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ATTI DEI DIRETTORI DELLE SEZIONI DI RICERCA SCIENTIFICA O TECNOLOGICA, DELLE 
STRUTTURE TECNICHE DI SERVIZIO E DEI DIRIGENTI 

 
Atto n. GEO 460 ADW del 29/06/2023 
 

 
Oggetto:  Servizio di pubblicazione, in open access, dell’articolo scientifico dal 

titolo: "Design and Implementation of a crowdsensing based air quality 
monitoring open and FAIR data infrastructure” sulla rivista Processes. 
Importo complessivo € 2.040,13, IVA esclusa. Oneri di sicurezza 
interferenziale non soggetti a ribasso d'asta: € 0,00. Affidamento diretto, 
ai sensi dell’art. 1, comma 2, lettera a) della L. n. 120/2020, così come 
modificata dalla L. n. 108/2021 e s.m.i., alla società MDPI, di Basel (CH), 
VAT NO. CHE-115.694.943, CIG n. ZD63BBBDED.  

 
IL DIRETTORE DELLA SEZIONE DI RICERCA SCIENTIFICA GEOFISICA 

 
 
Richiamata la deliberazione CdA n. 86 dd. 08/10/2020 “Procedura comparativa per l’individuazione 

dei Direttori delle Sezioni e/o Centri di Ricerca Scientifica e/o tecnologica: Sezione di 
Ricerca Scientifica “Geofisica” – GEO: nomina del candidato vincitore” con la quale si è 
disposto la nomina a Direttore della Sezione di Ricerca Scientifica “Geofisica” – GEO, del 
dr. Fausto Ferraccioli, con decorrenza 01/11/2020 e termine al 31/10/2024; 

vista                       la determinazione della Direttrice Generale n. 199 ADW del 12/05/2022 avente ad 
oggetto: “Delega temporanea in materia di contratti pubblici di lavori, servizi e forniture ai 
Direttori delle Sezioni di ricerca/Centri di ricerca e delle Strutture Tecniche di servizio e ai 
Dirigenti Amministrativi dell’OGS”; 

esaminata la richiesta di fornitura n. GEO 88/2023, completa di versione draft, predisposta dal dott. 
Poalo Diviacco, della Sezione GEO (Allegato n. 1), per la pubblicazione dell’articolo 
scientifico dal titolo: "Design and Implementation of a crowdsensing based air quality 
monitoring open and FAIR data infrastructure”, sulla rivista Processes, autori Paolo 
Diviacco, Massimiliano Iurcev, Rodrigo Carbajales, Alberto Viola e Nikolas Potleca; 

tenuto conto che la scelta della rivista è legata al prestigio dell'editore e al ranking della rivista; 

ricevuta  e ritenuta congrua, la fattura n. 2411337 di data 20/06/2023, inviata dalla società MDPI, 
di Basel (CH), contenente il corrispettivo per il servizio richiesto, al costo complessivo di € 
2.040,13, IVA esclusa (Allegato n. 2); 

considerato l’art. 1 comma 2, lettera a) della L. n. 120/2020, così come modificato dalla L. n. 108/2021 
e s.m.i., laddove si dispone che le stazioni appaltanti possano 
procedere, per importi inferiori a € 139.000,00, ad affidamenti diretti anche senza previa 
consultazione di due o più operatori economici; 
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verificato inoltre che risultano applicabili le disposizioni di cui all’art. 10, comma 3, del D.Lgs 
25/11/2016, n. 218 (Semplificazione delle attività degli Enti Pubblici di ricerca ai sensi 
dell’art. 13 della L. 7/8/2015, n. 124), in quanto il servizio in oggetto è funzionalmente 
collegato e destinato ad attività di ricerca nell’ambito del progetto sopra indicato, non 
sussistendo quindi l’obbligo di ricorso al mercato elettronico della Pubblica 
Amministrazione (MePA); 

tenuto conto inoltre, delle disposizioni contenute nella c.d. Legge di Stabilità 2016 (L. 28/12/2015, n. 
208), modificata con la c.d. Legge di Stabilità 2019, laddove è possibile effettuare acquisti 
di beni e servizi di valore inferiore ad € 5.000,00 (IVA esclusa) al di fuori del MePA Consip; 

ritenuto               inoltre applicabile nella fattispecie quanto previsto dal punto 3.7 delle linee guida ANAC 
n.4, laddove è ammessa la deroga al principio di rotazione per importi inferiori a € 
1.000,00, qualora l’affidatario, nel precedente appalto, abbia dimostrato piena affidabilità, 
comportamento virtuoso nell’esecuzione dello stesso, ed abbia praticato prezzi in linea 
con quelli del settore di mercato di riferimento, circostanze presenti nella procedura di cui 
trattasi; 

richiamato inoltre il punto 5 del parere del Consiglio di Stato n. 01312/2019 dd. 30/04/2019, con il 
quale si condivide l'innalzamento, da € 1.000,00 ad € 5.000,00, della soglia entro la quale è 
possibile, con scelta motivata dalle circostanze di cui sopra, derogare al principio di 
rotazione; 

ritenuto  pertanto di procedere all’affidamento del servizio per quanto in oggetto alla società MDPI, 
di Basel (CH); 

considerato         l’esiguo importo dell’affidamento, la richiesta di prestazione della garanzia sarebbe 
antieconomica rispetto al valore del contratto;  

ritenuto  pertanto, date le condizioni di cui sopra, di non richiedere la garanzia definitiva nei 
confronti dell’operatore economico ai sensi dell’art. 103 del D.Lgs. n. 50/2016 e s.m.i.; 

considerato che la spesa pari a stimati € 2.040,13, IVA esclusa, per il servizio di cui trattasi, trova 
idonea copertura, sul capitolo 52002, art. 64 commessa 6750 (ION), del Bilancio di 
previsione 2023, di pertinenza della Sezione GEO; 

richiamato altresì l’art. 31 del D.Lgs. n. 50/2016 e s.m.i., e considerato che lo scrivente svolge le 
funzioni di Responsabile Unico del Procedimento mentre la sig.ra Simona Cassaro funge 
da Responsabile dell’Istruttoria; 

preso atto che non ricorrono nel caso di specie motivi di incompatibilità o di conflitto di interesse, 
nei confronti dello scrivente, ai sensi della vigente normativa in materia di contrasto alla 
corruzione; 

accertato che, in conformità a quanto disposto dall’AVCP con determina n. 3/2008, il servizio di cui 
trattasi non comporta rischi da interferenza, per cui non è stato redato il DUVRI; 

visti  gli articoli 32, commi 6 e 7, e 33, del D.Lgs. n. 50/2016 e s.m.i.; 

visto  il Regolamento di amministrazione, finanza e contabilità dell’OGS; 

tutto ciò premesso e considerato; 

 
 

D E T E R M I N A  
 
 

1. di procedere, per i motivi esposti in premessa, all’affidamento diretto del servizio di pubblicazione, 
in open access, dell’articolo scientifico dal titolo: "Design and Implementation of a crowdsensing 
based air quality monitoring open and FAIR data infrastructure” sulla rivista Processes, alla società 
MDPI, di Basel (CH), VAT NO. CHE-115.694.943, ai sensi dell’art. 1, comma 2, lettera a) della L. n. 
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120/2020, così come modificata dalla L. n. 108/2021 e s.m.i., CIG n. ZD63BBBDED, al prezzo 
complessivo di € 2.040,13 IVA esclusa;           

2. di stipulare il contratto nelle more dell’effettuazione di successivi eventuali ulteriori controlli a 
campione delle verifiche della veridicità delle dichiarazioni rilasciate dall’operatore economico, 
inserendo nelle clausole di risoluzione il pagamento all’impresa del corrispettivo pattuito solo con 
riferimento alle prestazioni già eseguite e nei limiti dell’utilità ricevuta e di applicazione di una 
penale in misura pari al 10% (dieci per cento) del valore del contratto, qualora l’esito delle suddette 
verifiche risulti negativo; 

3. per le ragioni sopra descritte, di non richiedere all'affidatario la prestazione della garanzia definitiva 
di cui all'art. 103 del D.Lgs. n. 50/2016 e s.m.i.; 

4. di dare atto che la spesa complessiva di € 2.488,96, IVA inclusa, per il servizio di cui trattasi, trova 
idonea copertura, sul capitolo 52002, art. 64 commessa 6750 (ION), del Bilancio di previsione 2023, 
di pertinenza della Sezione GEO; 

5. che il Responsabile del Procedimento in oggetto è il sottoscritto mentre la sig.ra Simona Cassaro 
funge da Responsabile dell’Istruttoria; 

6. di dare atto che il presente procedimento sarà soggetto ad avviso di post-informazione mediante 
pubblicazione sul profilo istituzionale del committente, nella sezione Gare e appalti; 

7. di impegnare la spesa complessiva di € 2.488,96 sui capitoli di seguito elencati: 

 
Eser. EPF Cap. Art. CIG Cod 

Bilancio 
Importo Soggetto 

2023 2023 52002 64 ZD63BBBDED 52002 2.488,96 MDPI AG   cod.fisc. / p.i. 
CHE115694943 

 
       
 
  
 
 IL DIRETTORE 
  Fausto Ferraccioli 
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Oggetto: Relazione RDF pubblicazione open access su MDPI Processes 
 
Nell’ambito delle attivita’ di citizen science dell’Infrastruttura di gestione dei dati geofisici della 
sezione GEO e’ stato sviluppato un sistema di monitoraggio della qualita’ dell’aria nella citta’ di 
Trieste che copre tutti gli aspetti, dalla misurazione alla trasmissione all’elaborazione alla 
mappatura geografica dei dati su portale web. Il sistema e’stato reso possibile grazie ad una 
stretta collaborazione con la Trieste Trasporti. Nel dettaglio di questo articolo abbiamo focalizzato 
il problemi e le implementazioni tecnologiche del sistema. E’ stato evidenziato come con il sistema 
proposto sia possibile mappare con grande precisione sia geograficamente che temporalmente 
l’evoluzione della distribuzione del particolato. Nel dettaglio e’ stato descritto il sistema di 
acquisizione ed i metodi di calcolo e rappresentazione web dei dati. 
L’esperienza e’ stata descritta in questa pubblicazione che ha avuto reviews molto positivi. Dopo 
delle minor revisions l’articolo e’ stato accetto. La rivista ha un Impact factor di circa 3.3. Ed 
impone essendo open access il pagamento dei costi di produzione pari a 2040,13 Euro 
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Design and Implementation of a crowdsensing based air qual- 4 

ity monitoring open and FAIR data infrastructure 5 

Paolo Diviacco 1,*, Massimiliano Iurcev 1, Rodrigo Carbajales 1, Alberto Viola 1 and Nikolas Potleca 1 6 

1 National Institute of Oceanography and Applied Geophysics, Borgo Grotta Gigante 42/C, 34010 Sgonico, 7 
Italy 8 

* Correspondence: pdiviacco@ogs.it; Tel.: +39-040-2140380 9 

Abstract: This work reports on the development of a real-time vehicle sensor network (VSN) system 10 
and infrastructure devised to monitor particulate matter (PM) in urban areas within a participatory 11 
paradigm. The approach is based on the use of multiple vehicles where sensors, acquisition and 12 
transmission devices are installed. PM values are measured and transmitted using standard mobile 13 
phone networks. Given the large number of acquisition platforms needed in crowdsensing, sensors 14 
need to be low-cost (LCS). This sets limitations in precision and accuracy of measurements that can 15 
be mitigated using statistical methods on redundant data. Once data are received, they are automat- 16 
ically quality controlled, processed and mapped geographically to produce easy to understand vis- 17 
ualizations that are made available in almost real-time through a dedicated web portal. There, end 18 
users can access current and historic data and data products. The system has been operational since 19 
2021 and has collected over 50 billion measurements, highlighting several hotspots and trends of air 20 
pollutions in the city of Trieste (North-East Italy). The study concludes that (i) this perspective al- 21 
lows to drastically reduce costs and considerably improve the coverage of measurements; (ii) for an 22 
urban area of approximately 100.000 square meters and 200.000 inhabitants a large quantity of meas- 23 
urements can be obtained with a relatively low number (5) of public buses; (iii) that a small number 24 
of private cars, although less easy to organize, can be very important to provide infills in areas where 25 
buses are not available; (iv) appropriate corrections for LCS limitations in accuracy can be calculated 26 
and applied using reference measurements taken with high quality standardized devices and meth- 27 
ods; (v) analyzing the dispersion of measurements in the designated area it is possible to highlight 28 
trends of air pollution and possibly associate them with traffic directions. Crowdsensing and open 29 
access to air quality data can provide very useful data to the scientific community but also have 30 
great potential in fostering environmental awareness and the adoption of correct practices by the 31 
general public. 32 

Keywords: Particulate matter; crowdsensing; citizen science; low-cost sensors; infrastructure. 33 
 34 

1. Introduction 35 
The World Health Organization defines air pollution as the “contamination of the 36 

indoor or outdoor environment by any chemical, physical or biological agent that modi- 37 
fies the natural characteristics of the atmosphere.” [1]. Epidemiological evidence suggests 38 
that polluted air is one of the leading factors associated with development of respiratory 39 
illness, cardiovascular disease, and lung cancer [2]. At the same time, air pollution directly 40 
and indirectly affects the climate and damages buildings and cultural heritage [3], [4]. 41 
Many countries have introduced specific legislation setting strict objectives for air quality. 42 
In the United States, this was implemented in the 1970s with the Air Quality Act [5] and 43 
later in Europe, with the 2008/50/EC directive [6]. Notwithstanding the fact that in general 44 
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air quality has improved a lot since then, there are still several hot spots of air pollution 45 
in most of the western countries [7], [8]. Recently, several analysts highlighted the risks 46 
that, due to the current geopolitical situation and the shortage of natural gas, the resulting 47 
increase in the use of solid fuels could worsen the situation [9]. Indeed, while the combus- 48 
tion of natural gas contributes to the formation of smog and acid rain, particulate matter 49 
(PM) emissions are generally low [10]. On the contrary, liquid and solid fuels combustion 50 
produces large quantities of PM and high concentrations of sulfur and heavy metals [11].  51 

Air quality monitoring is generally performed by government agencies using stand- 52 
ardized methods and devices at specific fixed locations in order to have reliable long time 53 
series that could be considered as reference measurements. The position of such monitor- 54 
ing stations is linked to the specific problem to be considered, be it traffic congestion in an 55 
urban area or an industrial site or any other issue that could be relevant to public health.  56 

Reference methods are intrinsically expensive and need well trained personnel. As a 57 
consequence, there are limitations in the possible number of stations to install. In order to 58 
reconstruct the geographic distribution of the quality of air in an area, measurements at 59 
the sparse stations can be inter/extrapolated using statistical [12] or modeling techniques 60 
[13]. Although generally very accurate, these methods can be problematic where high gra- 61 
dients are present. In such cases, the possibility to increase the geographic and temporal 62 
coverage and resolution of phenomena could be very helpful. 63 

In this perspective, a new paradigm can be introduced that has already been success- 64 
fully applied in several scientific fields. Since the seminal work of Irwin [14], a large num- 65 
ber of initiatives have, in fact, flourished that aim at enrolling resources from outside the 66 
scientific community and employ them within several research activities [15]–[19]. This 67 
new approach is generally referred to as citizen science, although slightly different defi- 68 
nitions may be more suited to each specific application. In this work, we prefer to use the 69 
term ‘crowdsensing’, which refers to a technique where a large number of volunteers offer 70 
their help in acquiring and sharing measurements taken with devices or software pro- 71 
vided by the project designer. Within this perspective, a large literature exist on the use of 72 
air quality sensors [20] for several air quality parameters [21][22][23] both indoor 73 
[24][25][26] and outdoor [27][28] . Within this work we will focus on mobile crowdsensing 74 
[29], where PM acquisition devices are installed on vehicles such as cars, vans or public 75 
buses. As a result, the availability of a large number of vectors has the potential to radi- 76 
cally increase the amount of data available and improve geographic and temporal cover- 77 
age and resolution.  78 

On the other hand, participative research activities such as crowdsensing and citizen 79 
science, have the possibility to deliver benefits well beyond scientific outcomes. Starting 80 
from the importance of understanding how the general public is informed about environ- 81 
mental topics, such as climate change or air quality, it is easy to understand that if the 82 
discussions remain confined within the scientific community it is very unlikely that the 83 
general public will be able to take informed actions in order to mitigate those phenomena. 84 
Effective and correct communication via the mass media and the Internet is therefore nec- 85 
essary to spread correct messages, which, unfortunately, is often not the case because mass 86 
media and in particular the social media may in the least be partial if not altogether ma- 87 
nipulative.  88 

On the contrary, active participation in research activities by volunteers, together 89 
with the possibility to freely and easily access reliable data and information on environ- 90 
mental issues can have a wide range of positive effects. These can span from an increase 91 
of trust in the scientific community, to the improvement of awareness and engagement of 92 
citizens in environmental issues [30] up to their empowerment in steering political and 93 
economic decisions [31], [32]. While improvement in subject-matter knowledge and 94 
stronger scientific literacy is generally easy to be traced as a participative research out- 95 
come, the actual impact on policy making of such initiatives is not always easy to fully 96 
understand and is sometimes a matter of debate [33], [34]. 97 
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To support citizen science and crowdsourcing activities in the field of environmental 98 
monitoring several, often intermingled, aspects have to be considered. Each of them can 99 
constitute on their own a topic for a considerable analysis. In previous works [35]–[39], 100 
we have considered some of these aspects and the scientific results that we were able to 101 
obtain exploiting them. Here, we describe the technological aspects of our work in the 102 
hope that our experience could prove beneficial to others intending to replicate or even- 103 
tually improve what we have been able to build so far. 104 

2. Materials and Methods 105 
Within this work, we will describe a system and infrastructure we developed that, 106 

leveraging the crowdsensing paradigm, allows monitoring air quality and represent its 107 
geographic distribution on a web portal in real time. The initiative is named “COCAL” 108 
after the dialectal term used for seagulls in the city of Trieste (Italy), where it has been 109 
developed and first deployed. The reason for using a seabird name comes from the fact 110 
that Trieste is a coastal city where applications of the crowdsensing paradigm can be en- 111 
visaged in multiple environments. As a matter of fact, the first trials of COCAL were fo- 112 
cused on monitoring marine parameters such as temperature, pH, salinity and dissolved 113 
oxygen. Further information on such trials can be found in [35], [36] 114 

Trieste is located at the Nort-East tip of the Adriatic Sea and occupies a NW-SE trend- 115 
ing elongated area of approximately 90 square kilometers between the Sea and the Karst 116 
plateau which acts as a barrier to air masses. The city center lies in a restricted area char- 117 
acterized by economic activities linked to the tertiary sector and tourism, and that is sep- 118 
arated from an industrial area located in a SE sector. The wind regime is characterized in 119 
winter by a strong NE wind called Bora, that can effectively move polluted masses from 120 
the city to the sea and other nearby regions[13][40]. In summer the sea breezes are the 121 
prevalent factor conditioning the behaviour and position of the polluted air masses[41].  122 

 123 

 124 
Figure 1. The area where the COCAL system is installed 125 
 126 
Within this work we focus on monitoring PM only, but we are currently working on 127 

extending the method to other pollutants. It is worth highlighting that all the data ac- 128 
quired within this initiative and in other crowdsensing initiatives are gathered in an 129 
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integrated database and managed within a fully FAIR compliant perspective following 130 
international standards as mandated by ISO and OGC. 131 

2.1. PM Sensors 132 
Given the importance, in crowdsensing, of using a large number of acquisition de- 133 

vices, it is evident that increasing their number will inevitably imply increasing the overall 134 
cost of the initiative. Under this approach, in fact, it is not possible to use conventional PM 135 
monitoring techniques such as filters and gravimetric mass detection, which are very ex- 136 
pensive and based on standardized procedures that can only be performed by trained 137 
personnel. Therefore, low-cost sensors (LCS) are needed. New technologies have emerged 138 
that use laser scattering, which relates the waveform of the scattered light to the diameter 139 
and number of particles, enabling real-time and continuous measurements of particulate 140 
matter.  141 

A detailed description of the technologies behind PM sensors is beyond the scope of 142 
this work and can be found in other works such as for example [42], [43]. Suffice it to say 143 
that these PM sensors consist of a fan, generally connected to a small tube, that pushes air 144 
into the sensing box. Light from a laser diode is scattered by the particles. This scattered 145 
light is received by a photodiode, which can estimate the concentration of each type of 146 
particle by classifying and counting the number of pulses detected.  147 

Within COCAL, we use the SDS011 PM sensor from Nova Fitness Co. which enables 148 
simultaneously measuring both PM2.5 and PM10 levels at a very low cost. 149 

 150 
2.1.1. LCS performances 151 

The major advantages of LCS in terms of price and portability come at the expense 152 
of limitations in precision and accuracy [43]–[45].   153 

Many LCS manufacturers and models are available on the market, and detailed com- 154 
parisons between them can be found, for example, in [12],[42],[24]. These works highlight 155 
that, in addition to the limitations in precision and accuracy, it is very important to con- 156 
sider the environmental conditions in which LCS sensors operate. For example, because 157 
these sensors do not have sample conditioning equipment, they are susceptible to drifts 158 
due to Relative Humidity (RH), which can affect the hygroscopic growth of particles and 159 
distort measurements [46][27]. Results of these studies demonstrate that among LCS, the 160 
issue of quality and precision of the specific brand and model of sensors can be as relevant 161 
as the intrinsic limitations of the technology employed, the issues related to the deploy- 162 
ment in the designated environment, and the environmental conditions.  163 

In this perspective, to monitor the environmental conditions in which the acquisition 164 
takes place, together with the PM LCS we also use a Dallas Semiconductor DS18B20 one- 165 
wire communication sensor with waterproof protection outside the acquisition box, while 166 
internally we use a Bosch BME280 temperature, pressure, and RH sensor connected to the 167 
board via the I2C bus. 168 

In [42] useful references can be found to understand the performances of the SDS011 169 
sensor and other similar sensors under controlled laboratory conditions. Results of that 170 
work confirm that the SDS011 sensor is suitable for use within the COCAL project since it 171 
performs reasonably well in comparison with similar or even more expensive sensors. At 172 
the same time, downsides have been identified such as a general trend to underestimate 173 
PM values and the presence of a delay in the timing of measurements.  174 

 175 
2.1.2. Statistical analysis 176 

Following [44], it is particularly important to understand the behavior of the LCS 177 
used in this work under real-word conditions. In order to devise possible mitigation strat- 178 
egies for the issues introduced by the use of LCS, following the protocols suggested by US 179 
EPA and [43] we designed two experiments, and namely: (i) a study of the behavior of 180 
LCS in a highly variable PM levels environment to evaluate precision and (ii) a co- 181 
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location-based evaluation of LCS with a reference measurement station managed by the 182 
regional environmental agency ARPA-FVG, in order to evaluate accuracy. It should be 183 
noted that during these tests, data completeness of the COCAL system, meaning the abil- 184 
ity to avoid gaps in measurements and data transmission, has always been very high, with 185 
almost negligible glitches and well above the 75% threshold recommended by US EPA. 186 

 187 
2.1.2.1 LCS precision 188 

To assess the precision of LCS, we studied the recordings of three co-located LCS in 189 
a highly variable PM concentration environment. Following US EPA standards and pro- 190 
cedures mentioned by [43], precision can be estimated using The Standard Deviation (SD) 191 
and the Coefficient of Variation (CV). The SD shows a value of 2.15 for PM10 and a value 192 
of 1.17 for PM2.5, while the CV shows a value of 24.70% for PM10 and 22.77% for PM2.5. 193 

US EPA recommends a target SD less or equal to 5 µg/m3 and a CV less or equal to 194 
30%. The tests we conducted therefore assess that LCSs used in COCAL match the recom- 195 
mendations for precision. 196 
2.1.2.2. LCS accuracy 197 

To test the accuracy of the selected sensors, we placed a COCAL box at a short dis- 198 
tance from a certified reference air quality station (ARPA-FVG station 'Rosmini'). The ref- 199 
erence PM values of this station are made available through an API on the official ARPA- 200 
FVG website as daily average values only. The measurements and comparison took place 201 
from mid-March 2022 to the end of April 2023.  202 

In Figure 2, one can compare measurements from the reference station and those 203 
taken during the same period with the COCAL box located close to the reference station.  204 

Figure 2 is divided in two boxes. The upper box shows data and statistics for PM10, 205 
while the lower one focuses on PM2.5. In each box, the first graph (n.1) shows in red the 206 
time series of the reference daily average values as made available from the ARPA-FVG 207 
web site, while the daily average values of the COCAL box located close to the reference 208 
station are plotted in blue.  209 

High PM values were measured at the end of July 2022. Unfortunately, these were 210 
not outliers, but the effects of a large forest fire that occurred for several days at a distance 211 
of about 20 km from the test site. 212 

It is possible to note that COCAL measurements are generally lower than the refer- 213 
ence measurements; however, during the first months of 2023, in three specific events 214 
(identified by boxes A, B and C) this behavior reverses. To understand better the perfor- 215 
mances of LCSs, Figure 2 also shows the difference between the reference and the COCAL 216 
time series (graph n.3), the RH time series (graph n.3) and the time series of the standard 217 
deviation, of all COCAL measurements acquired near the reference station, calculated on 218 
a daily basis.  219 

It is interesting to note that during the A, B and C events, the standard deviation of 220 
COCAL measurements increases. In two of these cases (A and C), this can be understood 221 
as owing to the sensitivity of the LCS to RH. In fact, the time series of the RH in that 222 
periods exceeded 60% while elsewhere, when LCS underestimated the reference meas- 223 
urements, the RH remains below this threshold. In the cases of event B, however, where 224 
RH is low, a different explanation is needed. This could be found in the different technol- 225 
ogies and rate of sampling of the LCS and the reference acquisition system. COCAL boxes 226 
acquire data every ten seconds, which means that rapid variations in the actual PM con- 227 
centrations can effectively be captured, increasing at the same time the standard deviation 228 
of the set of daily measurements. Reference systems sample much more slowly so that, 229 
even if very reliable, they can overlook rapid phenomena so that in the comparison LCSs 230 
data appear to be dispersed. 231 

 232 
 233 
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 236 
Figure 2. Comparison of 15 months of PM measurements from a certified reference station with 237 
measurements taken during the same period with a COCAL system located near the reference sta- 238 
tion. The upper set of graphs reports  PM10 measurements, while the lower one the PM2.5 measure- 239 
ments. In both cases, graph n.1 shows the daily average COCAL measurements in blue, while the 240 
reference daily value is plotted in red. Graph n. 2 shows the difference between the two time series. 241 
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Graph n. 3 shows the RH time series. Graph n. 4 shows the standard deviation of COCAL measure- 242 
ments calculated day by day. As can be seen, COCAL measurements are generally lower than the 243 
reference measurements. During the first months of 2023 in three specific events (identified in the 244 
graph by the boxes A, B and C), this behavior reverses. It is interesting to note that during these 245 
events the standard deviation of measurements also becomes high. In two of these cases (A and C), 246 
this can be understood as owing to the sensitivity of the LCS to RH, but in the case of event B the 247 
RH is low. 248 

 249 

Figure 3. Scatter plot comparing Reference PM measurements and COCAL measurements  250 

Following US EPA standards and procedures mentioned by [32], accuracy can be 251 
estimated using the Coefficient of Determination (R2), Slope (m), Intercept (b), Root Mean 252 
Square Error (RMSE) and the Normalized Root Mean Square Error (NRMSE). Results for 253 
the mentioned tests for PM10 and PM2.5 are shown in Table 1, while Figure 3 provides a 254 
snapshot of the comparison of the LCS and reference measurements.  255 

 256 
Table 1 LCS accuracy metrics. 257 

Parameter PM10 PM2.5 

Coefficient of Determination (R2) 0.45 0.25 

Slope 1.06 0.80 
Intercept (b) -8.73 -4.09 
Root Mean Square Error (RMSE) 13.76 8.73 
Normalized Root Mean Square Error (NRMSE) 66.04 60.37 

 258 
 259 
Considering US EPA recommendations, these results can be problematic. In fact, con- 260 

sidering R2 this parameter is recommended to exceed 0.70 while the analysis reveals lower 261 
values. The target slope should be approximately 1 +- 0.35, a condition that is instead re- 262 
spected by the LCSs. Similarly, the Intercept parameter performs relatively well for PM2.5 263 
sensors, while PM10 sensors do not fall within the recommended range since EPA recom- 264 
mends a value between -5 and +5. Following EPA standards, RMSE should be lower than 265 
7 µg/m3, and again, also here PM2.5 scores rather well, whereas we measured twice the 266 
threshold for PM10. In addition, unfortunately also the NRMSE results are too high, being 267 
around 60%, while EPA recommends a value less than 30%.  268 

It can therefore be said, that accuracy-wise, the LCSs perform rather poorly, both for 269 
PM10 and PM2.5 and that a correction mechanism is needed to obtain results that could be 270 
comparable with the official ones. At the same time, it is possible to say that, since the 271 
precision is reasonably good, a geographic distribution of LCS measurements built on the 272 
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integration of multiple COCAL boxes should reasonably be capable of highlighting gen- 273 
eral trends and pinpointing local anomalies. 274 

 275 
2.1.3 LCS performances improvement 276 

The results of the tests are consistent with a wide literature on LCS performances. 277 
Several authors [47]–[49] highlighted the impact of the environmental conditions and in 278 
particular of the RH in the deviation between reference measurements and LCS. To ad- 279 
dress such problems, reference stations are equipped with a device that on heating air 280 
samples induces the water vapor condensed onto the particle to evaporate. This, of course, 281 
is not possible with LCSs. To compensate for this effect, several RH correction approaches 282 
exist such as for example: κ-Köhler theory derived factors, various types of regressions or 283 
machine learning methods. After an extensive survey of the existing literature, [44] main- 284 
tains that such corrections are applied very seldomly, being a simple linear regression, in 285 
that case, the most used method. The same authors underline difficulties in accurately 286 
defining local parameters and accumulating knowledge from different cases and areas. It 287 
is also worth noting that RH itself can be a problematic parameter to measure, and that 288 
since COCAL is a VSN system, RH measurements taken with it can have further limita- 289 
tions.  290 

Taking these considerations into account, and since the tests done in section 2.1.2.1 291 
and 2.1.2.2 with the LCSs we use in this work, revealed that they perform reasonably well 292 
in terms of precision but unfortunately not well enough in terms of accuracy, we devised 293 
a specific and pragmatic two-step mitigation strategy to improve their performances.   294 

The first step consists in filtering all measurements made in problematic conditions, 295 
for example, when RH is more than 60%. These data are automatically flagged and are 296 
not sent to the following processing flow.  297 

The second step consists in calculating an accuracy correction to a reference station 298 
using a COCAL box located in its proximity. Since sensors proved to behave consistently 299 
among them, following [39] we apply the same accuracy correction to all the other sensors. 300 
As abovementioned, given that in the designated area only one value per day is currently 301 
available from the reference station, we calculate the difference between that reference 302 
value and the daily average value of all the measurements taken by a LCS co-located in 303 
the proximity of the reference station. Corrections are inter/extrapolated in all the desig- 304 
nated areas by means of the technique described in [39]. 305 

An example of the method’s results can be seen in Figure 4, where on the left the 306 
geographic distribution of LCS measurements before corrections is shown, while on the 307 
right corrected values that are more consistent with reference measurements. It is to be 308 
noted that this method can be problematic since applying the correction to areas far from 309 
where the reference station is located can unpredictably bias the final values. In the case 310 
proposed in Figure 4, measurements taken in the village of Opicina (upper part of the 311 
map) generally depict rather different conditions from the city center (lower part of the 312 
map). Opicina is in fact located uphill and is characterized by a different climatic setting 313 
and is less subject to vehicular traffic. No reference station is available in that area so that 314 
the only reference measurements available are those taken in the city center. In the exam- 315 
ple of Figure 4 (left), while the un-corrected data report a polluted city center and a much 316 
better situation up-hill, after the corrections (Figure 4 right) the revised air quality de- 317 
grades notably also in the hills. This could be an artifact that needs careful consideration 318 
when interpreting the data. 319 
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 321 

Figure 4. Distribution of raw PM10 values (left); distribution of data after correction to improve LCS 322 
accuracy (right). 323 

2.2. Deployment on mobile platforms 324 
As mentioned above, sensors were installed on two different platform types, and 325 

namely (i) buses and (ii) cars. In both cases, we developed a tailor-made waterproof box 326 
that can easily be installed on the platform and where all the acquisition and transmission 327 
electronics can be safely protected while air inlets and outlets could effectively bring air 328 
samples to the LCS.   329 

Bus deployment has been developed with the key help from the local transportation 330 
authority, TPL Trieste Trasporti, that kindly offered to host several COCAL systems. The 331 
boxes were installed on the roof of the buses (Figure 5) in a closed compartment with a 332 
specific air inlet passing through a syphon in order to prevent rain getting inside the box. 333 
Power supply is obtained from the bus using a temporised relay to minimise the impact 334 
of the COCAL box on the normal functioning of the vehicles. 335 

 336 

 337 

Figure 5. Installing a COCAL box on buses 338 

Buses are a very convenient acquisition platform because each unit can be redirected 339 
to several routes throughout the day, thereby covering a large portion of the urban area. 340 
On the other hand, bus routes tend to follow the main directions of the traffic in a city 341 
which may somehow bias the coverage of the designated area.  342 

Cars have several advantages on buses, one being that they generally do not follow 343 
predefined routes. This makes cars a good means to provide infills in areas where buses 344 
are not available. At the same time, cars introduce other constraints that depend mainly 345 
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on the volunteer drivers. Issues may arise, in fact, in order to motivate them to cover areas 346 
that are not within their daily routines. In our experience, this often meant also using ve- 347 
hicles belonging to our institute.  348 

 COCAL boxes for cars have been designed entirely by us and 3D printed autono- 349 
mously with the help of the ICTP FabLab laboratory (Figure 6). The boxes were conceived 350 
to be fully autonomous and less invasive as possible. This forced us to make some design 351 
choices; for example, since connecting the boxes to the car’s power supply can be prob- 352 
lematic, they are powered on batteries only. Autonomy is approximately one full day, 353 
although it can be longer depending on the rate of data transmission. Battery recharge can 354 
be done in a few hours. Another choice was to avoid taking up space inside the vehicle or 355 
in the trunk, so we decided to position the box on the roof. To affix the box to the roof 356 
surface we added magnetic plates on the bottom and for further security we decided to 357 
install it on cars with roof bars only, to which COCAL boxes are secured using Velcro 358 
strips. The air inlet passes through the curved white roof so that it remains dry in case of 359 
rain (Figure 3 lower left). The air outlet is located on the back of the box. The roof can 360 
easily be removed to access the electronics inside.  361 

 362 
Figure 6. Design and installation of COCAL boxes for cars: Rendering of the box (upper left). Lateral 363 
section of the box (lower left): the air inlet passes through the curved white roof to remain dry in 364 
case of rain. The air outlet is located on the back of the box. The roof can easily be removed to access 365 
the electronics inside. Actual deployment on a car (upper right): boxes are located on car roofs se- 366 
cured with Velcro stripes to roof bars. COCAL boxes have magnetic plates to better adhere to the 367 
roofs (lower right). 368 

2.2.1 Limitations of mobile platforms 369 
Besides the already mentioned limitations in accuracy, we were also concerned about 370 

the possible effects of the deployment of LCSs on moving platforms. While it is known 371 
that platform speed influences the measurement, to our knowledge there is no specific 372 
study on this topic since most of the existing literature is based on fixed position deploy- 373 
ments. We therefore set up a test, where passing multiple times in the same area at differ- 374 
ent speeds during a restricted period with stable meteorologic conditions, we collected a 375 
large dataset of measurements. Results of the experiment can be seen in Figure 7. These 376 
show an inverse relationship between PM and platform speed. Considering how the CO- 377 
CAL box is built, this is probably due to a depression induced by the platform movement 378 
on the inlet of the box. This increases with speed, reducing the quantity of air that reaches 379 
the detection device and therefore reducing the estimates of PM values. The drift is rela- 380 
tively small and below the precision of sensors for velocities lower than 50 km/h, while 381 
higher speed values tend to be more problematic. Since the system has been installed 382 
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mostly in an area where the speed limit is below 50 Km/h, we can safely say that data 383 
collection is not particularly affected by this issue. As a measure of further security, during 384 
data processing, measurements associated with a speed higher than 50 km/h are automat- 385 
ically filtered out of the calculations   386 

 387 

 388 

Figure 7. Measurements of PM10 concentration as a function of platform speed 389 

2.3. Data acquisition and transmission 390 
The acquisition system (Figure 8) is based on a low-cost ESP32 microcontroller with 391 

WiFi and Bluetooth connectivity. We selected a Heltec LoRa 32 v2 board, which has an 392 
embedded OLED display and battery charger together with LoRa chip, and Wi-Fi and 393 
Bluetooth connectivity. These are used for testing and short distance connectivity while 394 
LoRa is used for long distance connectivity [28]. To this, we added GSM and GPS func- 395 
tionalities using an A9G development board, designed by Ai-Thinker, that, with an active 396 
SIM card, allows data transmission using the GSM telephonic network where coverage is 397 
available. Data transmission using Wi-Fi and GSM stores data directly in an InfluxDB da- 398 
tabase, while using Lora we rely on The Things Network (TTN) LoRaWAN infrastructure 399 
in order to retrieve data transmitted using LoRa and store data into the database. Telegraf, 400 
a server-based agent, oversees retrieving data from TTN using MQTT protocol and stor- 401 
ing data into the database. 402 

 403 

 404 

Figure 8. Heltec and A9G board on a PCB designed for COCAL 405 
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2.4. Data management 406 
Figure 9 describes the general architecture of the COCAL system. The flux of incom- 407 

ing data transmitted through LoRaWAN flows into an InfluxDB table filled by TTN ser- 408 
vice. A server script manages to reroute the data into the main InfluxDB time-series tables 409 
after proper conversion. The final storage and processing server is based on a Postgres 410 
database, with PostGIS extension for dealing with georeferenced objects, geographic pro- 411 
jections, and geometric objects like polylines. This storage/processing server (SPS) is built 412 
on an open-source architecture: Linux Ubuntu, Apache, PHP, Python and Postgres. It cur- 413 
rently manages the database, as well as several scripts responsible for the processing and 414 
the web front-end. A PHP script periodically synchronizes the InfluxDB with the Postgres 415 
database, inserting in the latter one, every valid measurements from a sensor with a time 416 
marker (UTC), WGS84 coordinates, all other GPS info (such as altitude or speed), the type 417 
of transmission (e.g. GSM), a device ID, a sensor ID (e.g. atmospheric pressure) and the 418 
measured value (e.g. 1007 mBar). 419 

 420 

 421 

Figure 9. General architecture of the COCAL system 422 

2.5 Data Processing 423 

The SPS performs different activities by means of PHP scripts, which are scheduled 424 
with crontab. The most demanding analyses are encoded in Python with its standard li- 425 
braries such as NumPy, SciPy, Matplotlib or PIL. 426 

All processed products are made available in near real-time and stored permanently 427 
for a better performance. 428 

 429 
2.5.1 Window averaging 430 
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Window averaging is necessary to assimilate the large amount of data acquired by 431 
many devices spread across a wide area. As in [35], we define a geographical grid of 200m 432 
per 200m wide cells, based on a local projection. In addition, we subdivide the timeline 433 
into 1-hour intervals. Every set of data spanning a spatial cell and a time interval is a 434 
datacube, including measurements from different devices but mounting the same kind of 435 
sensor (e.g. PM10). The choice of a local projection provides good accuracy when the area 436 
of interest is limited, and in the case of this work we used WGS84/UTM zone 33N 437 
(EPSG:32633). In order to obtain values that are smoother and more representative of the 438 
physical phenomenon, reducing the outliers and providing a uniform subdivision of 439 
space and time, considering the good results obtained in [26], we adopted a similar ap- 440 
proach by averaging data (calculating the median) over space and time datacubes. Larger 441 
time intervals (for example 2, 3, 4 or 8 hours) can be analyzed selecting the specific 442 
datacube. These are processed once a day and made available the next day. A discussion 443 
on the advantages of window averaging and the shape of the cells can also be found in 444 
[39].  445 

Every averaged data cube is stored into the database, marked with start time, end 446 
time and a polyline describing the square cell.   447 

 448 
2.5.2. Correction of LCS data  449 

As mentioned in section 2.1.2.2, the accuracy of LCS can be problematic. The technol- 450 
ogies used within these sensors, the rate of sampling together with the effects of environ- 451 
mental parameters such as the RH, often induce drifts in the LCS measurements. In section 452 
2.1.2.3, we introduced a pragmatic method that can mitigate such effects. This is based on 453 
applying a correction value to the LCS measurements that is calculated daily as the dif- 454 
ference between the value provided by a reference station and a fixed LCS located in the 455 
vicinity of the reference station. The correction is applied server side one day after the LCS 456 
data are actually collected since the reference value is available only with such delay. The 457 
resulting grid of data is then made available to the web portal.   458 

 459 
2.5.3. Interpolation and contouring.  460 
In order to provide a more intuitive insight into the measured phenomenon, interpo- 461 

lation is a useful tool. Following [39], there are many aspects to take into account when 462 
spatial interpolation is applied:  463 

(i) The accuracy of the method and how far the interpolated values from the samples 464 
are still meaningful, i.e. a consideration on "extrapolation". This issue can be partially 465 
solved by the definition of an area of interpolation, like the bounding box or (better) the 466 
convex hull of the samples as first approximation.  467 

(ii) The computational complexity and the relative speed of the interpolation method, 468 
which must comply with the near real-time requirement. In our implementation, we chose 469 
a very quick and sufficiently accurate method, the Inverse Distance Weighting (IDW). 470 
IDW interpolation is defined as follows. Assuming that {x1... xN} are the interpolating 471 
points (samples) and x a generic point, the interpolant is: 472 

 473 

!!"#(#) 	= 	
∑ ($(#)	!(#$)%
$&'
∑ ($(#)	%
$&'

 (1) 

 474 
Where the weights are: 475 

($()) =∥ ) − )$ ∥() (2) 

 476 
(iii) In addition, there is an epistemological aspect to be further considered: all the 477 

processing is automatic and cannot be assisted by a human intervention. This fact ex- 478 
cludes algorithms like Kriging, which involve many discretional models and parameters. 479 
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An excellent alternative solution is Natural Neighbours Interpolation (Sibson's method), 480 
which is based only on the geometrical properties of the dataset, and is approximately ten 481 
times slower than IDW [50]. Lastly, it is necessary to define the levels for the contouring 482 
in some adaptive way, to improve the readability and also the colour map for the interpo- 483 
lation, which must be coherent with all other data visualisations. The interpolation/con- 484 
touring is implemented on the SPS with a Python script that reads the averaged values, 485 
applies the IDW method (with exponent p=3), generates the contour and produces a trans- 486 
parent PNG image with a small text file for the georeferentiation. The image is clipped 487 
around the convex hull of the dataset, excluding the external area. 488 

 489 
2.5.4. Near-real time web-based visualization.  490 
The visualisation of environmental data is a topic that raises several questions: Are 491 

our data time-series or spatial distributions? How to represent time-varying phenomena? 492 
Which colours and graphic patterns are more effective and representative? To what extent 493 
does the computation have an impact on near-real time web interaction? There are many 494 
different answers of course and much research involving mathematical, computational or 495 
psychological aspects (see for example [39]). 496 

We implemented a set of visualisations in the web front-end, which allows the end 497 
user to browse through spatial and temporal coordinates and to select and analyse both 498 
single acquisitions and averaged maps (Figure 10).   499 

All services are available at the web portal https://cocal.ogs.it.  500 
The web interface allows an easy navigation through the datasets, by means of a sim- 501 

ple window (Figure 10 left) where the user can select the single device, the acquisition 502 
sensor, the time interval and many different options. The time selection can be done in 503 
local time or in UTC and a simplified view of the day shows the density of available data 504 
as shades of red, providing a one-click access to time selection.  505 

A calendar (month view button) shows the data density day by day, by using the 506 
same principle. The acquisitions of a single device are represented as an interactive chart 507 
of the time-series (a) or as a collection of connected points on a map (b). In the latter case, 508 
an arrow shape can show the GPS direction and the point colours are mapped to the meas- 509 
ure scale and corresponding legend.  510 

The averaged data (on a rectangular grid) are represented as colored and labelled 511 
polygons (c). The interpolated data use the same colour coding but are represented as 512 
continuous within the data convex hull, with superimposed contour lines (d). All graphic 513 
elements are responsive, showing all data details.  514 

Additionally, we implemented a functionality that allows the user to follow cumula- 515 
tive data as an animation, cycling from a starting to an ending hour, in order to dynami- 516 
cally represent the temporal evolution of each parameter. 517 

 518 
2.6.5. Advanced analysis 519 
The adoption of UTM33N as the map projection is a disadvantage when the acquisi- 520 

tions are beyond the limits of the range from 12ºE to 18ºE. Moreover, the implemented 521 
processing mechanism, which computes the averages periodically (in background), is 522 
very efficient for a quick response and a fluid user experience, but on the down side is 523 
rather fixed and rigid. A more flexible interface for data analysis has been tested, based 524 
on the global map projection “Web Mercator” (EPSG:3857, Pseudo-Mercator / Spherical 525 
Mercator). This spherical projection is used by most GIS systems like Google Maps, Bing, 526 
ESRI, etc., has an increasing distortion at high latitudes and is not conformal, but is the de 527 
facto standard for web applications and allows global coverage for the processing. The 528 
web page shown in Figure 11 provides a wider range of query parameters and builds “on 529 
the fly” an analysis (windowed average or IDW interpolation). The computation is re- 530 
stricted to the visible bounding box and requires some computational time, favoring the 531 
extended query flexibility. 532 
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 533 
2.6.6. Open and FAIR data access.  534 
According to the FAIR principles, data must be Findable, Accessible, Interoperable 535 

and Reusable. COCAL deploys different protocols and implementations aiming to pro- 536 
vide Open and FAIR data in accordance with well-established and official standards. In 537 
order to achieve discoverability, the initiative handles standard ISO 19115-3 metadata pro- 538 
file through the Geonetwork catalogue application. To ensure interoperability, such as 539 
machine to machine data flows, data harvesting or archive federations, COCAL geospatial 540 
database is compliant to OGC (Open Geospatial Consortium) standards, deployed as Web 541 
HTTP services: (i) WMS (Web Map Service), which provides georeferenced map images 542 
of the requested features; (ii) WFS (Web Feature Service), which provides detailed and 543 
fine-grained information about features or general capabilities of the dataset in a struc- 544 
tured text format (XML, JSON, etc.). All OGC services are implemented on a Geoserver 545 
platform, an open-source Apache Tomcat extension linked to the main database. In order 546 
to achieve accessibility, data products are fully open and accessible, while download of 547 
raw data in CSV format is available on the COCAL web portal, after authentication with 548 
a trusted account. 549 

 550 

 551 

Figure 10. COCAL web-based GUI (left) and near real-time visualizations: a) time series; b) single 552 
acquisitions; c) near real-time window averaging; d) interpolation and contour. 553 

 554 

 555 
Figure 11. COCAL web “real time analysis” with advanced queries. 556 
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3. Results 557 
The technology behind COCAL has been under constant development since 2020. 558 

During an initial phase, trials took place using multiple simultaneous acquisition and 559 
transmission platforms mounted on vehicles operated by our institution. This allowed us 560 
to test extensively the system, its scalability, precision and accuracy during specific tar- 561 
geted surveys. Once the system was finalized, we were able to deploy a fully operative 562 
system on vehicles of the local transportation authority (Trieste Trasporti) and on some 563 
voluntary cars. COCAL entered into service in February 2021 and has been fully operative 564 
ever since.  565 

Up to April 2023, the system acquired and processed a remarkable amount of data, 566 
both “points” (single measurements) and “cells” (averaged results). In Table 2, it is possi- 567 
ble to see the approximated number of records per year during the period from January 568 
2020 to April, 2023. 569 

Table 2. Approximated number of records per year. 570 

Record type Total count Year Count 

Points 53M 

2020 3.8M 
2021 13M 
2022 27M 

2023 (partial) 9.2M 

Cells 18M 

2020 0.9M 
2021 5.8M 
2022 9.4M 

2023 (partial) 1.8M 
 571 
Data is fully public and can be accessed using standard procedures from the COCAL 572 

web portal (https://cocal.ogs.it). The main results of the work are on one hand the COCAL 573 
system itself, which has proved to be efficient, robust, easy to install and maintain, allow- 574 
ing a very high throughput of environmental data that strongly support the paradigm of 575 
low-cost participative systems in monitoring the environment. On the other hand, a very 576 
important result is the availability of a very large quantity of environmental measure- 577 
ments, allowing to significantly increase the spatial and time coverage of the distribution 578 
of air pollutants in the designated area. Initial analysis of the dataset acquired enabled 579 
identifying several interesting features of the air quality in the area of Trieste. Some of 580 
these observations have already been published in the papers mentioned above.  581 

 582 
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 584 

Figure 12. Map of maximum standard deviation of COCAL PM10 measurements in the designated 585 
area. In light blue, the alignment of the higher values correlates with the main traffic direction of the 586 
city. 587 

Figure 12 shows the geographic distribution of the standard deviation of all meas- 588 
urements done by the COCAL systems in the designated area. For every possible grid cell 589 
we consider all the PM measurements during the whole considered period (...2021...2022). 590 
Acquisitions within each cell are divided into time windows of 1 hour and some statistical 591 
parameters are calculated for every window, such as the number of samples, average, 592 
median and standard deviation. Eventually, the maximum standard deviation over the 593 
period is calculated for every cell.  594 

This map should be interpreted with some caution. On one hand, the standard devi- 595 
ation could provide an idea of the amount of variation of measurements during a specific 596 
period of time. Where the standard deviation is high, this could mean that higher levels 597 
of PM have been recorded in that area compared to areas where the standard deviation is 598 
lower. On the other hand, there is a risk that if a biased coverage of data has been used 599 
then the standard deviation could also be biased. Indeed, in Figure 12, it is easy to identify 600 
a NW-SE alignment (highlighted by the light blue line) where high values of the standard 601 
deviations seem to gather. This correlated almost perfectly with the main traffic direction 602 
of the city. It could be tempting to associate this trend with the traffic, concluding that 603 
those areas are the most polluted in the city. We think that some caution should be taken, 604 
because this direction also corresponds to the more frequently followed routes of the 605 
buses used in the COCAL initiative. Most of the data, in fact, have been acquired in those 606 
areas so that in comparison to other areas measurements done in the former could have 607 
had the opportunity to detect all pollution events, while measurements done in other ar- 608 
eas may just have overlooked them. 609 

An interesting and surprising result we obtained is related to the possible deteriora- 610 
tion of the sensors after long usage. After approximately 2 years of activity, we decided to 611 
substitute the hardware of the deployed systems and discovered that they practically had 612 
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not accumulated any dirt inside and that their precision remained (considering the intrin- 613 
sic limitations of the LCS) almost unaltered.  614 

 615 

 616 

Figure 13. An LCS case opened after almost two years of activity. The interiors show only very small 617 
quantities of dirt. 618 

5. Conclusions and future work 619 
This work describes a crowdsensing based air monitoring system following all the 620 

technological segments of a path that starts from the actual measurement using LCS, to 621 
data transmission, to processing and FAIR compliant web-based representation and ac- 622 
cess to the reconstructed data products. The main conclusion of this work is therefore that 623 
the implementation of all segments of the system can be achieved using low-cost and 624 
open-source technology only. At the same time, acquisition of data does not need trained 625 
personnel but can be done with the help of volunteers and especially of the local trans- 626 
portation authorities. The results of the experience we propose here, suggest that such 627 
systems can be trustworthy from the point of view of the precision of measurements, 628 
while it is necessary to rely on a reference value to correct the deviation of measurements 629 
due to the intrinsic limitations of the LCSs. Currently, within the proposed system, this 630 
correction is calculated daily, since the reference values are made available by the local 631 
Environmental Agency only as daily averages and one day after the actual measurements 632 
took place. We demonstrated that, in some cases, this can be problematic and that, when 633 
available, corrections should be calculated with a higher temporal resolution. Other limi- 634 
tations of the system were taken into consideration such as the speed of the acquisition 635 
vehicle. We showed that this speed should not exceed 60 km/h otherwise, the variation in 636 
air pressure could bias the measurements. We also demonstrated that after almost two 637 
years of continuous field operations, the amount of dirt accumulated within the acquisi- 638 
tion box in the case of the designated area was minimal. This, of course, can depend on 639 
the levels of pollution of the specific cases where the system is applied. 640 

The amount of data acquired raised important questions from the viewpoint of the 641 
ITC system to be used. We understood that, for example, a modular approach in separat- 642 
ing each activity on different virtual machines helps considerably in monitoring the per- 643 
formances of the system and in understanding where it may be necessary to increase the 644 
dedicated resources. 645 

After two years of testing the system with five COCAL boxes installed on local trans- 646 
portation authority buses, we understood that since this means of transportation can often 647 
be under maintenance or rerouted, five units of vectors is the minimum set of installation 648 
for a city of approximately 200.000 inhabitants and an area of approximately 100.000 649 
square meters. In this perspective, much depends on the actual urban configuration. In 650 
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fact, while installations on cars can cover the urban area almost randomly, buses follow 651 
the bus line distribution which is generally concentrated in specific areas while neglecting 652 
others. Resulting data can be biases and limit the reconstruction of the distribution of air 653 
quality. 654 

In the next months, the number of COCAL installations on the public bus network of 655 
Trieste will be doubled in order to achieve a broader and more homogeneous coverage of 656 
the city.  657 

The designated area being a coastal area, the system developed so far allows recon- 658 
structing the on-land area only. This does not allow studying the phenomena in depth 659 
related to the movements of polluted air masses due to sea breezes. In this perspective, an 660 
extension of the system is planned at sea using volunteers’ recreational sailing ships, while 661 
the system will also be installed on a certain number of sea buoys managed by OGS.  662 
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