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INTRODUCTION
Air pollution can be defined as the alteration of the 

atmosphere’s natural balance by introducing chemical, 
physical, or biological agents, in gaseous, liquid, or solid 
forms, resulting in health risks and environmental dam-
age. The World Health Organization (WHO) reports that 
99% of the global population breathes polluted air, con-
tributing to millions of deaths annually and harming eco-
systems (Grantz et al., 2003), crops (Vlachokostas et al., 
2010), and biodiversity (Finizio et al., 1998). Air pollution 
also contributes to climate change through emissions 
of greenhouse gases (GHGs) and short-lived pollutants 
(IPCC, 2021).

Monitoring air pollution is complex due to i) the va-
riety of sources, both natural (e.g., volcanoes, wildfires, 
sea spray, wetlands) and anthropogenic activities (main-
ly in urban and industrial settings), with the latter causing 
rapid and severe changes, and ii) atmospheric processes 
that affect pollutant dispersion and transformation.

Traditional monitoring methods are accurate but ex-
pensive and limited in coverage. Recently, mobile and 
low-cost air quality stations have emerged as promising 
alternatives. Mobile stations provide high-resolution 
spatial data (e.g., Apte et al., 2017; deSouza et al., 2020), 
while low-cost fixed sensors offer broader deployment 
(Clements et al., 2017; Spinelle et al., 2017; Sun et al., 
2017), though they require careful calibration to ensure 
data quality (Heimann et al., 2015; Spinelle et al., 2017; 
Biagi et al., 2024).

This study proposes a combined monitoring strategy 
using high-tech mobile units and low-cost fixed stations 
to measure key pollutants (CO2, CH4, PM, H2S, SO2) and 
isotopic ratios (δ13C of CO2 and CH4) in areas with over-
lapping natural and human sources. The method was 
tested in volcanic, wetland, and urban-industrial envi-
ronments, demonstrating its potential for improving air 
quality assessments and supporting climate-related re-
search.

CASE STUDIES: FROM NATURAL TO 
ANTHROPOGENIC SOURCES

Volcanic-hydrothermal areas

Vulcano Island (hereafter VU) stands as the southern-
most subaerial active volcano in the Aeolian Archipelago 
(Southern Italy). Following the last eruption in 1888–1890 
(De Astis et al., 1997) VU has been marked by intense 
degassing activity with i) high-temperature fumaroles (< 
400°C after 2016) in the northern part of the La Fossa 
crater, with the typical composition from active volcanic 
systems (Nuccio et al., 1999), and ii) low-temperature fu-
maroles (< 100°C) and boiling and bubbling pools in the 
Baia di Levante area, reflecting the typical compositions 
of hydrothermal systems (Chiodini et al., 1995; Randazzo 
et al., 2024). 

In September 2021, a new episode of volcanic unrest 
occurred, peaking at the end of October-early Novem-
ber 2021. The volcanic gas hazard on the island caused 
some health concerns and led to the interdiction of the 
crater, as well as that of the Baia di Levante beach (May-
or’s ordinance n. 46/2022).

Pozzuoli (Southern Italy; hereafter PZ), located with-
in the Campi Flegrei caldera, is a notable example of 
dense human settlements coexisting with an active vol-
canic system. The most recent eruptive activity occurred 
in 1538 A.D. (Monte Nuovo eruption; Orsi et al., 1996), 
while bradyseismic crises occurred in 1970–72 and 
1982–84, when PZ was affected by a rapid ground infla-
tion, causing uplifts up to 3.5 m (De Vivo et al., 2001). A 
new phase of unrest and inflation started in 2005 and is 
still ongoing.

The Campi Flegrei caldera is currently showing in-
tense hydrothermal activity (Caliro et al., 2007), mostly 
affecting two sites: i) the Solfatara Crater, a 1.4 km2-wide 
tuff cone produced about 4 ka from a low-magnitude 
eruption (Isaia et al., 2009), that hosts prominent hydro-
thermal discharges; ii) Pisciarelli, a 0.03 km2 fault-related 
hydrothermal area located at the base of the Solfatara 
cone (approximately 400 m eastward), characterized by 
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high-flow fumaroles and boiling pools. Weak fumaroles 
and hydrothermal diffuse emissions also occur along An-
tiniana Street, a densely urbanized sector of the Campi 
Flegrei caldera located 1 km south of Pisciarelli, in the 
Agnano crater, where two wells were drilled for geother-
mal prospection.

Wetland: Padule di Fucecchio

The Padule di Fucecchio (Central Italy; hereafter FU) is 
the largest inner wetland (1,800 hectares) in Italy and is 
included in the list of wetlands of international impor-
tance under the Ramsar Convention (Ministerial Decree 
303/2013). During the last centuries, the area has un-
dergone significant hydrological changes, mainly due 
to anthropogenic activities, which modified the natural 
outflow of water for reclamation purposes (De Martin 
Mazzalon, 2017) and degraded the quality of the water 
bodies (ARPAT, 2014). 

A ring of small nuclei and rural villages surrounds the 
FU shores, which are dominated by agricultural practic-
es. Moving northward, the plain exhibits dense urban-
ization and industrialization characteristics. FU bears the 
impact of this anthropogenic pressure: among the crit-
ical issues are the scarce quantity and quality of water 
resources in spring and summer seasons, and the hunt-
ing management of marsh vegetation, which lead to a 
frequent manifestation of eutrophication phenomena 
that negatively influence the maintenance of the wetland 
(e.g., ARPAT, 2014).

Anthropogenic sources in urban and industrial areas: a 
CO2 production plant

A CO2 production plant was selected near Sant’Albi-
no village (hereafter SA), a residential area of approxi-
mately 2,000 inhabitants in southern Tuscany (Central 
Italy). The area is characterized by the emergence of 
bubbling pools rich in CO2, which are fed by the deep-
est carbonate units hosting water and CO2 reservoirs 
(Hernández-Rodríguez et al., 2017). The CO2 discharges 
from these bubbling pools have been estimated at up to 
100 tons day−1 of CO2, while the rate of CO2 extracted by 
the facility is 96 tons day−1 (Frondini et al., 2008; Hernán-
dez-Rodríguez et al., 2017). 

From February 21 to March 12, 2023, an extraordi-
narily high-flux discharge activity of unfiltered CO2 and 
H2S-dominated gas was released from two chimneys of 
the plant, during exceptional maintenance of the waste 
gas cleaning apparatus, to assess the potential impact of 
unusual emissions on the local inhabitants.

MATERIALS AND METHODS
Mobile monitoring

CO2, CH4, H2S, and SO2 concentrations, and d13CCO2
 and 

d13CCH4
 values, were measured along transects within the 

study areas using a mobile station hosting high-tech in-
struments (S-volatile species were not measured at FU), 
following a well-established strategy to evaluate the spa-
tial distribution of air contaminants in areas with natural 
(Cabassi et al., 2017) and/or anthropogenic (Vaselli et al., 
2013) emissions. 

The CO2 and CH4 concentrations, and the d13CCO2
 and 

d13CCH4
 values, were measured by Wavelength-Scanned 

Cavity Ring-Down Spectroscopy using a Picarro G2201-i 
analyzer. The operating interval ranged from 380 to 2,000 
ppm for CO2, and from 1.80 to 15.0 ppm for CH4. Cali-
bration was performed at the beginning of each mea-
suring period. The precision was within 0.2 ppm (CO2), 
0.05 ppm (CH4), 0.16‰ vs. V-PDB (d13CCO2

), and 1.15‰ 
vs. V-PDB (d13CCH4

). A copper-shavings trap was installed 
at the analyzer inlet port when H2S concentrations above 
background values were expected (i.e., VU, PZ, and SA) 
to minimize spectral interferences, which may result in 
significant depletion in 13C (Malowany et al., 2015).

The H2S and SO2 concentrations were measured by 
Pulsed Fluorescence using a Thermo 450i analyzer. The 
instrument, which operates in the range 1-15,000 ppb, 
was calibrated at the beginning of the measuring peri-
ods. The precision was within ±1%. 

Both instruments were housed in the back of a car 
moving at an average speed of ~30 km h−1. Air was 
drawn through vacuum pumps with sampling rates of 25 
mL min−1 and 70 mL min−1 for the Picarro and the Thermo 
devices, respectively, through 1.5 m long silicon tubes 
(3 mm diameters) installed on the top of the vehicle (ca. 
1.80 m from the ground) to avoid the interference of ex-
hausting gases. The Geo Tracker application, available 
for Android devices, was used to relate the measured 
parameters to the location. 

The transects were selected by considering the nature 
and location of potential contaminant sources.

Fixed monitoring

Monitoring surveys at fixed sites were performed using 
low-cost multiparametric stations developed by the De-
partment of Earth Sciences of the University of Florence 
(Biagi et al., 2024). 

At VU, PZ, and SA, they were equipped with: i) a 
non-dispersive infrared CO2 sensor (Sensirion SCD30); 
ii) an optical laser counting sensor for PM2.5 and PM10 

(Nova Fitness SDS011); and iii) a thermistor and a capac-
itive humidity sensor for T and RH, respectively (Adafruit 
DHT22). At FU, metal oxide semiconductor sensors for 
CH4 (Figaro NGM2611-E13) were integrated, as CH4 is 
one of the primary GHGs emitted by wetlands. 

The CO2 and CH4 sensors were calibrated with a ma-
chine-learning algorithm, according to the procedure 
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described by Biagi et al. (2024), providing measure-
ments with mean absolute errors < 4 ppm and < 0.03 
ppm for CO2 and CH4, respectively. Regarding PM con-
centrations, several studies demonstrated generally re-
liable performances of this sensor compared to refer-
ence instruments (e.g., Božilov et al., 2022), with very low 
inter-unit variability (Brugnone et al., 2024; Tagle et al., 

Figure 1 Spatial distribution of CO2, H2S, and CH4 concentrations (bars) 
and δ13CCO2

, SO2, and δ13CCH4
 values (line + scatter) along the VU study 

area (a,b and c,d), plotted against the distance from the starting point 
(x-axis). Colored sections on the map and plot represent different area 
types (i.e., residential, suburban, and hydrothermal). Fixed monitoring 
sites (VU2-4), wind direction, and low-T fumaroles are also shown.

2020). To assess the repeatability of the PM2.5 and PM10 
measurements across sensors, an Intraclass Correlation 
Coefficient (ICC) analysis was performed, obtaining 
excellent sensor concordance with values of 0.983 for 
PM2.5 and 0.966 for PM10.

The low-cost multiparametric stations were fixed at 
1.5 m height, corresponding to the average breathing 
height of standing humans. The number of monitoring 
sites and their location were commensurate with the ex-
tension of the study areas and the presence of potential 
sources.

RESULTS AND DISCUSSION
The proposed monitoring strategy yielded a high-res-

olution dataset (1 data point per minute), comprising ap-
proximately 1,150,000 data points from fixed monitoring 
and 1,100 data points from mobile monitoring.

Vulcano Island (VU)

At VU, mobile monitoring revealed significant short-dis-
tance variations in atmospheric CO2 concentrations, 
reaching up to 536 ppm near the hydrothermal emis-
sions in the Baia di Levante (Fig. 1). None of the mea-
sured CO2 levels posed health risks based on short-term 
(NIOSH, 2014), occupational (OSHA, 2024), or chronic 
exposure standards (Martrette et al., 2017).

H2S levels peaked at 882 ppb along the same transect, 
following a similar trend as CO2 (Fig. 1). Though H2S 
concentrations decreased away from the source, they re-
mained above the 10-ppb odor threshold (WHO, 2003). 
However, they were well below levels associated with 
health impacts (≥ 90 ppb) (Batterman et al., 2023).

Isotopic analysis and theoretical mixing models (Keel-
ing plot; Keeling, 1961) confirmed that the primary 
source of CO2 and H2S was related to the hydrothermal 
emissions of the Baia di Levante, although some CO2 en-
richment suggested minor anthropogenic contributions, 
likely from fossil fuel combustion (Fig. 2a, b). A strong 
correlation between H2S and SO2 supported oxida-
tion-driven transformations in the air (Pearson’s r: 0.84).

CH4 concentrations (2.02–2.18 ppm) mirrored the spa-
tial patterns of CO2 and H2S, likely indicating their com-
mon hydrothermal origin (Fig. 1). However, isotopic data 
did not clearly identify the signature of the CH4 source 
(Fig. 2c), and a few CH4 anomalies indicated possible un-
identified anthropogenic contributions (Fig. 2d).

Fixed-site monitoring, combined with wind direction 
data, further helped in identifying the main sources of 
CO2 and PM in the monitored sites. At Baia di Levante 
(VU2, VU3, VU4; Fig. 1), CO2 concentrations (up to 835 
ppm) were linked to specific wind patterns from the 
hydrothermal emissions. PM2.5 and PM10 data exhibited 
complex behaviors, indicating both hydrothermal and 
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anthropogenic origins. Particularly, PM2.5 was more of-
ten associated with hydrothermal sources, while PM10 
appeared to be influenced by local human activities in 
Vulcano Porto.

Pozzuoli (PZ)

Mobile monitoring in the PZ study area revealed high-
er  CO2 concentrations in hydrothermal (up to 798 ppm) 
and urban/industrial sectors (up to 546 ppm), while val-
ues in suburban and residential zones remained closer 
to the 2022 global background average (~418 ppm).

H2S concentrations were higher in hydrothermal areas 
(up to 364 ppb), but NE winds occasionally transported 
it into suburban (up to 29 ppb) and residential (up to 82 
ppb) sectors. These findings indicate that hydrothermal 
gases can affect air quality over distances greater than 2 
km from the major emission sites of La Solfatara, Piscia-
relli, and Antiniana Street.

A common hydrothermal origin for CO2 and H2S was 
confirmed by mixing trends consistent with emissions 
from La Solfatara and Pisciarelli. However, observed CO2 
enrichments resulted from i) anthropogenic input (which 
led to lighter d13CCO2

 without a corresponding increase 
in H2S concentrations), and/or ii) depletion of H2S due 
to oxidation to SO2, supported by a strong correlation 
between the two S-species (Pearson’s r = 0.85).

CH4 showed modest spatial variability with peaks up 
to 2.25 ppm, particularly in suburban areas, but lacked 
a clear spatial pattern. Isotopic signatures (δ13CCH4

) and 
bivariate analyses suggest multiple sources (including 

hydrothermal, natural gas, and biogenic inputs), as well 
as the influence of atmospheric oxidation.

At fixed monitoring sites, CO2 accumulation occurred 
primarily under low wind conditions, with directional 
wind analyses indicating both hydrothermal and anthro-
pogenic influences depending on location. Particulate 
matter (PM) levels varied across sites, with PM2.5 occa-
sionally exceeding long-term WHO exposure limits (5 
µg m-3), particularly under stable atmospheric conditions 
and traffic influence.

While CO2 and PM levels did not indicate immediate 
health risks, H2S concentrations in a car dealership and 
a nursing home warrant concern due to chronic expo-
sure risks. Estimated H2S levels, based on H2S/CO2 ratios 
measured during the mobile monitoring, reached 49 
ppb and 292 ppb, respectively, the latter representing a 
potential health risk for vulnerable populations.

Padule di Fucecchio (FU)

Mobile monitoring in FU showed nearly constant CO2 
concentrations (~420 ppm), while CH4 levels decreased 
along the transect. The δ13CCO2

 and δ13CCH4
 values of a 

potential end-member computed using the Keeling 
plots analysis indicated a common biogenic source for 
both CO2 (-25.5‰ vs. V-PDB) and CH4 (-67.7‰ vs. V-PDB), 
consistent with microbial activity in anaerobic soil and 
wetland environments.

At nine fixed monitoring sites, clear diurnal cycles re-
lated to the Planetary Boundary Layer dynamics were 
observed: higher concentrations at night/morning un-

Figure 2 a) H2S vs. CO2 diagram. 
b) CO2 and c) CH4 Keeling plots. d) 
CH4 vs. CO2 diagram. Symbol size 
is proportional to (a) SO2 concen-
tration and (b-d) H2S concentration. 
Symbol colors represent the area 
types (i.e., residential, suburban, 
and hydrothermal). Gray fields rep-
resent mixing trends with theoret-
ical sources. L BG is the chemical 
and isotopic composition of the 
local background.
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der stable conditions and lower values in the afternoon. 
Wetland sites showed greater CO2 and CH4 due to bio-
genic emissions, while upstream rural sites had lower 
and more stable levels. Notably, constantly higher CH4 

concentrations (2.60 ppm on average) were observed at 
one site inside the wetland across nearly all wind direc-
tions, likely due to the presence of several canals where 
eutrophic conditions may have enhanced CH4 produc-
tion.

Particulate matter showed a different distribution: PM2.5  
was higher in urban zones and transported upstream by 
wind, while PM₁₀ was higher in the downstream wetland 
sites. Notably, long-term exposure thresholds for PM2.5 
were consistently exceeded at two sites, indicating a 
need for continued monitoring in these areas.

The CO2 production plant (SA)

At SA, three monitoring campaigns evaluated air quali-
ty impacts from the CO2 production plant under different 
operational conditions: FLD (filtered low-discharge) and 
UHD (unfiltered high-discharge).

Under FLD conditions, CO2 and CH4 concentrations 
were generally higher in suburban and residential areas 
of SA, rather than near the plant, with peaks up to 495 
ppm (CO2) and 2.33 ppm (CH4). Near the plant, levels 
were close to background (404 ppm CO2, 2.02 ppm 
CH4), suggesting minimal plant influence under stan-
dard operations. Instead, vehicular traffic and domestic 
heating in the village were likely the main contributors 
of CO2 and CH4 based on their δ13C values, with a mi-
nor geogenic signal near a local bubbling pool. H2S lev-
els were negligible, indicating no detectable emissions 
from the plant under normal operation.

Under UHD conditions, a strong, localized gas anom-
aly was detected near the plant, with concentrations of 
CO2 up to 2,000 ppm, CH4 up to 10.5 ppm, H2S up to 
95.3 ppb, and SO2 up to 3.44 ppb, with δ13C values in-
dicating a geogenic gas source. However, these values 
rapidly decreased with distance due to dilution and H2S 
oxidation. Outside the immediate area, gas levels re-
mained low with δ13C values compatible with anthropo-
genic emissions.

At fixed sites, the three closest to the plant (SA1–SA3; 
Fig. 3a-c) showed CO2 peaks under UHD conditions, 
especially in the early morning, matching reported gas 
discharge times. Site SA3 (Fig. 3c) showed elevated CO2 
even under FLD, possibly due to a local leak from plant 
tubing. Conversely, more distant sites (SA4 and SA5; 
Figs. 3d and 4, respectively) had stable CO2 levels (~440 
ppm).

PM2.5 and PM10 concentrations were higher under 
UHD, especially near the plant, likely due to secondary 
particle formation from geogenic emissions. However, 
PM was often higher in the village (SA5) than near the 
plant, suggesting a stronger influence from domestic 
and traffic-related sources. WHO thresholds for PM2.5 
and PM10 were exceeded in both periods at certain sites, 
especially SA5.

Figure 3 Time series of CO2 concentrations (1-minute average black 
point; 5-minute rolling mean red line), along with polar plots of CO2 
10-minute averaged concentrations (represented by different colors) 
at SA1 (a), SA2 (b), SA3 (c), and SA4 (d), divided into FLD and UHD 
conditions. The pink areas in the time series are the periods under UHD 
conditions. Fixed monitoring sites, bubbling pools, and the main plant’s 
emitting vents (C1 and C2) are also shown.

Figure 4 Time series of CO2 concentrations (1-minute average black 
point; 5-minute rolling mean red line), along with polar plots of CO2 
10-minute averaged concentrations (represented by different colors) at 
SA5 divided into FLD and UHD conditions. The pink areas in the time 
series are the periods under UHD conditions. Fixed monitoring sites, 
bubbling pools, and the main plant’s emitting vents (C1 and C2) are 
also shown.
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Wind analysis showed that high CO2 and PM concen-
trations at SA1–SA4 under UHD were associated with low 
wind speeds and downwind conditions from the plant, 
confirming plant emissions. However, at SA5, CO2 and 
PM patterns did not differ between UHD and FLD, con-
firming local non-plant sources (e.g., traffic, domestic 
heating, and a nearby construction site).

CONCLUSIONS
This study demonstrates that combining low-cost fixed 

stations with high-tech mobile systems offers an effec-
tive, adaptable, and affordable approach to air quality 
monitoring across diverse environments, including vol-
canic, wetland, urban, and industrial areas.

Fixed stations enabled continuous tracking of pollut-
ants like CO2, CH4, PM2.5, and PM10, capturing variability 
due to weather and emission sources. Their affordability 
and improved calibration allowed for denser networks 
and better spatial resolution, especially in underserved 
regions. Mobile systems complemented this with broad-
er spatial coverage and detailed source identification 
using isotopic analysis.

While challenges remain, such as limited long-term 
sensor calibration and the labor-intensive nature of mo-
bile surveys, the integrated approach enhances monitor-
ing capabilities, supports research and policy, and is suit-
able for citizen science. Its scalability makes it ideal for 
at-risk areas, with future potential for drone integration 
to access hazardous or hard-to-reach sites.
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