, usually fixed at 1 minute. The sensor core, made up of
piezoelectric element, allows, by means of a set of gravimetric measurements, to determine
the particulate mass concentration.

The working principle is inertial impaction coupled with the QCM technology. In particu-
lar, QCM technology allows to take advantage of the piezoelectric characteristics of quartz
surface. The PM concentration is defined as a function of oscillation frequency variations,
generated by the deposition of particles on the impact surface. This principle is based on a
study by Sauerbrey [46], who developed an equation that relates the mass and with frequency
variations through a coefficient, C, i

A= =C, Am (M)

In particular, Af is the variation of observed frequency, in Hz; Am is the mass change per
unit area, in g/cm®. C, is the sensitivity factor of the used crystal, defined as:

5y

T (@)

where 7 is the number of harmonic sequence to which the crystal is driven; f; is the crystal
resonant frequency, in Hz; P, is the density of quartz; 1, is the quartz shear modulus.

The PMR Drone was fixed over a rack of a bicycle, 1 metre above the surface. Each meas-
urement cycle lasted 10 minutes, with a sampling resolution of 1 minute. The weather condi-
tions were assessed, in order to guarantee the homogeneity of the sampling conditions.

The option of defining the vertical profiles along the survey for each chosen sampling
point was considered. Since the purpose of this article is methodological, the data will not be
reported for the sake of simplicity. As a general comment, the technological operative support
derived from the use of flying drones appeared to be really useful in this case. The effec-
tiveness of our advanced environmental monitoring based on the combined use of physical,
[47-53] chemical [54, 55] and biological [56] surveys has been already validated in previous
studies; in particular, several missions were performed to detect and identify polluted areas
due to environmental violations.

Cr=2n
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3 RESULTS AND DISCUSSIONS

The mean PM, ; mass concentrations, measured in nine different points of the Port of Naples,
are collected in Table 1. The measured values are assessed against mean daily data of the
closest PM, ; measuring station (the data are publicly available from the Regional Environ-
mental Protection Agency — ARPAC). Only one datum falls within the 20% deviation, which
indicates the presence of a homogeneous area with respect to a reference point. This means
that the collected measures represent a different physical reality from the one chosen as
reference (the ARPAC measuring station). Thus, the existence of a different homogeneous
reference area is confirmed, showing the validity of the survey approach. Furthermore, the
available monitoring system appears to be insufficient and non-representative for the territory
of Naples for the monitored pollutant.

Non-uniform data appear among the different days. This difference depends on the differ-
ent weather stability classes, classified according to Pasquill [57], observed along the sam-
pling periods. In particular, the data can be grouped considering day 1 and day 2 together
as a first block. Correspondingly, day 3 and day 4 can be associated in a second group. A
planimetric variability of PM,  is also visible. This depends on the variable intensity, number
and distribution of sources within the considered area. This evidence, which is important for
a survey, would not appear using traditional techniques and fixed monitoring stations.

Considering the position of the nine points, it is also possible to deduce that PM emis-
sions from ferries give a higher contribution to the measured values. In fact, points from 1
to 6 generally exhibit larger values with respect to the ones measured in the other sampling
sites. In contrast, road traffic does not influence the obtained dates in a very significant way.
This variability might depend on the orography and, more particularly, on the presence of the
Vomero Hill behind the port building, acting as a natural barrier for the wind.

In order to better visualize the planimetric variability, a three-dimensional modelling is
superimposed to the aerial view of the port area (Fig. 4). The dimension of each block, which

Table 1: Mean PM, ; mass value in the nine sampling points at the port of Naples. Day 1I:
13 July 2016. Day 2: 14 July 2016. Day 3: 19 July 2016. Day 4: 20 July 2016. The
datum marked with (¥) is the only one that falls within the 20% limit with respect
to the daily mean value of the closest reference PM, . measuring station.

Measurement PM, . (day 1) PM, . (day 2) PM, . (day 3) PM, . (day 4)

point number [ﬂ_g [ﬂ_g [ﬂ_g ﬂ_g]
m’ m? m’ m?
1 55 55 125 26
2 54 76 25(%) 43
3 65 52 3 21
4 101 81 2 3
5 49 45 13 6
6 10 48 118 7
7 16 44 113 1
8 13 61 2 2
9 12 53 5 1
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Figure 4: 3-D modelling of PM concentrations in first two days (a) and in second two days
(b). The two cases are selected according to homogeneous weather stability
conditions.

is located according to the position of each sampling point, is proportional to the recorded
PM, , mean mass concentrations. The data are grouped in two figures (Figs. 4a and 4b), which
are associated to two different homogeneous weather and atmospheric stability conditions.

4 CONCLUSIONS
Pollution monitoring in the urban environment is of paramount importance due to both the
high number of exposed people and for finding adequate solutions towards a more sustain-
able lifestyle. This is particularly true in the case of areas where specific activities or intense
emissions occur. In order to define the characteristics and the boundaries of the monitored
area, a method for conducting a survey has been defined and tested. The chosen pollutant
was PM, , due to its adverse impacts, as explained in the introduction. The case study for a
brief test of such an approach was the Port of Naples, located within the city centre (S Italy).

The standard approach for defining the boundaries of a homogeneous area for PM,  with
respect to specific activities emissions has been reviewed. Then, the method was tested in our
case study. Our measurements, conducted using high-temporal and spatial resolution sam-
plings, showed the effectiveness of such an approach, as a first step for planning a monitoring
campaign. In fact, both the broad-scale limits of the area and the PM,  variability within the
same area were identified. Vertical profiles, which have not been measured yet, would repre-
sent a further variable for defining a sub-grid for both the survey and the future monitoring.
The use of innovative devices, having a higher spatial and temporal resolution with respect
to standard reference instruments, has already proved to be effective means in supporting the
survey. We are deepening the 3-D monitoring techniques as an approach to environmental
diagnostics. Thus, this survey approach will be further implemented in the future.

A correct and adequate preliminary survey allows to better define the nature and character-
istics of a monitoring network. This, in turn, supports a more effective process of identifica-
tion and description of the measured sources. Furthermore, this is the first path towards the
definition of adequate management options for minimizing the impacts of pollution in the
urban environment.
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