
Academic Editor: Flavio Rodrigues

Received: 1 December 2025

Revised: 23 February 2026

Accepted: 2 March 2026

Published: 5 March 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Analysis of Local-to-Remote Source Variability During the First
2020 COVID-19 Lockdown in Calabria, Southern Italy: New
Insights from the Implementation of the ONRPI Methodology
Francesco D’Amico 1,2,* , Daniel Gullì 1,* , Ivano Ammoscato 1 , Teresa Lo Feudo 1 , Maurizio Busetto 3

and Claudia Roberta Calidonna 1,*

1 Institute of Atmospheric Sciences and Climate, National Research Council of Italy (CNR-ISAC),
Area Industriale Comparto 15, I-88046 Lamezia Terme, Catanzaro, Italy; ivano.ammoscato@cnr.it (I.A.);
teresa.lofeudo@cnr.it (T.L.F.)

2 Department of Biology, Ecology and Earth Sciences, University of Calabria (UNICAL DiBEST),
Via Pietro Bucci Cubo 15B, I-87036 Rende, Cosenza, Italy

3 Institute of Atmospheric Sciences and Climate, National Research Council of Italy (CNR-ISAC),
Via P. Gobetti 101, I-40129 Bologna, Italy; maurizio.busetto@cnr.it

* Correspondence: francescodamico2@cnr.it or francesco.damico@unical.it (F.D.); daniel.gulli@cnr.it (D.G.);
claudiaroberta.calidonna@cnr.it (C.R.C.)

Abstract

Air pollution is among the key topics in environmental policies and mitigation policies.
Governments and institutions worldwide are working towards a better understanding
of the phenomenon and means to reduce its impact on the environment and human
health. In early 2020, the COVID-19 pandemic forced many countries to introduce strict
regulations, effectively stopping non-essential anthropic activities. Italy had a pioneering
role in this regard, anticipating other countries in Europe and across the world. These
exceptional circumstances caused the concentrations of pollutants in the atmosphere to
reach lower levels, thus allowing researchers to evaluate a number of hypotheses concerning
the contribution of anthropogenic emissions. At the Lamezia Terme (code: LMT) World
Meteorological Organization—Global Atmosphere Watch (WMO/GAW) regional station
in Calabria, Italy, previous research highlighted the effects of governmental restrictions on
the concentrations of gases (carbon monoxide, CO; carbon dioxide, CO2; methane, CH4,
nitrogen oxides, NOx) and aerosols (black carbon, BC). In this work, sulfur dioxide (SO2)
and ozone (O3) are also evaluated and all parameters are subject to the analysis based on
the O3/NOx ratio, the ONRPI (Ozone to Nitrogen Oxides Ratio Proximity Indicator), which
has been widely used at LMT to verify the balance between local and remote sources of
emission. The implementation of this method to the first 2020 COVID-19 lockdown in the
country has allowed significant improvement in our understanding of the variability of all
evaluated parameters at the site, assessing with greater detail weekly cycles and day–night
contrasts, and the influence of local and remote sources of emission.

Keywords: ONRPI; COVID-19; lockdown; Italy; air mass aging; carbon monoxide; carbon
dioxide; methane; black carbon; sulfur dioxide; ozone; nitrogen oxides

1. Introduction
The issue of air pollution is a leading topic in scientific research due to its vast scale of

impact [1–8]. According to a WHO (World Health Organization) estimate, seven million
annual deaths across the globe can be attributed to the adverse effects of air pollution on
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human health [9]. Additionally, air pollution can impact the environment, worsening the
conditions of ecosystems [10–17].

Although pollution events can occur due to natural phenomena, such as volcanic
eruptions [18–22], a significant amount of pollutants are released into the atmosphere
by anthropic activities ranging from transportation [23–29], the industry sector [30–34],
mining and quarrying activities [35,36], and even agriculture, which acts as a source of
pollutants and is also heavily influenced by air pollution itself [37–42]. Air pollution
is known to affect indoor environments, enhanced by vastly reduced wind circulation
and the presence of peculiar sources, such as furniture [43–47]. The need to introduce
sustainable policies and reduce the effects of air pollution has led to a notable increase
in the efficiency of source apportionment (SA), a process by which pollutants can be
traced back to their sources [48–53]. In the field of atmospheric sciences, SA can rely on
very advanced methodologies such as the analysis of stable carbon isotopes which can
effectively pinpoint emission sources with greater accuracy [54–56]. Field activities and
surveys of nearby known sources of emission can also improve the models and methods
used in SA [57–59]. Satellite data are frequently used to assess events over large scales
and compensate for the gaps left by ground observatories; however, they are affected by
uncertainties in the assessment of near-surface concentrations [60,61].

In March 2020, the Italian Republic introduced very strict regulations to mitigate the
COVID-19 pandemic, effectively causing activities deemed non-essential to either stop
completely or be significantly reduced [62]. The pandemic and related lockdowns left a
clear mark on Italy’s population and GDP [63], and the restrictions were lifted in May [64].
In the next two years, other lockdowns (LDs) occurred, but they were not as strict as the first
lockdown, thus making it a unique circumstance for the assessment of SA and air quality
improvement [65–79]. Globally, multiple studies have assessed changes in air quality and
pollution during lockdowns and related measures introduced by national governments,
highlighting numerous factors driving their variability over time [80–82].

In the southern Italian region of Calabria, the World Meteorological Organization—
Global Atmosphere Watch (WMO/GAW) observation site of Lamezia Terme (code: LMT),
Catanzaro province, gathered data that would consequently be used to assess the effects of
the first Italian lockdown on the concentrations of carbon monoxide (CO), carbon dioxide
(CO2), methane (CH4), nitrogen oxides (NOx), and black carbon (BC) [83]. In detail, the
study defined the ante-lockdown (ALD), lockdown (LD), and post-lockdown (PLD) periods
to discriminate anthropogenic outputs between three distinct periods in terms of anthropic
activity allowed by law. The analysis exploited the exceptionally low anthropic activities of
the LD period to test a number of hypotheses concerning greenhouse (GHG) and reactive
(RG) gas, as well as aerosol, variability in the area. For example, the study attributed
early morning peaks of NOx to rush hour traffic, as hypothesized in previous research [84].
During the LD, these emissions were nearly absent. A consequent study paired NOx data
with highway traffic, showing that vehicular transit was nearly five times lower during
the LD period [85]. With respect to CH4, the analysis showed no substantial reduction [83],
corroborating the hypothesis by which local inputs such as livestock and agricultural
farming may be responsible for peaks in CH4 [84,86].

These analyses were based on all observations at LMT, thus including outputs from
both local and remote sources. Research on LMT data showed the effectiveness of the
O3/NOx ratio (ONRPI, Ozone to Nitrogen Oxides Ratio Proximity Indicator) as a means to
differentiate between local and remote outputs, as higher ratios are representative of more
aged air masses, while lower ratios indicate fresh anthropogenic emissions [84,87]. This
study is therefore aimed at applying the ONRPI to the first Italian LD period at LMT, thus
marking the first attempt at using the O3/NOx ratio methodology on specific measurements
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characterized by very low anthropogenic emissions. This study also introduces the analysis
of SO2, which was not included in previous research on the first LD at LMT.

This work is organized as follows: Section 2 described the LMT site, its instruments,
and the ONRPI method; Section 3 shows the results of this research; Section 4 discusses the
results; Section 5 concludes the paper.

2. The WMO/GAW Observation Site, Instruments, Datasets,
and Methods
2.1. The LMT Site in the Municipality of Lamezia Terme, Catanzaro, Calabria

The Lamezia Terme (code: LMT) is a regional coastal observation site that is part
of the World Meteorological Organization—Global Atmosphere Watch (WMO/GAW)
network. Although it is not part of the national ICOS (Integrated Carbon Observation
System) network, it operates as a “hub” supporting Italian ICOS stations. The site started
its operations in 2015 in the framework of the I-AMICA (Infrastruttura di Alta tecnologia per il
Monitoraggio Integrato Climatico-Ambientale, Infrastructure of High Technology for Integrated
Climate and Environmental Monitoring) project [88]; however, a number of measurements
were already in place as early as 2014. The station is fully operated by the National Research
Council of Italy-Institute of Atmospheric Sciences and Climate (CNR-ISAC) and measures
a number of meteorological and chemical parameters, ranging from wind direction/speed
to greenhouse (GHG) and reactive (RG) gas concentrations. With three other stations in the
country (Monte Cimone, CMN, in Northern Italy; Potenza, POT, in the neighboring region
of Basilicata; and Lampedusa island, LMP, in the Strait of Sicily), LMT is part of the national
consortium introducing stable carbon isotope measurements of CO2 (δ13C-CO2) and CH4

(δ13C-CH4) in the atmosphere, which are expected to improve source apportionment (SA)
significantly in the framework of Italian atmospheric stations [56].

Due to its location in central Calabria (Lat: 38.8763◦ N; Lon: 16.2322◦ E; Elev: 6 m
above sea level) (Figure 1A), more precisely in the westernmost area of the Catanzaro isth-
mus (≈32 km between the Tyrrhenian and Ionian coasts), the LMT site is heavily influenced
by local near-surface wind circulation [89]. It is located 600 m from the western/Tyrrhenian
coast of the region (Figure 1B), in the narrowest strip of land in the entire Italian peninsula.
The geomorphology of the isthmus reflects intense tectonic activity and substantial evo-
lution over time, as the isthmus separates two mountain ranges in the north (the Coastal
Chain and Sila Massif) from the Serre Massif in the south [90–103]. In the early Quater-
nary, the isthmus was a tidal strait connecting the two seas [104–106], and the interplay
of numerous factors such as the Calabrian uplift and glacial/interglacial cycles has led
to the present-day configuration [107–111]. This also results in the area being seismically
very active, with three out of ten of the strongest earthquakes in recorded Italian history
(Mw ≥ 6.95, 1000 A.D. to modern times) occurring within 20 km of the current location of
the LMT observation site [112–114].

Presently, a well-defined W-WSW/NE-ENE axis in wind circulation is reported at
LMT, dominated by breeze regimes and currents being channeled through the Marcellinara
Gap (Sella di Marcellinara) towards LMT (Figure 1C); when the 850 hPa layer is considered, a
dominance of NW wind is reported, which is consistent with large-scale circulation patterns
in the area [115–117]. These patterns have a prominent effect on the local variability of
GHG/RGs and aerosols, as the northeastern-continental winds are generally linked to
higher degrees of anthropogenic influence, while the western-seaside winds generally yield
lower concentrations [84,86,87]. The Lamezia Terme International Airport (IATA: SUF;
ICAO: LICA), located 3 km north of LMT station, has a 100/280◦ N runway orientation
reflecting these wind patterns, which in turn influences local air traffic.
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(C) 

Figure 1. (A) Location, coordinates and a picture of the LMT observatory in the broader context of
the Mediterranean Basin. (B) Main geomorphological features of central Calabria, showing LMT’s
location in the western sector of the Catanzaro isthmus. (C) Local map showing the municipality of
Lamezia Terme, the Marcellinara Gap, and notable sources of pollution in the area.

Various contributions and inputs of anthropogenic origin, such as those deriving
from vehicular traffic and summertime tourism [118], have made LMT an ideal spot in
the network of Italian atmospheric stations for the study and evaluation of anthropogenic
emissions: LMT is presently the site subject to the most detailed weekly cycle analyses
in the country [85,119], which are exploited to differentiate between natural and anthro-
pogenic emissions under the assumption that the latter may show a weekly cycle, while
the former would remain unaffected. Furthermore, due to its location, the site is exposed
to Saharan dust intrusions [120] and open fire emissions, both on a local [121,122] and
large [123] scale. The Mediterranean itself is known to be a hotspot for the impacts of
climate change, environmental challenges, and air mass transport mechanisms [124–137],
further contributing to the complexity of LMT’s measurements.

2.2. Parameters, Instruments, Datasets and Methods

This work evaluates carbon monoxide (CO), carbon dioxide (CO2), methane (CH4),
and equivalent black carbon (eBC) measured at the Lamezia Terme (LMT) observation
site between February and July 2020. These parameters are characterized by peculiar
atmospheric lifetimes, balance between natural and anthropogenic sources, and specific
instruments used to measure, with high precision, atmospheric concentrations.

CO (ppb), CO2 (ppm), and CH4 (ppb) concentrations have been measured by a Pi-
carro G2401 (Santa Clara, CA, USA) CRDS (Cavity Ring-Down Spectrometry) analyzer.
Details concerning these measurements at LMT, their characteristics, calibration proce-
dures and quality assurance checks are available in Malacaria et al. [138]. Atmospheric
CO is a frequent byproduct of combustion processes, such as biomass and fuel burning,
and is therefore attributed to natural and anthropogenic sources alike [139–141]. Among
the parameters considered in this study, the atmospheric lifetime of CO is intermediate
(~60 days) [142] and reflects the role played by this compound in atmospheric chem-
istry [143,144]. Following decades of sharp increase due to anthropogenic emissions [145],
CO is now characterized by a declining trend [146], punctuated by new peaks in the past
few years [147–149]. CO2 is the main driver of anthropogenic climate change, character-
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ized by clear upward trends driven by fossil fuel burning [150–155], and its effects are
exacerbated by a very long atmospheric lifetime, potentially reaching 1000 years [156].
CH4 is relatively long-lived, with its atmospheric lifetime being ~10 years [157–159]; it is
characterized by a clear upward trend driven by anthropic activity and a recent increase in
natural emissions such as wetlands [160–162].

Atmospheric mole fractions of SO2 (ppb) at LMT have been measured using a Thermo
Scientific 43i (Franklin, MA, USA) analyzer. Details concerning these measurements at the
observation site of Lamezia Terme are available in previous research [163]. SO2 is emitted by
natural and anthropogenic sources, such as volcanoes and maritime shipping [18,164–169].
The atmospheric lifetime of SO2 is very short, in the order of two days [170], partially
compensating for the adverse effects of SO2 on human health [171–175].

A Thermo Scientific 5012 MAAP (Multi-Angle Absorption Photometer) (Franklin, MA,
USA) analyzer has been used to measure equivalent black carbon [176] at LMT. Details
concerning MAAP measurements at the site are available in previous works [121,177].
Black carbon is an effective tracer of combustion in the atmosphere [141,178,179], posing a
tangible hazard for human health [180,181]. The atmospheric lifetime of BC is in the order
of 4–12 days [182,183].

Air mass aging and proximity categories have been calculated based on O3 and NOx

measurements at LMT performed by Thermo Scientific models 49i and 42i (Franklin, MA,
USA), respectively. Details concerning these measurements and the implementation of
the ONRPI methodology to assess air mass aging indicators are available in previous
research [85,87,184]. Table 1 shows the coverage rates of all employed instruments during
the study period.

Table 1. Coverage rates of all data during the study period. The datasets are identified as follows:
G2401 (Picarro G2401 CRDS analyzer for CO, CO2, CH4); T43i (Thermo Scientific 43i analyzer
for SO2); MAAP (Thermo Scientific 5012 MAAP for eBC); CProx, SProx, and BProx refer to the
combined datasets of valid O3/NOx ratios combined with G2401, T43i, MAAP, and meteo data. The
three periods are identified as follows: ALD (ante-lockdown, 1 February–8 March); LD (lockdown,
9 March–18 May); PLD (post-lockdown, 19 May–31 July).

Period G2401 T43i MAAP CProx SProx BProx

ALD 88.73% 92% 90.42% 84.68% 87.61% 86.26%
LD 99.47% 100% 97.06% 99.35% 99.88% 96.94%

PLD 99.6% 100% 98.14% 84.23% 84.51% 82.93%
Total 97.34% 1 98.37% 1 96.15% 1 90.22% 1 91.14% 1 89.07% 1

1 Averaged value for the entire period between February and July 2020.

The ONRPI methodology used at LMT is an expansion of the methods seen in the
literature, combining multiple air mass aging and proximity categories and introducing
a more consistent naming convention. The O3/NOx ratio was found to be an effective
tracer of air mass aging in the studies performed by Parrish et al. (2009) [185] and Morgan
et al. (2010) [186]. Over time, studies such as McMeeking et al. (2010) [187], Cristofanelli
et al. (2016) [188], and Ham et al. (2021) [189] redefined the categories and thresholds
used to differentiate air masses. At LMT, the categories used are based on the findings
of Cristofanelli et al. (2017) [84], which first applied the method to preliminary data
gathered at LMT and compared them with other stations in Southern Italy. The presently
used ONRPI method accounts for six categories in total, accounting for the “Urban” level
category proposed in a previous work [190] and a further division in “Urban” sensu stricto
and “Near Urban”, which include other thresholds used in the literature. In addition to the
main categories, two correction factors are applied, one of which is specific for LMT. The
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full set of categories and their respective applicability ranges based on the O3/NOx ratio
are shown in Table 2.

Table 2. Categories, names and respective ranges used in the ONRPI. RON indicates the O3/NOx

ratio. The COR and ECOR columns show the names used to identify the categories based on
correction factors.

Category Name Range COR ECOR

URB Urban RON ≤ 0.1 URBcor URBecor
N–URB Near Urban 0.1 < RON ≤ 1 N–URBcor N–URBecor

LOC Local 1 < RON ≤ 10 LOCcor LOCecor
N–SRC Near Source 10 < RON ≤ 50 N–SRCcor N–SRCecor
R–SRC Remote Source 50 < RON ≤ 100 R–SRCcor R–SRCecor
BKG Background RON > 100 BKGcor BKGecor

The first factor (“COR”, correction) is due to the overestimation of NO2 by instruments
relying on heated molybdenum converters, such as the Thermo 42i employed at LMT.
A study by Steinbacher et al. (2007) [191] showed that the extent of these overestimations is
non-negligible and needs to be accounted for when evaluating NOx. At LMT, the correction
factor used in Cristofanelli et al. (2017) [84] and other studies is 0.5.

The second correction factor (“ECOR”, enhanced correction) was introduced follow-
ing the findings of studies on local O3 variability, which surges during the warm boreal
seasons [184]. This factor therefore multiplies O3 concentrations by a factor of 0.5 un-
der very specific conditions: measurements performed between Spring and August, at
10:00–16:00 UTC, linked to westerly winds (240–300◦ N) [87].

These correction factors were first applied to aged air mass categories only (R–SRC
and BKG); however, the findings of previous research by CNR-ISAC Lamezia Terme [190]
showed notable gaps in diurnal O3/NOx ratios lower than 1, representative of fresh
anthropogenic emissions, thus indicating that all categories may need to be evaluated
accounting for all correction factors. Therefore, accounting for all corrections, there are
presently eighteen air mass aging categories in the ONRPI methodology. The Proximity
Progression Factor (PPF) [192] is used in this work to evaluate balances between local and
remote emission sources during the study period, which coincides with that of D’Amico
et al.) [83] (1 February–31 July 2020). The period is further divided into ante-lockdown
(ALD, 1 February–8 March), lockdown (LD, 9 March–18 May), and post-lockdown (PLD,
19 May–31 July). The use of subsets in the study period allows us to categorize LMT
measurements and differentiate circumstances of regular (ALD, PLD) and reduced (LD)
anthropic activity. The three periods are flagged in the data record and consequently
processed to verify the presence of differences in the patterns of CO, CO2, CH4, SO2 and
eBC at the site under all the proximity categories.

All data have been processed in R 4.5.1 and MatLab R2023. The R packages/libraries
dplyr [193], ggplot [194], tidyverse [195], ggstatsplot [196], ggsignif [197], and tseries [198]
have been used to process data and generate plots. Statistical evaluations have relied on
the Shapiro–Wilk [199] and Jarque–Bera [200] test for normality in data distribution. The
Kruskal–Wallis [201] and Mann–Whitney U [202] tests, the latter with Bonferroni correc-
tion [203,204], have been used to assess the significance of differences between categories.

3. Results
3.1. Tendencies During the Study Period

In the transition from ALD to PLD, with the LD period in between, the concentrations
of parameters have been subject to changes driven by seasonality and the reduction in
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anthropogenic emissions [83]. In fact, it was shown that parameters such as CO gradu-
ally declined during the period as temperatures increased, marking the transition from
the boreal Winter season in February to the Summer season, with the boreal Spring in
between; this resulted in reduced emissions linked to domestic heating [83]. Previous
research, however, accounted for all measurements and did not differentiate between local
and remote sources; furthermore, it did not include SO2, whose behavior and variability
before, during, and after the 2020 COVID-19 LD at LMT are described here for the first
time. Figures S1 and S2 show the variability of all parameters under all STND (standard)
categories during the study period, highlighting major shifts in concentrations.

Table 3 shows the variability of hourly measurements falling in each category during
the study period (February to July 2020), also showing for the first time the impact of LD
on the observed air mass aging at LMT.

Table 3. Percentages of hourly data falling in each category, also accounting for corrected (COR) and
enhanced corrected (ECOR) categories. These percentages are based on the total number of hours
elapsed during the study period (4368 h).

Type Category ALD LD PLD

STND

URB 0.33% 0% 0%
N–URB 5.29% 0.58% 1.35%

LOC 25% 32.45% 19.53%
N–SRC 45.83% 52.69% 22.86%
R–SRC 11.14% 13.61% 18.01%
BKG 0% 0.52% 22.74%

COR

URBcor 0.11% 0% 0%
N–URBcor 2.25% 0.23% 0.39%

LOCcor 21.84% 18.01% 14.41%
N–SRCcor 25.67% 43.66% 17.34%
R–SRCcor 31.08% 26.17% 13.28%
BKGcor 6.64% 11.79% 39.07%

ECOR

URBecor 0.11% 0% 0%
N–URBecor 2.25% 0.23% 0.45%

LOCecor 21.95% 18.07% 14.47%
N–SRCecor 26.12% 55.86% 20.88%
R–SRCecor 30.51% 18.48% 19.42%
BKGecor 6.64% 7.21% 29.27%

3.2. Observed Concentrations by Category and Period

Previous research demonstrated that corrections need to be applied to all categories,
including those representative of fresh air masses [190]. Prior to that, corrections were
only applied to aged air masses [84,87,192], i.e., the R–SRC and BKG categories. Figure 2
shows, for the entire study period, changes in the reported concentrations of all parameters
based on each category and its respective correction factors, and highlights the anomalous
behavior of SO2 at LMT.

These concentrations, and their variability, are shown in detail in Table 4 (for STND
categories), Table 5 (COR), and Table 6 (ECOR).
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Figure 2. Concentrations of (A) CO (ppb), (B) CO2 (ppm), (C) CH4 (ppb), (D) SO2 (ppb), and (E) eBC
(µg/m3), during the study period, based on standard (STND), corrected (COR), and enhanced
corrected (ECOR) categories.

Table 4. Concentrations of CO, CO2, CH4, SO2, and eBC during the study period, divided by standard
(STND) category, with their respective standard deviation interval (±1σ). A standard deviation of
0.0 indicates a value lower than 0.1, or a very low number of measurements. The URB category has
only three measurements.

Category CO (ppb) CO2 (ppm) CH4 (ppb) SO2 (ppb) eBC (µg/m3)

URB 211.29 ± 2.8 472.96 ± 13.31 2232.00 ± 83.5 0.05 ± 0.0 1.85 ± 0.5
N–URB 208.45 ± 109.9 463.40 ± 23.86 2173.47 ± 127.7 0.09 ± 0.1 1.65 ± 1.1

LOC 155.46 ± 52.6 451.14 ± 21.80 2099.26 ± 106.0 0.14 ± 0.2 0.71 ± 0.4
N–SRC 124.04 ± 29.3 421.09 ± 8.43 1972.80 ± 47.7 0.25 ± 0.3 0.35 ± 0.2
R–SRC 100.48 ± 20.61 415.97 ± 4.42 1950.16 ± 13.9 0.32 ± 0.4 0.21 ± 0.1
BKG 79.74 ± 6.7 412.52 ± 3.59 1940.62 ± 11.1 0.53 ± 0.3 0.17 ± 0.1

Table 5. Concentrations of CO, CO2, CH4, SO2, and eBC during the study period, divided by corrected
(COR) category, with their respective standard deviation interval (±1σ). A standard deviation of
0.0 indicates a value lower than 0.1, or a very low number of measurements. The URBcor category
has only one measurement.

Category CO (ppb) CO2 (ppm) CH4 (ppb) SO2 (ppb) eBC (µg/m3)

URBcor 214.50 ± 0.0 460.26 ± 0.00 2136.07 ± 0.0 0.06 ± 0.0 2.18 ± 0.0
N–URBcor 235.87 ± 133.6 463.36 ± 28.08 2162.08 ± 121.6 0.09 ± 0.0 1.92 ± 1.2

LOCcor 162.24 ± 59.5 456.83 ± 22.50 2128.03 ± 111.4 0.15 ± 0.2 0.83 ± 0.5
N–SRCcor 136.10 ± 37.1 429.64 ± 15.51 2008.48 ± 76.5 0.16 ± 0.2 0.47 ± 0.3
R–SRCcor 115.87 ± 24.3 418.40 ± 5.12 1958.62 ± 26.0 0.33 ± 0.4 0.27 ± 0.2
BKGcor 90.94 ± 18.9 414.32 ± 4.40 1946.33 ± 13.3 0.36 ± 0.4 0.20 ± 0.1
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Table 6. Concentrations of CO, CO2, CH4, SO2, and eBC during the study period, divided by
enhanced corrected (ECOR) category, with their respective standard deviation interval (±1σ). A stan-
dard deviation of 0.0 indicates a value lower than 0.1, or a very low number of measurements. The
URBecor category has only one measurement.

Category CO (ppb) CO2 (ppm) CH4 (ppb) SO2 (ppb) eBC (µg/m3)

URBecor 214.50 ± 0.0 460.26 ± 0.00 2136.07 ± 0.0 0.06 ± 0.0 2.18 ± 0.0
N–URBecor 231.29 ± 133.9 461.98 ± 28.66 2155.62 ± 124.9 0.09 ± 0.0 1.88 ± 1.2

LOCecor 162.08 ± 59.5 456.65 ± 22.62 2127.34 ± 111.7 0.15 ± 0.2 0.83 ± 0.5
N–SRCecor 133.95 ± 35.7 427.43 ± 14.93 1999.84 ± 72.2 0.21 ± 0.3 0.44 ± 0.3
R–SRCecor 108.30 ± 23.8 417.42 ± 5.71 1955.86 ± 26.3 0.34 ± 0.4 0.26 ± 0.1
BKGecor 89.00 ± 16.7 414.69 ± 4.65 1945.33 ± 12.9 0.31 ± 0.3 0.17 ± 0.1

In addition to categories, the study period needs to be assessed based on the effects of
LD on emissions and the balance of local and remote sources. Figure 3 shows, for standard
categories (STND), changes in concentrations observed throughout the period. For STND,
detailed concentrations and their variability throughout the study period are reported in
detail in Table S1A (ALD), S1B (LD), and S1C (PLD). The results are also reported for COR
categories in Table S1D (ALD), S1E (LD), and S1F (PLD). For the ECOR categories, the
results are shown in Table S1G (ALD), S1H (LD), and S1I (PLD).

From the figures and tables, it is possible to infer that the transition between periods
has caused major shifts in the O3/NOx ratio, as a number of categories completely lack
coverage under specific circumstances.
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Figure 3. Variability in the concentration of (A) CO (ppb), (B) CO2 (ppm), (C) CH4 (ppb), (D) SO2

(ppb), and (E) eBC (µg/m3), based on standard categories and divided by period (ALD, LD, and PLD).

3.3. Analysis of Weekly Cycles and Day–Night Contrasts

The assessment of weekly cycles is used in research to discriminate between natural
and anthropogenic sources of emission, as the latter can be influenced by a weekly cycle,
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e.g., higher concentrations of pollutants during weekdays, from Monday (MON) to Friday
(FRI), compared to weekends, Saturday (SAT) and Sunday (SUN) [205].

Prior to the implementation of the Kruskal–Wallis [201] and Mann–Whitney U (or
Wilcoxon) [202] methodologies, all parameters have been tested for normality using the
Shapiro–Wilk [199] and Jarque–Bera [200] tests in R. All tests yielded statistically very signif-
icant results (p-value < 0.001), indicating that no parameter follows a normal distribution.

In Figure 4, weekly cycles are reported based on the same format used in previous
research [85], now accounting for the three periods. The figure also shows the results of
Wilcoxon [202] pairwise tests. The Wilcoxon method compares the concentrations of all
evaluated parameters based on a categorization process, creating subsets of the main data
record based on periods (ALD, LD, and PLD) and days of the week (weekday, WD, from
Monday to Friday, and weekend, WE, from Saturday to Sunday). The resulting pairs are
compared to verify the significance of the differences between WD/WE pairs in each period.
In Table S2A (STND), B (COR), and C (ECOR), results of the Kruskal–Wallis analysis on
weekly cycles are reported. Due to the characteristics of the methodology, a number of
gaps are present: these indicate a complete lack of measurements falling under specific
hours, or the absence of a sufficient number of pairs for the comparison to be evaluated.

Day–night contrasts at LMT have also been impacted by the COVID-19 LD, as ev-
idenced in previous research [83]. In this work, these contrasts are evaluated using the
same methodologies applied to the weekly cycle: the periods are identical (ALD, LD, PLD);
however, weekdays and weekends are replaced by day and night, i.e., measurements
falling in specific time windows. Hourly measurements have been differentiated between
diurnal (DAY, 07:00–18:00 UTC) and nocturnal (NIGHT, 19:00–06:00 UTC), and the results
are shown in Figure 5. Table S2D (STND), E (COR), and F (ECOR) report the results of
the statistical analyses based on the Kruskal–Wallis [201] test. Due to the characteristics of
the methodology and the distribution of measurements, a number of categories could not
be assessed.
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Figure 4. Weekly cycle of (A) CO (ppb), (B) CO2 (ppm), (C) CH4 (ppb), (D) SO2 (ppb), and (E) eBC
(µg/m3), showing the median of each group and the overall distribution of data during the study
period. The values on top refer to the p-values of Wilcoxon [202] correlations between specific pairs,
assessing the statistical significance of differences between two elements in a pair; values lower than
0.05 indicate relevant differences.
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Figure 5. Day–night contrasts of (A) CO (ppb), (B) CO2 (ppm), (C) CH4 (ppb), (D) SO2 (ppb), and
(E) eBC (µg/m3), showing the median of each group and the overall distribution of data during the
study period. The values on top refer to the p-values of Wilcoxon [202] correlations between specific
pairs, assessing the statistical significance of differences between two elements in a pair; values lower
than 0.05 indicate relevant differences.

3.4. Variability of Proximity Progression Factor

The final evaluation of this study is aimed at the Proximity Progression Factor (PPF),
introduced in previous research to analyze the progression from local concentrations,
enriched in pollutants and other outputs of anthropogenic emissions, from remote sources
and the atmospheric background, yielding considerably lower concentrations.

The method was introduced to further highlight the anomaly of SO2 at LMT, as it is the
only known parameter yielding a negative PPF, while all other parameters have positive
values [192]. A negative PPF indicates remote sources of emission exceeding local ones
in terms of concentrations. In this work, the PPF is used for the first time to differentiate
between the balances of local-to-remote sources before, during, and after the first 2020
lockdown, and the results are shown in Table 7.

Table 7. Proximity Progression Factor (PPF), and respective corrections (PPFc, PPFec), evaluating all
parameters during the ALD, LD, and PLD periods. “Total” refers to the entire study period.

Period Parameter PPF PPFc PPFec

Total

CO 0.165 0.141 0.148

CO2 0.023 0.025 0.024

CH4 0.020 0.023 0.023

SO2 −0.311 −0.209 −0.161

eBC 0.372 0.354 0.381
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Table 7. Cont.

Period Parameter PPF PPFc PPFec

ALD

CO - 0.169 -

CO2 - 0.014 -

CH4 - 0.019 -

SO2 - −0.046 -

eBC - 0.527 -

LD

CO 0.144 0.114 0.124

CO2 0.019 0.023 0.022

CH4 0.020 0.023 0.023

SO2 −0.334 −0.217 −0.127

eBC 0.420 0.282 0.313

PLD

CO 0.067 0.066 0.069

CO2 0.028 0.031 0.031

CH4 0.021 0.024 0.024

SO2 −0.359 −0.295 −0.224

eBC 0.309 0.319 0.342

4. Discussion
The first COVID-19 lockdown (LD) in 2020 constitutes a unique circumstance for

the assessment and evaluation of emission sources, thanks to the exploitation of a period
characterized by very low anthropogenic emissions. At the Lamezia Terme (LMT) site
in Calabria, Italy (Figure 1), previous research analyzed the behavior of a number of
parameters at the site [83]. This allowed us to verify a number of hypotheses raised
in previous works concerning the contributions of local sources of emission [84,86,119].
However, without an adequate methodology for the assessment of local and remote sources
of emission, the previous work accounted for all measurements and therefore could not
provide a high degree of detail concerning local variability. Additionally, the previous work
did not consider SO2.

The full extent of governmental limitations on anthropic activities in the area around
LMT is difficult to assess in detail due to the absence of publicly available data. In a previous
work, thanks to data provided by ANAS (the national agency managing highways and
state highways), LMT measurements were compared with highway and state highway
traffic data in the western Catanzaro isthmus, showing a sharp decline in emissions linked
to vehicular traffic in LMT’s northeastern sector [85]. Conversely, waste treatment plants
in the industrial area of Lamezia Terme showed no tangible activity reduction due to
waste management activities being largely unaffected by governmental restrictions. LMT
is located in the northernmost part of the industrial area (Figure 1C), and local near-surface
wind circulation is primarily oriented on a W-NE axis, thus making southern winds coming
from the industrial area a rare occurrence at LMT [115–117].

This work constitutes the first implementation of the ONRPI (Ozone to Nitrogen
Oxides Ratio Proximity Indicator) methodology to data gathered during a period with
reduced anthropogenic emissions. At the LMT site, the ONRPI has been successfully
applied to CO, CO2, and CH4 [87], as well as SO2 and eBC [192], and also allowed the
pinpointing of data particularly affected by anthropogenic emissions [190]. This evaluation
considers surface data gathered at LMT only, which cannot provide a full regional-scale
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picture of the balance between emissions during the study period. Previous research based
on the ONRPI at LMT shows that the method is very sensitive to short-range emissions [87],
especially when very low O3/NOx ratios are considered, where proximity categories can
change substantially in the range of only a few kilometers [190].

Despite the effectiveness of the method, in order to be applicable, the ONRPI re-
quires several instruments to operate at the same time: in addition to valid O3 and NOx

measurements necessary to calculate the ratio, other instruments or even combinations of in-
struments all need to operate at the same time to ensure the applicability of the method [87].
Before, during, and after the LD period at LMT, the resulting coverage rate of the ONRPI is
affected by these restrictions (Table 1). Overall, the resulting coverage rates fall between
the 89.07% and 91.14% thresholds, with a peak of 99.88% during the LD period for SO2.
The resulting filtered datasets therefore allowed a detailed analysis of the ALD, LD, and
PLD periods at the site. Furthermore, based on the findings of a previous work [190], the
correction accounting for NO2 overestimation (COR) and enhanced correction accounting
for O3 photochemical production (ECOR) have been extended to all categories from URB
to BKG, as they were previously limited to R–SRC and BKG, only, as representative of
aged air masses [84,87]. The present work therefore accounts for a total of 18 categories
(Table 2), thus marking the most extensive use of the thresholds based on the O3/NOx ratio
in research. The analysis of all parameters and their respective variability between ALD, LD
and PLD (Figures S1 and S2) is well representative of the characteristics of each parameter
and its seasonal shifts. The implementation of proximity categories allows us to better dif-
ferentiate measurements based on air mass aging indicators, thus leading to a more detailed
understanding of local-to-remote balances in the region during the ALD, LD, and PLD
periods. CO (Figures S1A and S2A) shows very high peaks in N–URB (269.32 ± 108.7 ppb)
and URB (211.29 ± 2.8 ppb) during ALD, with a consequent decline during the LD period
(N–URB: 160.53 ± 34.4 ppb) and, consequently, PLD (N–URB: 112.84 ± 13.8 ppb). It is
worth mentioning that URB is severely underrepresented in the study period (only three
hourly measurements are flagged as URB, thus constituting ~0.06% of the entire dataset,
and only one measurement is flagged as URBcor/URBecor), and reported concentrations, as
well as the standard deviation, may not reflect pure “urban” conditions at the site. This
tendency underlines a major shift in urban-level emissions from high CO outputs attributed
to transportation and, most likely, domestic heating, to lower concentrations reflecting
reduced emissions at a local scale. LOC and, to some degree, N–SRC show a different
behavior, as they reach a peak during the LD period (LOC: 173.76 ± 44.6 ppb; N–SRC:
139.38 ± 28.1 ppb), followed by a gradual decline. This pattern is compatible with CO
outputs from domestic heating over a regional area [119], culminating during the LD and
entering a decreasing trend due to the increase in temperatures typical of the boreal Spring
and the transition to Summer. This particular pattern is barely noticeable in R–SRC, further
indicating that its nature could be regional; conversely, BKG shows no clear pattern and
is completely absent during the ALD period and most of the LD (98.15 ± 5.0 ppb), with
minimal oscillations around concentrations typical of the atmospheric background [87,138].
This is consistent with previous research indicating that the BKG category is characterized
by very low variability: it yields the lowest concentrations in the record, and data have
minimal oscillations around the average (Figure S2, Table S1).

The influence of domestic heating on LMT’s measurements has been discussed in
previous research [84,86,87,119]; however, there are no available data on the true extent of
biomass burning related to this particular source of emission. The official air quality report
issued by the Regional Council acknowledges the presence of diffused, domestic-related
CO emissions contributing up to ~10% of the regional anthropogenic budget, and promotes
the implementation of more energy efficient and sustainable means to generate heat in
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Calabrian households [206]. A study by Putaud et al. [207] found evidence of increased LD
emissions in Italy attributable to wood burning for domestic heating purposes.

The previous work on the LD period at LMT found that CO variability was anticorre-
lated with average temperatures, providing evidence of a temperature-dependent source
compatible with domestic heating. Additionally, the hydroxyl radical (OH)—which is an
effective sink of CO—is lower during the winter season, thus causing wintertime (in this
case, PLD and LD) concentrations of CO to be higher [158,208].

CO2 (Figures S1B and S2B) is characterized by major fluctuations between URB,
N–URB, and LOC, with LOC showing a considerable amplitude in these oscillations,
as well as the presence of relevant peaks during LD (450.79 ± 19.77 ppm) and PLD
(460.11 ± 25.10 ppm) which are not present in the ALD (437.39 ± 11.15 ppm) period. The
high degree of oscillations during the LD and, in particular, the PLD periods in N–URB
through N–SRC is consistent with photosynthesis and the carbon sink typical of boreal
warm seasons: the ONRPI categorizes air masses based on the O3/NOx ratio, and does
not therefore consider the photosynthetic sink [87]. The presence of LD and PLD peaks
can be observed in N–SRC, while R–SRC and BKG indicate higher degrees of stability
and values well representative of atmospheric background levels. During the LD, BKG is
418.59 ± 2.50 ppm, higher than its PLD equivalent (412.38 ± 3.49 ppm) which is affected
by photosynthesis. This shows the importance of implementing the ONRPI to factor out
the atmospheric background from evaluations on local budgets. A study by Rugano and
Caro [209] showed that central Calabria, likely due to its leading rural nature, did not
experience the same CO2 reduction seen in northern Italian regions, which were the most
affected by LD measures and restrictions. These factors, combined, may explain CO2’s
oscillations at the site during the study period.

A peculiar behavior is seen in CH4 (Figures S1C and S2C), where LOC, during the ALD
period, is characterized by several peaks, unlike CO2. Although R–SRC and BKG remained
stable and showed minimal influence of the LD (LD BKG: 1943.13 ± 7.2 ppb; PLD BKG:
1943.13 ± 7.2 ppb), N–SRC underlines gradual increases during the LD (1973.22 ± 33.7 ppb)
and PLD (1986.88 ± 74.4 ppb) periods, which do not match the known patterns of CH4 at the
LMT site [86,87,119] and other Mediterranean stations [210–212], as the peaks are regularly
linked to the Winter season. Other studies in the Mediterranean also reported that CH4

followed patterns not perfectly aligned with the decline in anthropic activities [213]. These
patterns show the presence of constant emission sources in the area, which remained rather
unaffected by the transition from ALD to LD: this hypothesis is compatible with livestock
farming and agricultural activities, mentioned in previous works as possible drivers of local
peaks of CH4 [84,87]. The LD increase observed for N–SRC (ALD: 1957.40 ± 32.8 ppb; LD:
1973.22 ± 33.7 ppb; PLD: 1986.88 ± 74.4 ppb), which is in contrast with the known seasonal
pattern at LMT, would be compatible with an increase in CH4 mole fractions caused by
domestic heating. Waste outputs of CH4 are also expected to remain constant during the
LD [214], and an increase in CH4’s atmospheric lifetime caused by reduced NOx outputs
has also been considered as a driver of its patterns during the LD and PLD periods [215].

Of particular importance is the behavior of SO2 (Figures S1D and S2D), which con-
tributes to a more detailed understanding of its variability at LMT. While the URB, N–URB,
and LOC concentrations are stable during the entire period, the other categories show the
presence of remote emission sources affecting SO2 variability at the site. This finding is not
in agreement with research on LD variability performed at other sites, where the LD was
reported to cause reductions of ~50% in SO2 concentrations [216,217]. There are also reports
of areas in Italy where SO2 concentrations were not substantially affected by LD measures,
however [69]. At LMT, previous works mentioned the Aeolian Arc of volcanoes, located
only a few dozen kilometers from LMT, and maritime shipping as the possible sources
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of SO2 peaks [163,192]. Eruptions of a significant magnitude are rare and the resulting
columns of volcanic outputs would require ad hoc methodologies in order to be assessed
in terms of air mass transport and diffusion, such as the upgraded 3D-PSCF model by
Dimitriou et al. [218]; however, previous research highlighted the impact of continuous
SO2 emissions in the area (e.g., fumaroles, degassing), which have been documented to
compromise air quality and worsen health issues in the Aeolian Islands [219,220]. Stromboli
alone is known to release ~5 kg of SO2 per second [221]. These continuous emissions are
not negligible and affect the regional budget in the western sector of LMT.

The variability of eBC (Figures S1E and S2E) is very closely related to that of CO, with
R–SRC and BKG yielding very stable concentrations, while URB to N–SRC are characterized
by more fluctuations; in particular, N–URB and LOC show an important local contribution
during the ALD period which is not present in N–SRC, underlining the impact of local
sources of emission, such as highways, during the ALD period, and the greater impact
of domestic heating during the LD period itself, with a number of fluctuations linked by
previous research to domestic heating as they were found to be related with the lowest
temperature of the period [83]. The change in the amplitude of these fluctuations between
the ALD and LD periods in N–SRC is compatible with a greater regional output during
the LD period caused by more people relying on domestic heating due to the restrictions
introduced by the government [62,64]. It is also worth noting that eBC peaks at ~6.1 µg m−3

in the entire dataset, well below the ~9 µg m−3 threshold past which MAAP measurements
are less reliable [222].

The variability of parameters between periods and proximity categories is also affected
by changes in the O3/NOx ratio itself during the study period (Table 3), which are also well
representative of shifts in the balance of emissions. From the analysis of categories alone
it is possible to infer that the ALD period shows a limited number of hourly data falling
under the URB category (STND: 0.33%; COR/ECOR: 0.11%), indicating very high degrees
of anthropogenic pollution; additionally, the ALD period is characterized by the absence
of measurements falling under the standard BKG category, thus indicating a large-scale
influence of anthropogenic emissions before the LD. During the ALD, the atmospheric
background is reported only via the implementation of COR and ECOR, which report only
6.64% of measurements falling under this category. During the LD and PLD periods, URB
effectively disappears under all circumstances, further showing the shift in anthropogenic
emissions occurred during the study period. N–URB also shows a sharp decline but does
not completely disappear during the LD and PLD periods. During the PLD period, the
BKG categories all reach notable peaks: this is particularly significant in the case of BKGecor

at 29.27%, considering that ECOR reduces the O3/NOx ratio by halving O3 under specific
circumstances [87]. The intermediate categories show heterogeneous patterns between
periods; however, it is worth mentioning the peaks reached by N–SRC during the LD
period (up to 55.86% in the case of N–SRCecor), which clearly indicate a strong footprint of
anthropogenic emissions over a regional scale unlike the ALD and PLD periods.

In previous research, the analysis of concentrations representative of each category was
found to be particularly relevant when applying the ONRPI methodology [84,87,190,192].
In Figure 2, the transition between STND, COR, and ECOR categories shows that STND
generally yields lower concentrations, although several exceptions are reported. COR tends
to increase the O3/NOx ratio by halving NO2, thus causing more data to fall under BKG
and other categories linked to higher ratios. ECOR counterbalances the effect by reducing
O3 under specific circumstances, thus impacting R–SRC and BKG. Without considering the
anomalous behavior of SO2 (Figure 2D), all other parameters show a clear transition from
high URB and N–URB concentrations to very low BKG concentrations. CO (Figure 2A) in
particular shows higher N–URB concentrations compared to URB, but it is worth noting
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that only a fraction of measurements in the ALD period fall under URB, thus affecting its
representativeness. The reduced coverage of URB also affects the variability indicator of the
category in Tables 4–6, as the low number of measurements results in URB concentrations
frequently yielding a 1σ interval of ±0.0. Overall, the data show a gradual decrease from
URB to BKG, with the well-known exception of SO2, and also show generally decreasing
1σ intervals, thus reflecting high variability around URB, and very low variability around
the BKG values, which are very stable.

When the periods are considered instead (Figure 3) (Table S1A–I), the effects of LD
restrictions become noticeable: URB is notably absent in LD and PLD, while BKG is not
present during the ALD period. Figure 3 shows that even during a period characterized by
exceptionally low anthropogenic emissions, the ONRPI is still effective at differentiating
data based on the aging of air masses.

The analysis of weekly cycles is an efficient tool to discriminate between natural
and anthropogenic sources due to the absence of weekly patterns in the former. It is
possible, however, for anthropogenic emissions to have no well-defined weekly patterns,
thus restricting this method to specific circumstances. At LMT, the analysis of weekly
patterns has improved over time [85–87,119,163,184,190] and presently constitutes the most
detailed evaluation of this kind currently being performed in the national network of
atmospheric stations. As previous research showed non-negligible weekly patterns, the
study period was assessed to verify the statistical significance of the differences between
WD (weekday, MON-FRI) and WE (weekend, SAT-SUN). Figure 4 shows, in addition
to the medians of all distributions falling in each combination of period and WD/WE,
the results of pairwise Wilcoxon (Mann–Whitney U) [202] tests. For CO (Figure 4A), the
results show the presence of well-defined weekly patterns in ALD (WDµ: 122.13 ppb; WEµ:
149.71 ppb; p-value < 0.001) and PLD (WDµ: 143.44 ppb; WEµ: 143.82 ppb; p-value = 0.41),
compatible with regular anthropic activities characterized by such cycles (e.g., transporta-
tion), and the absence of similar patterns during the LD period, as most CO outputs were
likely resulting from domestic heating and remained constant over time. The observed
change in behavior occurred in a very short time span and is representative of the shifts
in emission balances that occurred between the ALD and LD periods. CO2 (Figure 4B)
shows a very significant weekly pattern during the ALD period (WDµ: 418.22 ppm; WEµ:
423.33 ppm; p-value < 0.001), and non-significant patterns during LD (p-value = 0.18) and
PLD (p-value = 0.86): while the former is deemed a direct consequence of governmental
restrictions, the latter yields lower concentrations, typical of the warm boreal season due to
intense photosynthetic activity [87,119,138,190] and the presence of anthropic activities not
influenced by a proper weekly cycle, such as summertime tourism in Calabria [85]. CH4

(Figure 4C) shows an identical pattern, with a very significant ALD (WDµ: 1955.63 ppb;
WEµ: 1990.17 ppb; p-value < 0.001) weekly cycle and the absence of such patterns during
the LD and PLD. Like CO2, CH4 concentrations during the warm seasons have been re-
ported to be considerably lower at LMT [86,87,119,138]. With constant emission sources
such as livestock reported around the site [84,87], the absence of a weekly pattern be-
comes prominent in the PLD (WDµ: 1956.68 ppb; WEµ: 1953.80 ppb; p-value = 0.084)
period in particular, with domestic heating no longer being a factor due to the higher
temperatures of the period. Waste treatment-related emissions are also believed to be
largely unaffected by the LD. Conversely, these extra emissions would be the cause of
very significant weekly cycles during the ALD; the consequent LD would then distribute
these emissions equally during the week, thus causing an abrupt transition from an ex-
tremely significant (ALD, p < 0.001) to a non-significant (LD, p = 0.41) cycle. The weekly
cycle of SO2 (Figure 4D) shows an “anomaly within the anomaly”, as the LD period is
the only one characterized by a significant weekly cycle (WDµ: 0.06 ppb; WEµ: 0.09 ppb;
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p-value < 0.001), with WE concentrations ~50% higher than their WD counterparts. The
significance of this pattern could be due to the very low concentrations reported at LMT
during the study period, and needs to be assessed in greater detail using proximity cate-
gories. Furthermore, SO2 variability is influenced by sources such as maritime shipping in
the Mediterranean, which are difficult to factor out [138]. eBC (Figure 4E) shows significant
ALD (WDµ: 0.26 µg/m3; WEµ: 0.48 µg/m3; p-value < 0.001) and LD (WDµ: 0.38 µg/m3;
WEµ: 0.50 µg/m3; p-value < 0.001) weekly cycles likely driven by domestic heating, as
the difference between WD and WE is considerably lower in the LD period (0.12 µg/m3)
compared to the ALD period (0.22 µg/m3). This does not explain, however, the presence
of a significant cycle during the LD, which is absent in CO. Conversely, the PLD is char-
acterized by lower concentrations typical of warm seasons which make weekly cycles of
eBC less prominent, as previously evidenced in another work, where eBC variability at
the site is generally driven by sporadic, open fire-related outputs [119]. In addition to the
total concentrations, this study performed a detailed weekly cycle analysis accounting
for all categories, i.e., STND (Table S2A), COR (Table S2B), and ECOR (Table S2C). The
Kruskal–Wallis [201] test requires a sufficient number of measurements in each WD/WE
pair to be performed, thus leading to gaps. Specifically, none of the URB cycles could be
assessed, and many N–URB and BKG were also affected due to the absence of data and
the effects of correction factors. Overall, the intermediate category N–SRC shows to be the
most affected by weekly cycles, reflecting weekly changes in the balance of emissions on
a local-to-regional scale, while N–URB, LOC and R–SRC are less affected, indicating that
sources in the area of LMT, as well as remote sources, are more dispersed. BKG is even less
affected, showing that the atmospheric background remained stable during the period, and
the ONRPI methodology can effectively differentiate it from other sources. When it comes
to specific parameters, CO and eBC show the presence of the highest number of significant
weekly cycles, with CO characterizing the ALD and PLD periods, indicating a strong fin-
gerprint related to emissions that were affected by governmental restrictions, and eBC the
LD period. SO2 and eBC yield no valid weekly cycles during the PLD period, thus showing
evidence of a shift in the prevailing nature and behavior of emissions [119,163,192]. A study
by Grivas et al. [223] showed a significant BC rebound in Athens, Greece following the 2020
LD; at LMT, a PLD rebound of eBC is reported for categories up until N–SRC, while R–SRC
and BKG remain unaffected (Figures S1E and S2E). The absence of a weekly cycle does not
automatically exclude anthropic influences; instead, it indicates a shift towards emissions
more evenly distributed over the course of a week, with no substantial differences between
WD and WE.

The analysis of contrasts between day and night, which are known to characterize
the variability of data at LMT [83,85–87,184,190], is assessed in this work using the same
methodology applied to the weekly cycle [85]. Previous research evaluated these contrasts
and reported on their variability without implementing the same statistical methods applied
to the weekly cycle; in this work, the two assessments are homogenized, thus showing a
new and integrated method for the analysis of the day–night contrast at LMT. The pairwise
Wilcoxon [202] test applied to diurnal/nocturnal pairs shows statistically relevant results
for all combinations (Figure 5), indicating that the contrast is a key regulator of local
variability, unlike the weekly cycle. Like the weekly cycle, this is also affected by the
coverage of specific categories, and several gaps (most notably, the entire URB category) are
present (Table S2D–F). From the statistical analysis, the intermediate categories LOC and
N–SRC are the most affected, well representing the effects of diurnal/nocturnal shifts in
emission on a local-to-regional scale. As a parameter, CO2 is considerably affected by daily
oscillations due to increased photosynthesis linked to the boreal Summer in PLD [119],
although the ALD and LD are also partially affected by the phenomenon, as previously
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reported in Figures S1B and S2B. Conversely, SO2 is the least affected, showing that remote
sources (volcanoes, maritime shipping) [163] not influenced by the day–night contrasts are
prominent regulators of its variability. It is also worth mentioning that CO yields relevant
day–night contrasts throughout the entire period, while eBC (which has so far shown a
very similar behavior) does so only during the PLD.

The last evaluation of the study relies on the PPF, introduced in a previous work [192],
to assess the balance between local and remote sources during the study period. The PPF
indicates whether a given parameter follows a regular pattern from local, enriched con-
centrations attributable to anthropogenic emissions, and remote, very low concentrations
representative of the atmospheric background. In previous research, all parameters with
the exception of SO2 yielded positive PPF values, highlighting the anomaly of SO2 at the
site and showing the presence of remote sources exceeding local outputs. In Table 7, PPF
values of ALD, LD, and PLD, and their corrected counterparts (PPFc, PPFec), are reported
and compared to the cumulative study period. During the ALD period, PPF and PPFec

values could not be computed due to the absence of BKG measurements. The results show
a strong negative tendency for SO2, with the exception of ALD, where the PPFc yields
−0.046, thus indicating a virtually “neutral” scenario with respect to proximity categories.
eBC yields very high values, especially during the ALD, with a PPFc of 0.527 indicating a
remarkable difference between local and remote sources, likely the effect of the peaks in
anthropic activities during the boreal Winter that preceded the LD, during which eBC’s PPF
reaches the non-negligible value of 0.42. CO2 and CH4 show a stable behavior, indicating
for CH4 the presence of local/constant emission sources in the area, as hypothesized in
previous research [84,86,87]. CO’s PPFc peaks during the LD at 0.169 and shows lower
values during the PLD compared to the other periods; this indicates an overall reduction in
concentrations, with local sources of emission being close to the atmospheric background.
The difference in the balance of CO and eBC shows that the latter is more influenced by
local sources of emissions; while this can be caused by the considerably lower atmospheric
lifetime of BC [182] compared to CO [142], the findings of this study suggest that local
CO-BC balances need further investigation. Overall, the first implementation of the PPF in
a scenario such as the COVID-19 LD of 2020 has allowed the changes in local-to-remote
emission sources to be highlighted, with heterogeneous results due to the characteristics of
each parameter.

In terms of future perspectives, LMT is part of a consortium of four atmospheric
observatories in the country implementing stable carbon isotope measurements of CO2

(δ13C-CO2) and CH4 (δ13C-CH4) [56]. Although these measurements were not in place at
the time of the 2020 LD, a more accurate understanding of LMT’s CO2 and CH4 variability
would allow researchers, to a certain degree, to retroactively test the hypotheses made in
this study and verify them in the scope of source apportionment.

5. Conclusions
At the Lamezia Terme (LMT) WMO/GAW observation site in Calabria, Southern Italy,

the ONRPI (Ozone to Nitrogen Oxides Ratio Proximity Indicator) has been applied to data
measured between February and July 2020 to assess the variability of local and remote
sources of emission of CO, CO2, CH4, SO2, and eBC. Based on the findings of previous
works, the ONRPI has been expanded with a total of 18 categories, accounting for two dis-
tinct correction factors (COR and ECOR) in addition to the standard (STND) methodology.
The present framework constitutes the most complete use of this methodology in the field.

The analysis of tendencies observed between ALD (ante-lockdown), LD (lockdown),
and PLD (post-lockdown) periods has allowed us to discriminate between local and remote
sources, with SO2 showing a notable anomaly, i.e., the presence of remote sources exceeding
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their local counterparts. In the transition from ALD to PLD, air mass aging indicators show
a gradual increase in the O3/NOx ratio, with data heavily affected by anthropogenic
emissions being limited to the ALD period only, and data representative of the atmospheric
background being more common in the PLD.

A detailed weekly cycle analysis was performed to assess the influence of anthropic
activities in a period characterized by governmental restrictions and highlighted prominent
patterns in CO and eBC, as well as regional-scale shifts in these cycles which were not
observed at local scales. The analysis of day–night contrasts, i.e., the difference between
diurnal and nocturnal measurements, was evaluated in this study with additional statistical
methods compared to previous research on LMT data and showed a higher significance
rate compared to the weekly cycle.

The implementation of the Proximity Progression Factor (PPF) has also allowed us
to improve the characterization and understanding of local-to-remote balances at LMT,
especially for CO. SO2 showed the same anomalies reported in previous studies; however,
during the LD a “neutral” behavior emerged. CO2 and CH4 showed a stable pattern, com-
patible in the case of CH4 with local/constant sources of emission (e.g., livestock farming)
hypothesized in previous research and relatively unaffected by the LD. Overall, the study
shows the potential of the ONRPI methodology as an effective tool in source apportionment
even in exceptional circumstances, such as the COVID-19 LD and the consequent reduction
in anthropic activities caused by governmental policies and regulations.
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Alternate versions of S1 using boxplots; Table S1A–I: Concentrations of all parameters divided by
period and proximity category, also accounting for the COR and ECOR corrections; Table S2A–F:
Statistical analysis applied to weekly cycles and day–night contrasts.
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