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Abstract: Gaseous pollutants and aerosols resulting from anthropic activities and natural phenomena
require adequate source apportionment methodologies to be fully assessed. Furthermore, it is crucial
to differentiate between fresh anthropogenic emissions and the atmospheric background. The
Proximity method based on the Os/NOx (0zone to nitrogen oxides) ratio has been used at the Lamezia
Terme (code: LMT) World Meteorological Organization — Global Atmosphere Watch (WMO/GAW)
regional station in Italy to determine the variability of CO (carbon monoxide), CO2 (carbon dioxide),
CHa4 (methane), SOz (sulfur dioxide), and eBC (equivalent black carbon), thus allowing to differentiate
local and remote sources of emission. Prior to this work, all Os/NOx ratios lower than 10 were grouped
under the LOC (local) proximity category, thus including very low ratios (< 1) which are generally
attributed by literature to “urban” air masses, particularly enriched in anthropogenic emissions. This
study introduces the URB category in the assessment of CO, CO2, CHs, SOz, and eBC variability at
the LMT site, highlighting patterns and peaks in concentrations that were previously neglected. The
daily cycle, which is locally influenced by wind circulation and Planetary Boundary Layer (PBL)
dynamics, is particularly susceptible to urban-scale emissions and its analysis has allowed to
highlight notable peaks in concentrations that were previously neglected. Correlations with wind
corridors and speeds indicate that most evaluated parameters are linked to northeastern winds at
LMT and wind speeds under 5.5 m/s. Weekly cycle analyses, i.e. differences between weekdays
(MON-FRI) and weekends (SAT-SUN) has also highlighted tendencies driven by seasonality and
wind corridors. The results highlight the potential of the URB category as a tool necessary to access
a given area’s anthropogenic output and its impact on air quality and the environment.

Keywords: sulfur dioxide; equivalent black carbon; tropospheric ozone; nitrogen oxides; Lamezia
Terme; Mediterranean Basin; air mass aging; proximity indicator; proximity progression factor

1. Introduction

The variability of greenhouse gases (GHGs), aerosols, reactive gases, and other components of
Earth’s atmosphere requires advanced methodologies to be fully assessed [1-8]. Defining short term
(e.g., seasonal) and long term trends is necessary for policymakers and regulators to mitigate
emissions and reduce the impact of anthropogenic climate change [9-12].

Many pollutants are both natural and anthropic in origin, and require source apportionment
techniques to be evaluated. Via a number of methodologies, such as the study of stable carbon
isotopes, it is possible to discriminate anthropogenic emissions from their natural counterparts [13—
15]. The findings of Parrish et al. [16] and Morgan et al. [17] showed the potential of the Os/NOx ratio
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(ozone to nitrogen oxides) as an air mass aging and proximity indicator. Higher ratios (>100) are
representative of the atmospheric background, while lower ratios (<10) indicate fresh air masses
enriched in anthropogenic pollutants. Intermediate ratios are representative of the transition between
near sources/outflows and remote sources/outflow.

Prior to these findings, a study by Steinbacher et al. [18] highlighted the possible overestimation
of NO: concentrations by instruments relying on heated molybdenum converters; with NOx being
the result of NO + NOy, air mass aging categories based on the Os/NOx ratio would therefore be
affected by these issues. In literature, there are several reports concerning the issue of measuring
“true NOx” [19-24]. At the Lamezia Terme (code: LMT) WMO/GAW (World Meteorological
Organization — Global Atmosphere Watch) regional station in Italy, a correction factor of 0.5 was
implemented to account for the possible overestimation of NOg; this correction was applied to
preliminary data gathered at the station [25], and — consequently — to nine years (2015-2023) of data
to evaluate in greater detail the local variability of greenhouse gases [26].

While the NO: overestimation is instrumental in nature, a second correction factor was applied
at LMT [26] to account for peaks in photochemical activity and the consequent overproduction of
near-surface Os, observed in particular from diurnal winds in the direction of the Tyrrhenian Sea
during the Spring and Summer seasons [27,28].

Previous studies have allowed to determine peculiar behaviors in the variability of a number of
gases (CO: carbon monoxide; CO2: carbon dioxide; CH4: methane; SOz: sulfur dioxide) [26,29] and
aerosols (eBC: equivalent black carbon) [29], thus demonstrating the potential of this methodology in
source apportionment efforts. In fact, these parameters are characterized by different atmospheric
lifetimes [30-35], as well as the coexistence of anthropogenic and natural sources which require
precise source apportionment to be differentiated [36—47]. Additionally, these parameters have
different global trends, where for instance CO: [48-51] and CHs [42,52,53] are on the increase while
SO: has a generally decreasing trend due to optimized combustion engines and fuels [54-57],
however volcanic eruptions can result in notable SOz emissions in the atmosphere, thus affecting
global tendencies [58-60]. Mount Pinatubo’s eruption of 1991 [61] and the The Hunga Tonga—Hunga
Ha‘apai eruption of 2022 [62,63] have been subject to numerous studies aimed at assessing the effects
of volcanic eruptions on global scales. CO is characterized by years of decline, followed by an upward
trend attributed to wildfire emissions [64] and changes in emission mitigation policies [65,66]. BC
also shows a decline linked to emission mitigation policies, however punctual peaks linked to
wildfires occur and affect not only air quality [67], but also climate balances [68,69].

At LMT, all parameters with the exception of SOz showed gradual reductions in concentrations in
the transition from the LOC (local) category to BKG (atmospheric background), consistent with
anthropic influences: SO2’s behavior, with the intermediate N-SRC (near source) and R-SRC (remote
source) categories generally yielding higher concentrations than LOC and BKG, have allowed —
combined with previous assessments of SOz sources of emission on a regional scale [70] — to provide a
degree of spatial resolution to proximity categories [29], as they were more qualitative in nature [16,17].

All previous studies on LMT data based on the Os/NOx ratio grouped values lower than 10 to the
LOC category; however, the leading literature on the method attributes ratios lower than 1, i.e. with a
higher number of NOx molar fractions compared to Os, to “urban” air masses, deemed particularly
enriched in pollutants linked to anthropic activities [16,17]. Prior to this study, the urban (“URB”) category
has never been considered not only at LMT, but also in the broader context of the national atmospheric
observation network. This study is therefore aimed at introducing URB to evaluate in detail local
anthropogenic sources of emissions and test a number of hypotheses raised by previous studies at LMT.

This work is organized as follows: in Section 2, the LMT site — also accounting for local orography
and its impact on local wind circulation — as well as employed instruments and methodologies are
described; the results are presented in Section 3; Sections 4 and 5 discuss the results and conclude the
paper, respectively.
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2. The WMO/GAW Observation Site, Measured Data, and Methodologies
2.1. Characteristics of the Lamezia Terme (LMT) WMO/GAW Station

The LMT observation site is located in the southern Italian region of Calabria (Lat: 38.8763 °N;
Lon: 16.2322 °E; Elev: 6 meters above sea level) (Figure 1A), in the central Mediterranean Basin.
Operated by the National Research Council of Italy — Institute of Atmospheric Sciences and Climate
(CNR-ISAC), LMT has been gathering data for the WMO/GAW (World Meteorological Organization
— Global Atmosphere Watch) network since 2015.

The station is 600 meters from the Tyrrhenian coast, in the westernmost sector of the Catanzaro
Isthmus, which is the narrowest point in the entire Italian peninsula (Figure 1B). In the isthmus, the
distance between the Tyrrhenian and the Ionian (eastern) coasts of Calabria is approximately 32
kilometers, thus resulting in a peculiar orographic configuration in the country. The isthmus
separates two mountain ranges in the north, the Coastal Chain (Catena Costiera) and the Sila Massif,
from the southern Serre Massif. Local geomorphology is heavily influenced by plate tectonics, with
intense faulting being responsible for the current configuration of the isthmus and variations in
elevation across the area [71-74]. During the early Quaternary, the Catanzaro isthmus was a tidal
strait connecting the Tyrrhenian and Ionian seas, as evidenced by the findings of 2D and 3D dunes
in outcrops located in the central sector of the isthmus itself [75-77]. Consequently, changes in sea
level driven by the uplift of Calabria [78-80] and the transition between glacial and interglacial
periods [81,82] have cut off the sea passage, thus resulting in the present-day configuration. The area
is subject to intense faulting and seismic activity [83], with many of the strongest earthquakes (three
out of ten with Mw > 6.95) in recorded Italian history having their estimated epicenters within =20
kilometers from the current location of LMT, according to the national inventory [84,85].

The present-day configuration of the isthmus has a notable effect on near-surface wind
circulation, as shown by a study on ten years of LMT wind profiles [86]. Local wind circulation also
affects air traffic, as the Lamezia Terme International Airport (IATA: SUF; ICAO: LICA) located 3
kilometers north of LMT has a 10/28 (100/280 °N) runway (RWY) orientation, reflecting the same
patterns observed at LMT.

Tyrthenian Sea F lonian Sea

Lamezia Terme
LMT
Lat: 38° 52.605' N
Lon: 16° 13.946'E
Elev: 6masl

Mediterranean Basin |
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Figure 1. (A) Location of the LMT observation site in Southern Italy. (B) Map of the western Catanzaro Isthmus,
showing LMT’s location as well as the location of known anthropogenic sources of emission and orographic
features. The “Highways” label refers to the A2 highway and S18 state highway, which run clockwise from north
to south around the airport, station and industrial area. Farms are spread over the southwestern region of the

map.

The Marcellinara Gap (Sella di Marcellinara) located in the middle area of the isthmus results in
northeastern winds being channeled in the direction of LMT (Figure 1B), as evidenced by early
studies on wind circulation [87,88]. Near-surface wind circulation is dominated by breeze regimes
and is oriented on a well-defined W-WSW/NE-ENE axis, however when the 850 hPa layer is
considered, NW winds prevail in accordance with large scale circulation in the area [87]. From March
to October, local and large-scale flows combine and dominate diurnal breezes; the November to
February period is characterized by diurnal circulation more closely connected to large-scale forcing
[88].

In addition to wind circulation patterns and profiles [89,90], over time multiple studies have
assessed the variability of gases and aerosols at the site [91]. Preliminary findings on reactive gas and
CHs variability were first described in Cristofanelli et al. [25], including the first implementation of
the O3/NOx ratio methodology. In this study, local air masses were found to be particularly enriched
in CHs, thus indicating nearby sources of emission such as livestock farming. Another study, based
on seven years of measurements (2016-2022), allowed to evaluate the variability of CHs with greater
detail, especially with respect to wind circulation and seasonality [92]. Northeastern-continental
winds were found to be generally enriched in CHs, while western-seaside winds generally yielded
lower concentrations. Wintertime concentrations were higher compared to their summertime
counterparts, and similarly, nighttime concentrations were found to be significantly higher than
daytime molar fractions, reflecting the influence of wind circulation on local measurements.
Additionally, in the northeastern wind sector, low wind speeds were linked to high concentrations
and, vice versa, high speeds were linked to lower concentrations: this behavior was described as HBP
(Hyperbola Branch Pattern) in the same study.

These features were not reported for surface Os, which showed the opposite pattern in a study
based on nine years (2015-2023) of measurements: at LMT, Os peaks during diurnal hours from the
western-seaside sector [27], a finding that resulted in the introduction of the “enhanced correction”
(ecor) for the O3/NOx ratio methodology (see Section 2.2). Another study demonstrated that O3 peaks,
which are a key indicator of regional photochemical pollution, were linked to precise combinations
of temperature, wind direction/speed, and downward solar radiation [28].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1343.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 June 2025 d0i:10.20944/preprints202506.1343.v1

5 of 47

Due to its location in the central Mediterranean Basin, the LMT station is exposed to Saharan
intrusions from Africa [93] and wildfire emissions at various scales [94]. In particular, during the 2021
wildfire crisis, peaks in CO and eBC were attributed, using multiple methodologies, to regional
Calabrian [95] and Algerian/Greek wildfires [96]. Local wind patterns and precipitation phenomena
linked to inversion between wind corridors allowed to observe wildfire outputs that would have
otherwise been subject to air mass transport at higher altitudes.

2.2. Gas/Aerosol Datasets, and Employed Methodologies

In order to evaluate CO, CO2z, CHs, SOz, and eBC using the Proximity methodology based on the
Os/NOx ratio, multiple instruments have been used at LMT.

CO, CO», and CHs concentrations have been measured, between 2015 and 2023, by a Picarro
G2401 (Santa Clara, California, USA) CRDS (Cavity Ring-Down Spectrometry) [97-99] analyzer.
CRDS analyzers allow to gather data concerning the molar fractions of gaseous compounds up to the
ppb (parts per billion) level. Measurements are performed every five seconds, and the outputs are
aggregated on a hourly basis; although all measurements are in ppm (parts per million), CO and CHs
are converted in ppb due to their lower concentrations compared to COz. These measurements are
available from 2015 onwards. More information concerning these measurements is available in
Malacaria et al. [91].

SO: concentrations have been measured by a Thermo Scientific 32i (Franklin, Massachusetts,
USA) instrument, whose principle of operation is based on UV (ultraviolet) light absorption of SOz
molecules. The instrument performs ten measurements per minute, used to generate hourly
aggregates in ppb. These measurements are available from 2016 onwards. More details on T32i
measurements at LMT are available in a previous study [70].

eBC [100] measurements at the site have been performed by a Thermo Scientific 5012 (Franklin,
Massachusetts, USA) MAAP (Multi-Angle Absorption Photometer) [101,102]. The instrument relies
on the short-wave absorption of BC and the measurement of the absorption coefficient at 637
nanometers. Measurements are performed every minute, and the outputs are aggregated on hourly
data of micrograms per cubic meter (ug/m?). These measurements are available from 2016 onwards.
Additional details concerning eBC measurements at LMT are available in previous research [95,103].

Thermo Scientific 49i (Franklin, Massachusetts, USA) and Thermo Scientific 42i-TL (Franklin,
Massachusetts, USA) have been used to measure Os and NOx at the site, respectively. Details
concerning these instruments’ principles of operation and procedures are available in previous
studies (Os: [25,27]; NOx: [25,104]).

All results have been integrated with meteorological data concerning wind speed and directions,
which have been gathered by a Vaisala WXT520 (Vantaa, Finland) weather station or mast. The
instrument, which also provides data on relative humidity, air pressure, precipitation, and hail, is
positioned at an elevation of 10 meters above sea level. Wind direction and speed are measured, on
a per-minute basis, by calculating the deviations of travel times of ultrasound pulses between
transducers placed on a plane. Additional information on LMT’s mast measurements are available in
previous studies [91,92,104].

In this study, the main air mass aging and proximity categories are used, with the
implementation of URB for Os/NOx ratios lower or equal than 1. With this implementation, the LOC
category which once accounted for all ratios < 10, is now limited to the 1-10 range. Changes in the
distribution of hourly data of the LOC category, based on the implementation of URB, are shown in
Table 1. N-SRC (10-50), R-SRC (50-100), and BKG (> 100) are not affected in this study and detailed
assessments concerning the variability of measured parameters under these categories are available
in previous research [26,29].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Distribution of URB and LOC hourly data coverage during the entire observation period (2015-2023).
Previous research studies at LMT allocated URB hours under the LOC category.

Year Hours URB LOC
2015 8760 5.7% 39.33%
2016 8784 3.32% 25.63%
2017 8760 4.70% 30.35%
2018 8760 6.64% 35.30%
2019 8760 5.97% 33.59%
2020 8784 4.42% 30.80%
2021 8760 2.57% 24.80%
2022 8760 4.31% 26.56%
2023 8760 3.66% 23.59%
Total 70128! 4.59%?2 30.01%?2

1 Sum of all hours. ! Average rate.

Seasons are defined as per the following trimesters: DJF for Winter (December, January,
February); MAM for Spring (March, April, May); JJA for Summer (June, July, August); SON for Fall
(September, October, November). Wind corridors at LMT are defined based on previous research
[26-28,70,92,104]: a range of 0-90 °N identifies the northeastern-continental sector, while 240-300 °N
is used for the western-seaside sector.

The Proximity methodology is affected by well-known limitations, as its implementation is
susceptible to instrumental availability and maintenance issues. Multiple instruments need to operate
at the same time to attribute measurements to air mass aging categories, thus resulting in data loss.
Tables 2 (COx, CHas), 3 (502), and 4 (eBC) show the coverage rates, divided by year, of all
measurements. “MTO” datasets integrate Vaisala WXT520 data on wind parameters, while “Prox”
refer to hourly data for which a proximity category could be defined, i.e. data with valid Os and NOx
measurements. “MTOProx” combines the two subcategories, resulting in lower rates.

Table 2. Coverage rates of the hourly COx (CO + CO2) and CHs datasets used in this study. The CMTO dataset
combines Picarro G2401 (CO, CO2, CHa4) and Vaisala WXT520 (meteorological parameters) measurements. CProx
combines Picarro G2401 measurements with hourly data for which a proximity category could be defined, i.e.
valid Thermo Scientific 49i (Os) and Thermo Scientific 42i-TL (NOx) data. CMTOProx combines all previous

datasets, thus resulting in lower coverage rates throughout the 2015-2023 period.

Year HoursCOx, CH: Meteo CMTO CProx CMTOProx
2015 8760 94.73% 95.90% 92.10% 87.85%  86.97%
2016 8784 94.95% 96.34% 92.24% 89.89%  88.21%
2017 8760 99.57% 93.8% 93.37% 95.27%  90.67%
2018 8760 93.78% 77.05% 74.68% 92.11%  73.34%
2019 8760 97.60% 98.59% 97.57% 93.28%  93.26%
2020 8784 93.77% 99.98% 93.76% 89.10%  89.09%
2021 8760 97.78% 99.74% 97.53% 77.35%  77.34%
2022 8760 83.89% 89.85% 75.46% 59.15%  58.04%
2023 8760 66.76% 96.3% 65.49% 58.44%  57.18%
Total 70128 91.43%?2 93.95%286.91%282.49%?2  79.34%?

! Sum of all hours. 2 Average rate.
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Table 3. Coverage rates of the hourly SO: datasets used in this study. The SMTO dataset combines Thermo
Scientific 32i (SOz) and Vaisala WXT520 (meteorological parameters) measurements. SProx combines Thermo
Scientific 32i measurements with hourly data for which a proximity category could be defined, i.e. valid Thermo
Scientific 49i (Os) and Thermo Scientific 42i-TL (NOx) data. SMTOProx combines all previous datasets, thus
resulting in lower coverage rates throughout the 2016-2023 period.

Year Hours S0O: Meteo SMTO SProx SMTOProx
2016 8784 63.30% 96.34% 62.04% 61.28%  60.04%
2017 8760 87.76% 93.8% 83.86% 86.11%  82.23%
2018 8760 97.54% 77.05% 75.18% 97.04%  74.69%
2019 8760 80.67% 98.59% 80.65% 77.65%  77.63%
2020 8784 34.52% 99.98% 34.52% 33.03%  33.03%
2021 8760 39.08% 99.74% 39.07% 35.45%  35.44%
2022 8760 65.06% 89.85% 63.75% 62.48%  61.44%
2023 8760 48.59% 96.3% 47.37% 48.07%  46.86%
Total 70128 64.56%?2 93.95%260.80%?262.63%?2  58.92%?

1 Sum of all hours. 2 Average rate.

Table 4. Coverage rates of the hourly eBC datasets used in this study. The BMTO dataset combines Thermo
Scientific 5012 (eBC) and Vaisala WXT520 (meteorological parameters) measurements. BProx combines Thermo
Scientific 5012 measurements with hourly data for which a proximity category could be defined, i.e. valid
Thermo Scientific 491 (Os) and Thermo Scientific 42i-TL (NOx) data. BMTOProx combines all previous datasets,
thus resulting in lower coverage rates throughout the 2016-2023 period.

Year Hours eBC Meteo BMTO BProx BMTOProx
2016 8784 93.75% 96.34% 93.06% 89.70% 89.20%
2017 8760 95.27% 93.8% 90.45% 92.24% 87.93%
2018 8760 95.61% 77.05% 73.61% 94.44% 72.5%
2019 8760 96.48% 98.59% 96.46% 92.26% 92.23%
2020 8784 96.61% 99.98% 96.60% 91.75% 91.74%
2021 8760 98.42% 99.74% 98.25% 77.39% 77.38%
2022 8760 97.43% 89.85% 88%  67.37% 65.98%
2023 8760 69.13% 96.3% 68.81% 60.51% 60.19%
Total 70128192.83%293.95%288.15%?2 83.20%2  79.64%?

! Sum of all hours. 2 Average rate.

All hourly data used in this research have been processed and in R 4.4.2 using the dplyr, ggpubr,
ggplot2, zoo, and tidyverse packages, also including their respective libraries.

3. Results
3.1. URB Category Concentrations

Previous studies provided average concentrations for each proximity category from LOC to BKG
concerning CO, COz, CH4 [26], SOz, and eBC [29]. In this work, the results include the new URB
category, with the results being shown in Tables 5 (CO, COz, CHas) and 6 (SO2, eBC), and Figure 2.
Due to the relevant influence of local wind circulation on LMT’s measurements, wind corridors and
their respective concentrations are also reported.
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Table 5. Concentrations of CO (ppb), CO:2 (ppm), and CHa (ppb) on a per-category basis, also including the +1o
interval (one standard deviation). Data are divided by wind sector (Northeast = 0-90 °N; West = 240-300 °N).

Category CO (ppb) CO:2 (ppm) CHa4 (ppb)
All Nor. East  West All Nor. East  West All Nor. East  West

URB 212.85 216.04 164.10 487.72 474.28 434.56 2234.73 2249.76 2104.03
+98.80 +£100.66 +61.20 +516.99 +351.07 +19.71 +231.80 +237.06 +155.84
LOC 164.69 166.32 153.03 443.20 445.54 425.61 2104.10 2125.98 1994.59
+59.98 +60.50 +52.11 +123.73 +107.30 +139.46 +175.34 +186.55 +112.39
N-SRC 127.13 134.07 122.73 417.19 420.53 414.67 1961.64 1976.75 1945.38
+29.17 +31.86 +2550 +54.21 +57.38 +65.35 +67.87 +81.63 +39.59
R_SRC 109.45 116.30 108.43 411.86 416.20 411.26  1941.55 1963.69 1939.52
+19.15 +15.12 +18.72 +8.60 +9.47 +8.45 +43.14 +44.13 +41.45
BKG 104.04 109.13 102.75 409.13 415.60 409.03 1931.12 1954.34 1932.09

+21.07 +11.09 +21.45 +7.83 +9.54 +770 +£42.32 +48.25 +40.98

Table 6. Concentrations of SOz (ppb) and eBC (pg/m?®) on a per-category basis, also including the +1o interval
(one standard deviation). Data are divided by wind sector (Northeast = 0-90 °N; West = 240-300 °N).

SO: (ppb) eBC (ug/m?)
Category All Nor. East  West All Nor. East  West
URB 0.14 0.13 0.22 144 1.44 0.95
+0.22 +0.19 +0.23 +0.96 +1.02 +0.72
LOC 0.14 0.12 0.23 0.79 0.80 0.68
+0.28 +0.25 +0.41 +0.51 +0.52 +0.47
0.21 0.17 0.24 0.37 0.41 0.33
N-SRC +0.36 +0.32 +0.38 +0.34 +0.25 +0.29
0.22 0.11 0.24 0.27 0.24 0.26
R-SRC +0.40 +0.30 +0.42 +0.62 +0.12 +0.58
BKG 0.18 0.05 0.20 0.26 0.20 0.27

+0.31 +0.09 +0.33 +0.79 +0.08 +0.84
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Figure 2. Average concentrations of (A) CO (ppb), (A) CO:z (ppm), (A) CHs (ppb), (D) SO2 (ppb), and (E) eBC (pg/m?)
based on proximity categories and wind corridors (Continental: 0-90 °N; Seaside: 240-300 °N; Total: all directions).

Kruskal-Wallis tests [105] have been performed in R to assess the statistical significance of the
differences between proximity categories, also accounting for wind corridors. All tests provided very
significant results (p-values < 2.2x10-¢). A pairwise Wilcoxon (or Mann-Whitney U) test [106,107] was
performed to verify the statistical significance of differences between each pair of proximity
categories using the Bonferroni correction [108,109]: all results are very significant (p-values <<<0.01),
with the exception of SO2 which yielded URB/LOC (p = 0.0029, still significant), URB/R-SRC (p =
0.0898, not significant), and LOC/BKG (p = 0.0052, still significant).

Concentrations for each proximity category have also been calculated on a seasonal basis, with
the results shown in Figure 3. For the URB and LOC categories, the statistical significance of the
averages reported for all seasons have been tested using the Kruskal-Wallis test [105]. All results are
statistically very significant (p-values <<< 0.01).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1343.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 June 2025 d0i:10.20944/preprints202506.1343.v1

10 of 47

Using the Wilcoxon test [106,107] with Bonferroni correction [108,109], all results based on pairs
of two seasons have yielded statistically significant results, with the exception, for the URB category,
of CO (Summer-Fall, p = 1), CH4 (Spring-Fall, p = 0.20; Winter-Spring, p = 0.40; Winter-Summer, p =1;
Spring-Summer, p = 1), SO2 (Spring-Fall, p = 0.13; Winter-Fall, p = 0.20; Winter-Spring, p = 1), and BC
(Summer-Fall, p = 1). In the case of LOC, most results were significant with the exception of the
Spring-Fall pair for CO2 (p = 0.21), Winter-Spring for SOz (p = 1), and Spring-Fall pair for BC (p =1).
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Figure 3. Average concentrations of (A) CO (ppb), (A) CO: (ppm), (A) CHs (ppb), (D) SO2 (ppb), and (E) eBC
(ng/md) based on proximity categories and seasons.

3.2. Variability of URB Daily Cycles

As reported in previous works, LMT measurements are heavily influenced by daily cycles
resulting from inversions in local wind circulations. During the night, northeastern winds tend to
dominate near-surface circulation, thus resulting in an increase in pollutants, while diurnal hours are
generally dominated by westerly winds from the Tyrrhenian, which are less polluted [92,104].
Inversions in wind directions frequently cause peaks, as shown in Figure 4, however these peaks do
not affect all parameters evaluated in this study.

Previous research showed that oscillations in the daily cycle were mostly attributable to LOC,
while BKG was less affected. With the introduction of URB, differences in daily cycle variability are
more prominent.
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Figure 4. Daily cycle variability of (A) CO (ppb), (A) CO: (ppm), (A) CHs (ppb), (D) SO:2 (ppb), and (E) eBC
(ng/md) based on proximity categories.

The seasonal variability of daily cycles is shown in Figures 5 (Winter), 6 (Spring), 7 (Summer),
and 8 (Fall). In these plots, several gaps are present, indicating that certain categories are not
represented, for their respective season, for a specific time range.
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Figure 5. Daily cycle variability, during the Winter season, of (A) CO (ppb), (A) CO: (ppm), (A) CHs (ppb), (D)
SOz (ppb), and (E) eBC (pg/m?) based on proximity categories.
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Figure 6. Daily cycle variability, during the Spring season, of (A) CO (ppb), (A) CO: (ppm), (A) CHa (ppb), (D)
SOz (ppb), and (E) eBC (pg/m?) based on proximity categories.
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Figure 7. Daily cycle variability, during the Summer season, of (A) CO (ppb), (A) CO2 (ppm), (A) CHs (ppb), (D)
SOz (ppb), and (E) eBC (pg/m?) based on proximity categories.
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3.3. Analysis with Wind Direction and Speed

Using High Density Regions (HDR) [110] based on probability distribution thresholds,
concentrations and wind directions have been combined to assess the presence of specific patterns in
source distribution. The results are shown in Figures 9 (CO, COz, CH4) and 10 (SO2, eBC).
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Figure 9. Probability distribution of CO (ppb), CO:2 (ppm), and CHa (ppb) based on proximity category and wind

direction. The radius of each polar plot refers to the concentration range of observed mole fractions.
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Figure 10. Probability distribution of SO: (ppb) and eBC (ug/m?) based on proximity category and wind

direction. The radius of each polar plot refers to the concentration range of observed concentrations.

HDRs have also been used to correlate concentrations with wind speed, and therefore test the
possible presence in URB of a HBP (Hyperbola Branch Pattern) reported by previous studies [26,92].
The results are shown in Figure 11.
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Figure 11. Density distribution plots showing the probability distribution of wind speed (m/s) and (A) CO (ppb),
(B) CO: (ppm), (C) CHs (ppb), (D) SO2 (ppb), and (E) eBC (ug/m?), for URB (left) and LOC (right) proximity
categories. These plots refer to all wind directions.

Concentration dependences based on wind speeds are known, at LMT, to be dependent on wind
sector [26,92]. For this reason, HDRs have been further divided based on wind corridors, with Figures
12 and 13 being limited to the western and northeastern wind directions, respectively.
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Figure 12. Density distribution plots showing the probability distribution of wind speed (m/s) and (A) CO (ppb),
(B) CO: (ppm), (C) CHs (ppb), (D) SO2 (ppb), and (E) eBC (ug/m?), for URB (left) and LOC (right) proximity
categories. These plots refer to the western-seaside wind corridor (240-300 °N from LMT).

URB (A1) ®| ~ LOC (A2

.< 700

600 \ 600
500 ‘ 500
i) . i)
Q. =%
£ 400 £ 400
o 0
(@] . o
300 300
200 » . 200
- . -
100 100
\ 4
0 0

0 2 10 12 0 2 10 12

4 6 8 4 6 8
Wind Speed (m/s) [0-90 °N] Wind Speed (m/s) [0-90 °N]

600 (B1) 600 | (BZ)

550 _ 550
E 500 £ 500
= =
o) o}
o o

450 S 450

400 ' 400

0 2 12 0 2 10 12

4 6 8 10 4 6 8
Wind Speed (m/s) [0-90 °N] Wind Speed (m/s) [0-90 °N]

3650 (C 1 ) 3650 - (CZ)

' .
3400 3400 L
3150 3150 N
2900 2000 .
Qo L] Q :
[-% Q. .
= e SR
T 2650 ) T 2650 o
o o . .
, . ,
2400 ' 2400
L]
2150 2150 g
14 R .
L
1900 ] ! 1900 e

2

o

4 6 8 10 12 0 2
Wind Speed (m/s) [0-90 °N]

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1343.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 June 2025 d0i:10.20944/preprints202506.1343.v1

26 of 47

1.6 (D1 ) 1.6
i [ ]
1.4 1.4
R e R
1.2 ) P 1.2
1.0 '. 1.0
a a
8 g
<08 ‘ <08
o . o
%] %]
0.6 0.6
0.4 [ J 0.4
L ]
0.2 ® 0.2
co°® FY
00 D | oo @Y &
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Wind Speed (m/s) [0-90 °N] Wind Speed (m/s) [0-90 °N]
5.25 (E1 ) 5.25 (E2)
4.50 4.50
3.75 3.75
e e
S 3.00 S 3.00
= =
(6] O
@ @
© 225 © 225
1.50 1.50
. "
o
0.75 0.75
N
0.00 0.00
0 2 10 12 0 2 12

4 6 8 4 6 8 10
Wind Speed (m/s) [0-90 °N] Wind Speed (m/s) [0-90 °N]

Probability: [ 99% [l 95% I 80%  50%

Figure 13. Density distribution plots showing the probability distribution of wind speed (m/s) and (A) CO (ppb),
(B) CO: (ppm), (C) CH4 (ppb), (D) SO2 (ppb), and (E) eBC (ug/m3), for URB (left) and LOC (right) proximity

categories. These plots refer to the northeastern-continental wind corridor (0-90 °N from LMT).

3.3. Analysis of Weekly Cycles

Weekly cycles at LMT have been assessed under the assumption that their presence would be
an indicator of anthropogenic emissions reflecting different human activities over the course of a
standard week; pure natural phenomena would not show a weekly cycle [111]. The weekly cycles of
evaluated parameters are shown in Figure 14.
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Figure 14. Weekly cycle of (A) CO (ppb), (B) CO:z (ppm), (C) CHs (ppb), (D) SO: (ppb), and (E) eBC (ug/m?3)
accounting for all wind directions at LMT.

Due to the dependence of LMT measurements from wind sectors, the western (Figure 15) and
northeastern (Figure 16) wind corridors have also been evaluated.
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Figure 15. Weekly cycle of (A) CO (ppb), (B) CO:z (ppm), (C) CHs (ppb), (D) SO: (ppb), and (E) eBC (ug/m?3)
accounting for the western-seaside wind corridor (240-300 °N).
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Figure 16. Weekly cycle of (A) CO (ppb), (B) CO:z (ppm), (C) CHs (ppb), (D) SO: (ppb), and (E) eBC (ug/m?3)

accounting for the northeastern-continental wind corridor (0-90 °N).

Kruskal-Wallis [105] tests have been performed to verify the statistical significance of differences
between weekdays (WD, MON-FRI) and weekends (WE, SAT-SUN) for URB and LOC proximity
categories. The results are shown in Table 7; p-values lower than 0.05 indicate a significant difference
between WD and WE concentrations in URB and LOC, attributable to anthropogenic emissions.

Table 7. Results of Kruskal-Wallis tests (p-values) for URB and LOC, under three wind corridors, assessing the
statistical significance of the differences between WD and WE.

URB LOC
All Nor. East West  All Nor. East West
CcO 0958 0.332 <0.001 0476 0947 0.568
CO2 0581 0952 <0.001 <0.001 <0.001 0.127
CH: <0.001 <0.001 <0.001 <0.001 <0.001 0.735
SO  <0.001 <0.001 0.398 <0.001 0.080 0.076
eBC <0.001 0.022 <0.001 0.882 0.519 0.083

Parameter

Anthropogenic and natural sources of emission are influenced by seasonality, as reported in
previous research: for example, summertime peaks in CO and eBC are deemed the result of wildfire
emissions [95,96] which may not have a weekly cycle, while their wintertime counterparts are related
to fuel burning which may show degrees of weekly variability. For this reason, the weekly assessment
has been further divided on a seasonal basis, as reported in Tables 8 (Winter), 9 (Spring), 10 (Summer),
and 11 (Fall).

Table 8. Results of Kruskal-Wallis tests (p-values) for URB and LOC, under three wind corridors, assessing the
statistical significance of the differences between WD and WE. These values refer specifically to the Winter

season (December-February).

Parameter URB Loc
All Nor. East West  All Nor. East West
CcO 0.226 0900 0.795 <0.001 <0.001 0.062
CO2 0.514 0376 0.254 0.008 0.003 <0.001
CH: <0.001 <0.001 0436 <0.001 <0.001 0.008
SO <0.001 0.009 0.031 0126 0.022 0.841
eBC 0.270 0.094 0.882 <0.001 <0.001 0.5269
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Table 9. Results of Kruskal-Wallis tests (p-values) for URB and LOC, under three wind corridors, assessing the
statistical significance of the differences between WD and WE. These values refer specifically to the Spring
season (March-May). “N/A” indicates an insufficient number of WD and/or WE measurements to perform the

evaluation.

URB LOC
All Nor. East West All Nor. East West
CcO 0424  0.921 N/A 0274 0526 0.175
CO2 <0.001 0.001 N/A 0167 0.750 0.412
CHa 0265 0970 N/A 0.111 0532 0.063
SOz 0.020 0.098 N/A 0.887 0.028 0.949
eBC 0435 0.065 0121 0.850 0.229 0.216

Parameter

Table 10. Results of Kruskal-Wallis tests (p-values) for URB and LOC, under three wind corridors, assessing the
statistical significance of the differences between WD and WE. These values refer specifically to the Summer

season (June-August).

URB LOC
All Nor. East West All Nor. East West
CcO 0.083 0.048 0.693 0.388 0.832 0.531
CO: 0.828 0.732 0.693 0.011 0.003 0.789
CHas 0524 0467 0236 0.108 0.258 0.421
SOz 0.802  0.641 1 <0.001 0.014 0.006
eBC 0.763 0395 0.855 0.024 0.318 0.090

Parameter

Table 11. Results of Kruskal-Wallis tests (p-values) for URB and LOC, under three wind corridors, assessing the
statistical significance of the differences between WD and WE. These values refer specifically to the Fall season

(September-November).

URB LOC
All  Nor. East West  All Nor. East West
CO <0.001 0.081 <0.001 <0.001 0.011 0.145
CO2 0.097 0.106 <0.001 <0.001 <0.001 0.669
CHa 0.763 0.149 <0.001 <0.001 <0.001 0.403
SO2 0.072 <0.001 0.098 0.003 0.185 0.033
eBC  <0.001 <0.001 <0.001 0.103 0.710 0.874

Parameter

3.4. Multi-Year Tendencies

The evaluated parameters — as described in Section 1 - are characterized by peculiar atmospheric
lifetimes, anthropogenic/natural source variability, and global tendencies. In Figure 17, monthly
aggregates based on proximity categories are shown to assess the variability observed at LMT
between 2015 and 2023 (2016-2023 for SOz and eBC).
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Figure 17. Multi-year tendencies of (A) CO (ppb), (B) CO:z (ppm), (C) CHa4 (ppb), (D) SO: (ppb), and (E) eBC
(ng/m?®) based on proximity categories and monthly averaged data.

4. Discussion

This work introduced the “urban”, designated as URB, proximity category in the assessment of
CO, CO2, CHs, SOz and eBC variability at the LMT World Meteorological Organization — Global
Atmosphere Watch (WMO/GAW) regional station, located in the Tyrrhenian coast of the Lamezia
Terme municipality in Calabria, Southern Italy (Figure 1). Based on the original description of air
mass aging categories, URB is identified by O3s/NOx ratios lower than 1, which indicate higher NOx
concentrations compared to O3[16,17]. Up until this study, the URB category was neglected not only
in works focused on LMT data [25,26,29], but also in the broader national network, despite its
potential to evaluate anthropogenic sources of emission in a given area.

With growing concern over sustainable and environmental policies, the implementation of URB
at LMT station provides new degrees of detail to the balances between local and remote sources of
emission. Prior to this work all URB hourly data were considered as part of the LOC (local) air mass
aging category, including all ratios lower than 10. With the introduction of URB, a number of LOC
hours have been converted in URB (Table 1). Overall, the ratio of LOC to URB hourly data is over 6:1,
indicating that LOC still constitutes a significant fraction of LMT’s measurements.

Previous research reported widely on the limitations of the Proximity methodology in terms of
data coverage: in order to define a proximity category and valid measurements of any parameter
(e.g., CO, CO,, CHs, SO, eBC), in addition to wind data to assess spatial variability, up to four
instruments need to operate at the same time [26,29], thus leading to data losses (Tables 2, 3, 4).

Over the course of LMT’s operational history, air mass aging categories have been used many
times to assess the variability of gases and aerosols [25,26,28]. Tables 5 (COx, CHa), 6 (SO, eBC), and
Figure 2 show a progressive transition from higher concentrations linked to urban environments
(URB) to the lowest concentrations linked to the atmospheric background (BKG). The pattern applies
to all measured parameters with the exception of SOz, whose peculiar behavior is attributable to
regional anthropogenic (maritime shipping) and natural (volcanoes) emissions [29]. SO2’s behavior
is also reported when considering wind corridors (0-90 °N for the northeastern sector of LMT, 240-
300 °N for the western sector): the western-seaside wind corridor is generally linked to less polluted
air masses, however in the case of SO: that sector coincides with known sources of emission, thus
leading to a peculiar behavior (Figure 2D).

In the case of SOz and eBC, the statistical significance of the differences in averages between
categories was tested and yielded valid results [29], however a similar approach was not performed
for COx (CO + COz) and CHa4 [25,26]. Furthermore, the URB category was completely neglected prior
to this study. Using Kruskal-Wallis tests [105], the reported differences between proximity categories
have been found to be statistically very relevant (p-values < 2.2x10¢), further corroborating the
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effectiveness of the Proximity method as a tool to differentiate air masses based on their respective
sources. Via the Mann-Whitney U (pairwise Wilcoxon) tests [106,107], integrated by Bonferroni
corrections [108,109] to account for multiple combinations, all differences yielded statistically very
relevant results with the exception of a number of SO: pairs, which are another proof of its peculiar
behavior. The same approach was applied to the seasonal variabilities shown in Figure 3: all Kruskal-
Wallis tests yielded very significant results (p-values <<< 0.01), however the Bonferroni-corrected
Wilcoxon tests showed that the differences between several pairs are not significant. For instance, the
Summer-Fall pair of CO under URB (p = 1) is consistent with similar balances in sources of emissions,
such as wildfires and biomass burning. Reported temperatures during both seasons are considerably
higher compared to Spring and Winter [27], thus indicating shifts in the balance of emission sources,
i.e. more biomass burning related to domestic heating during cold seasons [111]. CH4 has yielded
several not significant pairs for URB (Spring-Fall, Winter-Spring, Winter-Summer, Spring-Summer),
a pattern compatible with continuous and partially stable emissions from sources such as livestock
farming, which are not expected to show particular seasonal trends [26,92]. SO2 is also characterized
by a similar behavior (Spring-Fall, Winter-Fall, Winter-Spring), linked in this case to limited, local
sources of emissions, unrelated to maritime shipping and volcanoes, which do not have a specific
seasonal pattern. With respect to BC, the only non-significant pair (p = 1) is Spring-Fall, representative
of intermediate conditions between the Summer season and the Winter season, characterized
respectively by high BC emissions due to wildfires [95,96,111] and fuel burning [111].

The LOC category has yielded a higher number of statistically significant pairs, with the
exception of CO2(Spring-Fall, p =0.21), SOz (Winter-Spring, p = 1), and eBC (Spring-Fall, p = 1). These
differences could be attributable to the different domain of URB and LOC: the Proximity
methodology does not provide precise ranges for each category, however in this case the higher
statistical significance of seasonal differences in LOC could indicate a stronger influence from
anthropogenic and natural sources of emission affected by seasonal patterns, such as emissions
linked to urban centers in the region and more surface areas exposed to wildfire hazards.

Additional information concerning the balance between emission sources and proximity
categories can be inferred from the daily cycle, with is typical of LMT’s alternating wind circulation
[25-27,70,92]. Without the implementation of proximity categories, the daily cycle of parameters such
as CHu is strongly correlated with inversion patterns between western and northeastern winds, with
the latter being characteristic of nighttime hours [92]. The introduction of proximity categories
demonstrated that daily fluctuations are attributable to LOC air masses, while the atmospheric
background is almost completely unaffected by this behavior [26]. This study shows that daily
oscillations are much more prominent in URB compared to their LOC counterparts (Figure 4). Early
morning and late afternoon peaks in URB are consistent with rush hour traffic and wind inversion
patterns leading to the precipitation of suspended pollutants [25,26,104]. SO: constitutes an exception,
thus indicating contributions least affected by local wind circulation patterns and therefore
compatible with maritime shipping and volcanic emissions linked to westerly winds [70]. The
dispersion of SOz emitted by active volcanoes in the Aeolian Arc can occur on a regular basis,
compromising air quality [112].

Seasonal variability allows to further characterize each parameter based on the daily cycle of
URB compared to other proximity categories. During the Winter season (Figure 5), CO, CHs, and eBC
all show a daily cycle of URB with peaks greater than those of LOC, thus indicating a strong influence
of local wind circulation that was not considered in previous study. CO2 shows minimal differences,
although URB yields higher concentrations compared to all other categories. SO2’s pattern shows
major overlaps between categories, although BKG yields the lowest concentrations, thus indicating a
combination of local-to-remote sources of emissions compatible with the findings of previous studies,
which do not attribute SO2 peaks measured at LMT to proximal emission sources [29,70].

The Spring (Figure 6) and Summer (Figure 7) show a number of URB gaps linked to diurnal
hours, due to the absence of measurements falling in that window. These seasons are characterized
by increased Os concentrations due to peaks in photochemical activity [27], which in turn make it less
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likely for any hourly data to have a Os/NOx ratio lower than 1. Corrections to the ratio accounting for
Os’s behavior during warm seasons are presently limited to aged air masses, as the Os overproduction
is not considered a factor in fresh emissions [26]. These findings indicate that fresh air masses may
be affected by Os’s seasonal patterns and thus lead to gaps in the URB category which do not affect
LOC. During warm seasons, CO: (Figure 6B, 7B) shows an increased nighttime gap between URB
and other categories compared to the Winter season, while summertime CO (Figure 7A) has limited
differences between categories and generally low concentrations, as the period is characterized by
lower averages and punctual peaks attributed to wildfire emissions [26,95,96]; the URB peaks in the
early morning and the late afternoon, however, may indicate contributions on a local level of fossil
fuel consumption. A similar behavior is reported for summertime eBC (Figure 7E), which shows —in
addition to diurnal gaps — prominent peaks in the early morning, which do not follow the same
pattern seen in LOC and attributed by previous studies to wildfire emissions at regional scales [26].
During the Fall season (Figure 8), CO (Figure 8A) and CHs (Figure 8C) retain the behavior of URB
seen throughout other seasons, while considerable CO: (Figure 8B) peaks are observed in URB. Early
morning and late afternoon peaks also characterize eBC (Figure 8E), however diurnal hours see lower
URB concentrations compared to their LOC counterparts, indicating more contributions from a
regional or sub-regional scale.

S502’s behavior shows consistent overlaps between categories across all seasons (Figure 5D, 6D,
7D, 8D), however during Winter and Spring the BKG category, representative of the atmospheric
background, yields lower concentrations. Increased BKG concentrations during Summer and Fall
may be representative of maritime shipping emissions, which are known to increase during warm
seasons due to tourism and related activities [29].

A more complete understanding of local wind circulation and its impact on observed
concentrations of all parameters can be inferred from HDR (High Density Regions) [110] plotted on
polar plots of URB and LOC (Figures 9 and 10). All observed parameters, with the exception of SO,
have a notable northeastern density component which is compatible with anthropogenic emissions
typical of the continental sector. These correlations are further investigated by comparing measured
concentrations with wind speed (Figure 11), and evaluate the existence of Hyperbola Branch Patterns
(HBP) typical of the northeastern sector, as evidenced primarily for CHs in multiple studies [26,92].
These probability distribution plots indicate, with the exception of SOz, the occurrence of higher
concentrations linked to low wind speeds and, in turn, additional exposure to anthropogenic
emissions. These plots, however, refer to all wind directions and therefore account for westerly and
northeastern winds alike: the HBP was reported by previous studies to be typical of the northeastern
sector [92], especially for the LOC category [26]. For this reason, the analysis was expanded by
considering both the western (Figure 12) and northeastern (Figure 13) sectors and assess the
differences between URB and LOC. The results indicate a much lower correlation between high
concentrations and low wind speeds with respect to the western sector, with the exception of SO2’s
LOC which retains non-negligible correlations not observed in URB. As previously reported, the
spatial resolution and boundary between URB and LOC cannot be presently resolved, however these
results would indicate that URB is unaffected by maritime shipping and volcanic emissions, while
LOC is characterized by some influences due to a larger area being covered.

Conversely, the northeastern sector (Figure 13) shows notable influences of low wind speeds
paired with high concentrations, and the HBP reported for CH4+ LOC both in this study and previous
research [26] is not observed for URB. Specifically, all measured parameters show a clear boundary
at =5.5 m/s, with higher wind speeds being almost completely absent for this category. This pattern
is consistent with enhanced anthropogenic contributions enriching URB air masses in pollutants.

In order to define and discriminate natural and anthropogenic emissions, the weekly analysis is
widely used at LMT to assess the significance of concentrations based on a per-weekday basis, under
the assumption that relevant differences would be attributed to anthropic activity, as natural
phenomena are limited to daily, seasonal, and annual cycles [26,27,70,92,111]. The results of these
analyses are shown graphically for all measurements (Figure 14), the western-seaside wind corridor
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(Figure 15), and the northeastern-continental wind corridor (Figure 16). Plots considering all
measurements show differences based on proximity categories more than weekdays, and underline
how in the case of SO2 (Figure 14D) the N-SRC and R-SRC categories yield higher concentrations
compared to URB, LOC, and BKG, a pattern consistent with known emission sources [29,70]. When
the western corridor is considered (Figure 15), URB CO concentrations during weekends (WE, SAT-
SUN) are lower compared to their LOC counterparts (Figure 15A), thus providing a first evidence of
a weekly difference between the two categories, amplified by the fact that no urban centers are located
west from LMT, therefore westerly and urban-local winds enriched in pollutants are likely the result
of wind inversion patterns typical of the area. A similar behavior is reported for CO: (Figure 15B),
with WE concentrations of URB and LOC being identical, and LOC yielding a higher value of
Monday. CH4 shows a sharp decline from WD (weekday, MON-FRI) concentrations to WE, although
URB values are consistently higher than their LOC counterparts. Westerly winds attributed to URB
and enriched in CHs may be the result of diffused CH4 emissions from agriculture and livestock,
widely reported and discussed at the site [25,26,92], combining with wind inversions. SO: (Figure
15D) shows an irregular pattern consistent with the coexistence of natural and anthropogenic sources
of emissions linked to N-SRC and R-SRC. Ultimately, eBC (Figure 15E) yields high WD
concentrations compared to LOC, followed by a decline on WE. Northeastern weekly cycles (Figure
16) also show differences generally based on proximity categories more than weekdays, however COz
(Figure 15B) shows notable URB fluctuations from this wind corridor, not reported for LOC, which
may indicate different anthropic activities nearby which are not present when the broader regional
anthropogenic emissions are considered. SOz (Figure 15D) shows a consistent decline from Monday
to Thursday, followed by an increase; as this wind corridor is not directly influenced by volcanic
emissions, the pattern may be attributable to anthropogenic emissions such as fossil fuel burning.

The behavior shown in plots was subject to statistical evaluation to verify whether the
differences between WD and WE are statistically significant, based on Kruskal-Wallis tests (Table 7).
In order to account for the variability in terms of sources of emissions, seasons have also been
considered (Tables 8, 9, 10, 11). In detail, accounting for wind corridors, the results indicate for the
Winter season (Table 8) a URB significance for the northeastern wind sector is reported for CHs,
which is consistent with the findings of a previous study [92]; SO: is also significant, and indicates
anthropogenic emissions from fossil fuel burning and similar sources [70]. In the case of LOC, all
parameters show a significant weekly cycle from the northeast, which is consistent with the findings
of previous works and is therefore compatible with weekly changes in domestic heating and
transportation-related emissions [111]. COz2 and CH4 LOC are also significant from the western sector,
which is a possible indicator of wind inversion patterns, i.e. northeastern winds enriched in
pollutants which passed through the Catanzaro isthmus and were consequently redirected in the
opposite direction. The Spring season (Table 9) is affected by a low amount of westerly URB data,
insufficient to calculate the statistic significance of all parameters except eBC, which did not yield a
significant result. CO2 URB has a significant weekly cycle from the northeast, which is absent in all
other parameters, thus indicating emissions likely linked to the transportation sector and related
changes over the course of a standard week. LOC shows no statistically relevant cycles with the
exception of SOz from the northeast, which unlike its western counterpart, is due to anthropogenic
emissions.

At LMT, the Summer season (Table 10) is characterized by a shift from the typical wintertime
peaks in emissions of CO and eBC, such as domestic heating, to wildfire outputs [95,96,111]. In fact,
no weekly cycle are observed in URB from the western sector, as outputs such as wildfires are not
believed to be subject to the same weekly patterns as wintertime domestic heating and transportation
emissions [111]. From the northeastern sector however, the only significant result is yielded for CO,
which indicates a urban-scale role of anthropogenic emissions during the summer. In past studies,
some of these emissions were attributed to agriculture-related emissions, i.e. period controlled fires
used to control crop growth [95]. The assessment of these agricultural emissions lacked a spatial
resolution and additional methods to pinpoint these sources; the implementation of URB provides
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new evidence in this direction, which was lacking in previous research. With respect to LOC, the CO
weekly cycle is no longer significant, thus indicating that the URB cycle is indeed representative of
local activities. No statistical significance is reported in LOC except for northeastern CO2, which is
likely linked to the transportation sector.

The Fall season (Table 11) is expected to show a shift from summertime emissions to their
wintertime counterparts, also in terms of weekly cycles. Under the URB category, this results in
significant northeastern cycles for SO2 and eBC, consistent with anthropogenic emissions, while in
the case of the western sector, all cycles are significant with the exception of SOz. This is consistent
with natural emissions such as volcanic degassing in the Tyrrhenian Sea [29,70], which does not have
a weekly cycle. The significance of all other parameters under URB is another proof of local wind
circulation, specifically inversions, affecting the diffusion patterns of pollutants: air masses enriched
in urban-level emissions are transported towards the west by northeastern winds channeled through
the isthmus, and later transported back towards LMT at the time of wind inversions that coincide
with rush hour traffic peaks [25,26,104], and at lower wind speeds. These findings demonstrate the
complexity of wind circulation pattern at short scales in the LMT area, which can result in westerly
winds being enriched in urban pollutants.

The multi-year variability for all categories and evaluated parameters has been plotted using
monthly means calculated over the entire observation periods (2015-2023 for COx and CHy, 2016-2023
for SOz and eBC) (Figure 17). These averages are characterized by sporadic gaps caused mostly by
maintenance issues which highlight the limitations of the Proximity methodology (the requirement
for multiple instruments to operate at the same time). CO (Figure 17A) shows a notable difference
between URB and all other categories, which is also characterized by seasonal patterns; overall, a
clear trend is not observed, which is consistent with global CO trends which are affected by a decline
in the past decade, followed by a new increase in concentrations. CO2 (Figure 17B) and CHs (Figure
17C) have clear upward global trends, which are well highlighted especially by the remote source
(R-SRC) and atmospheric background (BKG) categories. CO: has a seasonal cycle, linked to
summertime photosynthetic peaks, which is also noticeable from multi-year variability at LMT. CHa
URB'’s peaks in the first two years of measurements indicate the presence of a considerable local
source of emission which declined in the following years; this pattern could be attributed to changes
in the distribution of local livestock farming activities in the area nearby LMT (Figure 1B), thus
resulting in reduced exposure to plumes enriched in CHa. The variability of SOz (Figure 17D) shows
no specific pattern, and regular occurrences of R-SRC and BKG concentrations exceeding those of all
other categories: this pattern confirm the presence of remote source of emissions on a regional scale
(volcanoes, maritime shipping) [29,70] causing URB and LOC to have a unique pattern, not seen for
other parameters. Distinct trends also coexist in eBC (Figure 17E), with URB yielding very high
concentrations characterized by a decline alongside LOC, while other categories remain stable. With
sustainable policies and emission mitigation regulations, eBC outputs are presently lower, however
sporadic peaks caused by wildfire emissions at various scales [95,96] are frequent. Overall, the results
indicate the presence of multiple phenomena regulating the variability of gases and aerosols at LMT,
and highlight the importance of expanding air mass aging categories based on the O3/NOx ratio to
include the URB category and evaluate emissions on a urban scale.

5. Conclusions

This work, based on nine years (2015-2023) of continuous measurements performed at the
Lamezia Terme (code: LMT) World Meteorological Organization — Global Atmosphere Watch
(WMO/GAW) regional coastal site in Calabria, Southern Italy, introduced a proximity category, URB
(urban), to evaluate for the first time the variability of air masses characterized by Os/NOx ratios lower
than 1. Prior to this study, research studies in the country grouped these air masses under the broader
LOC (local) category (O3/NOx < 10). The results, integrated by statistical evaluations, demonstrate
that the differences based on air mass aging categories are significant and are indeed representative
of different degrees of anthropogenic emissions affecting local air quality. The study evaluated CO,
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COz, CHy, SO2, and eBC concentrations measured at the site; URB air masses yield concentrations
considerably higher than those previously calculated using the broader LOC category, thus
indicating a level of anthropic influence which was totally neglected at LMT and in other atmospheric
observatories in the country. The reported concentrations are heavily dependent on wind corridors,
with northeastern-continental winds being more exposed to pollution than western-seaside winds.

Correlations with wind speeds and directions also indicate a prevailing northeastern corridor
for the higher concentrations, however the URB category is characterized by lower wind speeds (<
5.5 m/s) that indicate higher exposure rates to anthropogenic emissions in the area. These patterns
are reported for all measured parameters with the exception of SOz, which shows a peculiar behavior
linked to the presence of maritime shipping and volcanic emissions in the Tyrrhenian Sea, located
west from LMT.

The statistical significance of weekly patterns was also verified and demonstrated different
behaviors for each parameter, affected by balanced between natural and anthropogenic emissions,
and seasonality. The multi-year variability of all evaluated parameters allowed to highlight
differences based on global increasing (COz and CHa), stable or declining trends (SO:z and eBC), and
trends affected by a combination of declines and increases (CO). The findings of this study
consolidate the reliability and effectiveness of the Proximity methodology to assess local-to-remote
emission sources, and underline the potential of using the URB category as a tool to characterize
urban-scale emissions and air quality, and provide more solid estimations and tendencies which in
turn could be used to optimize emission mitigation policies, and environmental regulations.
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