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Article 
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Abstract: The key towards a sustainable future is the reduction of mankind’s impact on natural systems via the 
development of new technologies and the improvement of source apportionment. Though days, years, and 
seasons are arbitrarily set, their mechanisms are based on natural cycles driven by Earth’s orbital periods. This 
is not the case for weeks, which are a pure anthropic category and are known from literature to influence 
emission cycles and atmospheric chemistry. For the first time since it started data gathering operations, CO 
(carbon monoxide), CO2 (carbon dioxide), CH4 (methane) and eBC (equivalent black carbon) values detected 
by the Lamezia Terme WMO/GAW station in Calabria, Southern Italy have been evaluated via a two-pronged 
approach accounting for weekly variations in absolute concentrations, as well as the number of hourly averages 
exceeding select thresholds. The analyses were performed on seven continuous years of measurements, from 
2016 to 2022. The results demonstrate that the analyzed GHGs (greenhouse gases) and aerosols respond 
differently to weekly cycles throughout the seasons, and these findings provide completely new insights on 
source apportionment characterization. Moreso, the results have been combined into a new parameter: the 
hereby defined WDWO (Weighed Distribution of Weekly Outbreaks) normalizes weekly trends of CO, CO2, 
CH4 and eBC on an absolute scale, with the scope of providing regulators and researchers alike with a new tool 
meant to better evaluate anthropogenic pollution and mitigate its effects on the environment and human 
health. 

Keywords: Lamezia Terme, GAW, sustainability, weekly cycles, anthropic activity, carbon monoxide, carbon 
dioxide, methane, black carbon. 

 

1. Introduction 

The issue of climate change and the notable increase in resources exploitation over the globe 
both require precise and direct actions be taken with sustainability in mind [1-2-3-4]. Reports on 
climate change indicate that anthropic activities are now responsible for major alterations of natural 
balances, and regulators are rushing to counteract accordingly [5-6-7-8]. A primary tool to achieve 
sustainable policies is source apportionment at scales ranging from local [9-10] to global [11-12]. 
Source apportionment efforts become necessary when specific pollutants are released by both natural 
and anthropogenic sources: via apportionments, ad hoc laws, policies, and restrictions can be aimed 
at mitigation [13-14-15-16]. Natural cycles and anthropic activities frequently depend on factors 
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driven by Earth’s orbital periods: the daily cycle, as well as yearly and seasonal cycles, are the result 
of such periods and have a direct impact on both natural and anthropic processes [17-18]. Though 
days, seasons and years are arbitrarily defined in human culture, they do match these natural cycles. 

There is however an arbitrarily set cycle of human activities that is not observed in nature: the 
week. In fact, most anthropic activities are not equally distributed over the course of a week, and 
their patterns may also have notable seasonal changes [19]. For instance, it’s known from literature 
ever since the 1970s that transportation results into weekly trends in pollutants [20-21-22]. In 
particular, ozone (O3) was found to be susceptible to weekly cycles due to a phenomenon defined 
OWE (Ozone Weekend Effect), which was first observed in New York [20]. Recent research on OWE 
has also been aimed at densely populated areas in the northern American continent [23]. OWE results 
into higher atmospheric concentrations of O3 during weekends caused by lower NOx (NO + NO2) 
emissions, which in turn are the result of reduced anthropic activities [20-24-21]. 

Please note that, from this point onwards, this paper defines “weekday” as any day of the week, 
including weekend days – Saturday and Sunday – which aren’t normally included in that definition. 
Where needed, weekend days will be specified. 

Vast and densely populated metropolitan areas experience notable fluctuations in atmospheric 
concentrations of certain compounds, thus reflecting weekly cycles in anthropic activities [25-26-27]. 
Data gathering with weekly cycles in mind is particularly useful in the context of sustainable policies: 
peaks occurring during specific weekdays may be mitigated via adequate regulations [28]. In fact, 
many cities rely on various types of bans to mitigate peaks [29-30]. 

This research paper will focus on carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), 
and black carbon (eBC). For the first time in its operational history, data gathered at the WMO/GAW 
(World Meteorological Organization – Global Atmosphere Watch) regional observation site of 
Lamezia Terme (LMT) located in Calabria, Southern Italy is evaluated depending on the weekday 
distribution of CO (ppb – parts per billion), CO2 (ppm – parts per million), CH4 (ppb), and eBC (μg/m3 
– micrograms per cubic meter) values, as well as the persistence of certain thresholds throughout the 
week. 

Carbon dioxide (CO2) has been known for decades to be a key driver of climate change [31-32-
33]. Its effects on global warming were first suspected as early as 1856 [34]. CO2 is a relevant 
byproduct of fossil fuel burning [35]. Per se, CO2 does not have a strong GWP (Global Warming 
Potential) [36]; however, CO2’s very high concentration levels in the atmosphere, combined with its 
constant increase over time and perduring effects, make it the most considerable contributor to the 
greenhouse effect [37].  

Carbon monoxide (CO) is a common byproduct of combustion processes such as wildfires [38]. 
Though its absolute concentrations are much lower compared to those of CO2, CO is indirectly 
involved in the increase of tropospheric ozone (O3) [39] and methane [40] levels. After years of 
constant rising trends [41], CO concentrations have been experiencing a notable decrease in the last 
two decades, largely due to sustainable policies and technologies meant to optimize combustion 
engines [42]. However, a lower decrease rate has been observed in recent years [43], which has been 
at times linked to CO outputs caused by wildfires [44]. A previous research study from the Lamezia 
Terme-LMT observatory exploited high CO yields, alongside other parameters, as an effective 
wildfire tracer in Calabria [45]. 

Methane (CH4) is over two orders of magnitude lower in atmospheric mole fractions compared 
to CO2, but its GWP is considerably higher: the GWP-20 (GWP in two decades) is as high as ≈83 CO2e, 
though it drops to ≈10 CO2e when GWP-500 (GWP in five centuries) is considered [46]. CH4 is by 
natural sources such as wetlands [47], as well as anthropic sources [48-49]. In fact, livestock and 
manure are responsible for a significant annual CH4 output [50], which has rushed regulators to find 
sustainable solutions to the issue such as feed additives meant to reduce emissions by livestock [51-
52]. CH4 is also a byproduct of combustion processes, such as aviation fuel [53-54-55] and regular 
vehicle fuel [56] burning. Among GHGs, CH4 is known to have experienced a sharp global rise 
attributable to the Covid-19 outbreak in 2020-2021 [57-58-59]. That particular increase was also 
observed locally at LMT [55]. 
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Black carbon (BC), just like carbon monoxide, is an effective tracer of combustion processes [38]. 
Commonly referred to as soot, BC falls in the fine particulate or PM2.5 category of aerosols and poses 
both health hazards [60] and climate alteration effects [61-62]. Specifically, in terms of GWP, its value 
is 900 (120 to 1800 range) [63], though it has been observed to last in the atmosphere for mere days 
[64-65], which partially compensates its climate altering potential. A previous study at LMT 
compared weekday/weekend variabilities of BC provided the first tangible evidence of a local weekly 
cycle [66]. 

In addition to the weekly cycle assessment of LMT observations, this research study is set to 
provide researchers, policy makers, and regulators with a new method meant to assess weekly cycles. 
This method, which is described in section 3.4, is meant to fill a gap in modern research with respect 
to the applicability of findings such as the ones presented in this paper in the broad field of 
sustainable policies. The paper is divided as follows: section 2 will describe the observation site of 
Lamezia Terme - LMT, its characteristics and past observation history, as well as the instruments, 
datasets and methodologies used to gather data analyzed in this research; section 3 and its 
subsections show the results of the study; sections 4 and 5 cover the discussion and conclusions, 
respectively. Supplementary Materials cover additional data processing and graphs not shown in the 
main article. 

2. The Observation Site, Instruments, Datasets and Methods 

2.1. The LMT WMO/GAW Station 

Located in the Tyrrhenian coast of Calabria, Southern Italy, approximately 600 meters from the 
coastline itself, the Lamezia Terme regional observatory (WMO/GAW code: LMT, Lat: 38.88°N; Lon: 
16.23°E; 6m above sea level) is fully operated by the National Research Council of Italy – Institute of 
Atmospheric Sciences and Climate (CNR-ISAC). The regional observation site started its operations 
in 2015 and has since been collecting data on key atmospheric parameters such as meteorological data 
and mole fractions of greenhouse gases. The observation site is characterized by a breeze regime [67-
68]. In particular, local wind circulation results into daily shifts between western-seaside winds and 
northeastern-continental winds, which are channeled through the W-E oriented the Catanzaro 
isthmus. An early study showed the influence of such regimes on detected concentrations of GHGs 
and other compounds in the atmosphere [69]. This was later confirmed by a recent study on methane 
concentrations, which also demonstrated how northeastern winds generally yield higher values, 
while western winds are linked to very low concentrations [55]. The Lamezia Terme International 
Airport (IATA: SUF; ICAO: LICA), located 3 kilometers north from the observatory, has a runway 
orientation that matches this wind regime, as seen in Fig. 1B. 
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Figure 1. A: Location of the Lamezia Terme (LMT) observation site in the Mediterranean Basin. B: 3D 
map (tilt: 65°) of the area where the observation site LMT is located, highlighting the 
geomorphological characteristics of the Catanzaro isthmus and key emission sources in the area. The 
Highway landmark refers to a point located in the N-NE sector from the observatory where the 
highway is close to LMT (≈4.3km). Farms are spread across the area. C: details of the observatory). 

Since the first data gathering operations, LMT emerged as a “multisource” observation site, with 
several local sources of emissions – both natural and anthropogenic – contributing to the total 
observed output. The above-mentioned airport, as well as local livestock farming and the A2 highway 
(which is part of the European route E45) have been mentioned in previous research as local sources 
affecting LMT data [69-55]. In the case of methane, possible weekly cycles linked to anthropic 
activities have been indicated in a previous work as indicators of anthropogenic sources [55]. 

Local wind circulation is subject to seasonal changes. Breezes control local circulation and show 
seasonal changes in wind speeds, as well as slight changes in terms of wind directions, over the main 
W-WSW/NE-ENE axis [67-45]. Large-scale forcing is the main driver of diurnal circulation in 
November, as well as during the winter; nocturnal flows are driven by the circulation of nocturnal 
breezes; during part of fall, as well as spring and summer, large-scale and local flows both contribute 
to daytime breezes [68]. The 850 hPa layer is subject a different wind orientation, as past research 
demonstrated a prevailing NW corridor [68]. A campaign launched in 2009, via the implementation 
of various instruments (Sodar, wind profilers, Lidar) and their integration with high resolution 
weather model products allowed to characterize synoptic flows in the area, the vertical structures of 
the Planetary Boundary Layer, and sea breezes [70]. In a separate research study, wind-lidar profiles 
set to multiple altitude thresholds, from 10 to 300 meters, helped to further to expand knowledge on 
local circulation [71]. A past study also characterized the optical properties of aerosols at the site via 
a direct comparison with data gathered at two other southern Italian sites, namely Capo Granitola 
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(CGR) in Sicily and Lecce (ECO) in Apulia [72]. In terms of observation site characterization, it’s also 
worth noting that – due to its central location in the Mediterranean Basin – LMT has been subject to 
major Saharan dust events [73] and wildfire emissions affecting the region of Calabria [45]. 

2.2. Instruments and Datasets 

Measurements of CO, CO2, CH4, and eBC have been performed using two instruments. Data on 
carbon monoxide (ppb), carbon dioxide (ppm), and methane (ppb) mole fractions have been gathered 
by a CRDS (Cavity Ring-Down Spectrometry) analyzer, the Picarro G2401 (Santa Clara, California, 
USA). CRDS analyzers rely on the ring-down principle to measure, with high degrees of precision, 
the concentration of trace gases thanks to their light scattering and absorption effects at characteristic 
wavelengths [74]. 

At LMT, G2401 analyzers operate using a four-point configuration type. An EMTMA-CE Vici-
Valco rotative valve automatically switches between the following configurations at regular intervals: 
three points are connected to standard calibration cylinders (CO: WMO X2014; CO2: WMO X2019; 
CH4: WMO X2004), while the fourth point is used for ambient air gathering. The reference cylinders, 
provided by NOAA’s GML (Global Monitoring Laboratory), cover CO mole fractions in the 40-500 
nmol/mol range, CO2 concentrations in the 250-520 μmol/mol range, and CH4 fractions in the 300-
2600 nmol/mol range. The same cylinders are measured by the Picarro analyzer three times, for a 
time span of 30 minutes, every 14 days. 

In addition to these WMO-compliant calibrations, three target cylinders with known 
concentrations of each gas are measured for quality assurance purposes every 19 hours. In order to 
dry ambient air and reduce the impact of water vapor on the accuracy of measurements, a MD-070-
144S-4 Nafion dryer is used prior to CRDS analysis. The Picarro G2401 performs a measurement 
every 5 seconds with a precision of 1 ppb. 

Equivalent black carbon (eBC) micrograms per cubic meter (μg/m3) have been measured by a 
Thermo Scientific 5012 (Franklin, Massachusetts, USA) MAAP (Multi-Angle Absorption 
Photometer). The instrument measures the short-wave absorption of eBC and aerosol. For aerosol 
sampling, a pump maintaining a constant flow rate of 200L/min gathers ambient air at 4m above 
ground level. The MAAP measures the short-wave radiation aerosol absorption coefficient (sa) and 
equivalent black carbon (eBC) values at 637nm on a per-minute basis [75-76]. Specifically, the MAAP 
illuminates a particle-loaded filter and measures, at the same time, the radiation passing through said 
filter, as well as backscattered light from three different angles [77]. The flow is set at a value of 
16.7L/min. Via a mass closure, it was constantly verified that eBC was lower than 50% of the overall 
PM2.5 mass concentration. 

Calibrated and verified hourly measurements from both instruments have been processed for 
data analysis separately (Picarro data for CO, CO2 and CH4, Thermo Scientific data for eBC): this 
allowed to maximize the amount of calibrated data per instrument, as relying on a combined dataset 
requiring each hour to have calibrated values for all parameters would have led to data loss. Details 
are shown in Table 1, where the amount of data used for this work as a percentage of the total amount 
of hours between January 1st, 2016 and December 31st, 2022 is reported. The two datasets have a 
coverage rate above 90%. eBC data have a higher rate compared to the other parameters. 

Table 1. Picarro and Thermo Scientific data coverage compared to the total amount of hours in the 
2016-2022 observation period. Also shown are the parameters of a hypothetical “Combined” dataset 
which would have resulted in loss of data, if used. 

Total 
hours 

CO, CO2, CH4 
(hours) 

CO, CO2, CH4 (%) eBC 
(hours) 

eBC 
(%) 

Combined 
(hours) 

Combined (%) 

61368 57926 94.39% 58968 96.08% 559601 91.18%2 
1 1966 and 3008 hours less compared to the Picarro and Thermo Scientific datasets, respectively. 
2 3,21% and 4,9% less compared to the datasets, respectively. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2024 doi:10.20944/preprints202409.0884.v2

Peer-reviewed version available at Sustainability 2024, 16, 8175; doi:https://doi.org/10.3390/su16188175

https://doi.org/10.20944/preprints202409.0884.v2
https://doi.org/https://doi.org/10.3390/su16188175


 6 

 

Analyses have been performed in R 4.4.0 using ggplot2, ggpubr, tidyverse and dplyr 
packages/libraries. Just like in previous research [55], seasonal aggregations have been grouped as 
follows: MAM = March, April, May for Spring; JJA = June, July, August for Summer; SON = 
September, October, November for Fall; JFD = December, January, February for Winter. 

3. Results 

3.1. Yearly Concentrations through the Week 

The first step towards the development of an assessment method aimed at addressing anthropic-
driven variability over the course of a standard week was calculating key statistics and thresholds for 
each parameter. Weekdays (hereby intended as MON-SUN) and their respective statistical thresholds 
for CO, CO2, CH4 and eBC were therefore computed from both databases. The result is shown in 
Table 2 and Fig. 2, though it’s worth noting that averages computed over the entire observation 
period (2016-2022) show a bias caused by each parameter’s multi-year trend, such as the increasing 
CH4 concentrations shown in D’Amico et al. (2024a) [55]. Years have to be addressed separately, while 
seasonal tables and graphs could be more representative of intrinsic weekday variability. Each year 
is covered in Supplementary Material S1-A1 through S1-G5, while general seasonal variations are 
shown in section 3.2. 

Following the method used in D’Amico et al. (2024a) [55] for the number of hourly outbreak 
occurrences of CH4, a Chi-squared test was performed on concentrations and observed values. Table 
2 shows the results, which are not statistically significant in absolute terms. The levels of significance 
however show a progression from the lowest threshold value (Q1) to the top 2.5% interval of data. 
This progression is observed for all parameters with the exception of CO2. In fact, CO, CH4 and eBC 
show an increase of χ2 as well as a decrease of p-values. 

Table 2. General Q1, mean, Q3 and 97.5% (top 2.5% interval) thresholds for CO, CO2, CH4 and eBC 
over the entire 2016-2022 observation period at LMT. 

Day CO (ppb) CO2 (ppm) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 103.95 134.17 149.03 260.18 411.82 429.88 432.04 480.50 
TUE 106.24 138.41 153.90 269.75 411.90 426.64 435.03 479.66 
WED 106.34 139.78 156.82 276.91 412.08 426.11 435.11 483.54 
THU 106.43 139.73 155.72 282.48 412.28 426.52 435.33 481.63 
FRI 106.22 139.06 155.73 263.37 412.04 426.92 436.04 483.01 
SAT 105.53 136.46 154.12 263.89 411.87 427.66 432.72 479.80 
SUN 104.22 135 150.31 263.58 411.68 430.31 432.83 481.12 

Average 105.56 137.51 153.66 268.60 411.95 427.72 434.16 481.32 
χ2 0.062831 0.23195 0.33497 1.5219 0.00055834 0.04028 0.03425 0.028361 

p-value 1.001 1 0.9999 0.9573 1 1 1 1 
         

Day CH4 (ppb) eBC (μg /m3) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 1933.35 2009.44 2037.02 2354.75 0.20 0.50 0.63 1.78 
TUE 1937.12 2013.36 2052.16 2340.72 0.20 0.52 0.66 1.89 
WED 1939.30 2018.48 2056.81 2376.46 0.20 0.54 0.68 1.99 
THU 1938.10 2016.33 2054.24 2356.72 0.21 0.56 0.71 2.04 
FRI 1936.38 2019.41 2055.87 2380.99 0.24 0.57 0.74 1.89 
SAT 1935.49 2013.56 2044.81 2361.95 0.22 0.52 0.67 1.76 
SUN 1934.45 2013.90 2044.04 2361.65 0.19 0.48 0.62 1.66 

Average 1936.31 2014.93 2049.28 2361.89 0.21 0.53 0.67 1.86 
χ2 0.013287 0.034817 0.16136 0.46693 0.0093821 0.012555 0.015767 0.059077 

p-value 1 1 1 0.999 1.463 1.227 1.178 1 
1 Footer, TBFIL. 
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Figure 2. Q1, mean, Q3 and top 2.5% values for all four parameters (A: CO; B: CO2; C: CH4; D: eBC), 
calculated over the entire observation period (2016-2022). Dashed parallel lines show average values 
for each parameter and help to visualize possible differences between weekdays. Please note that the 
vertical axes are distinct for each parameter. The legend is shown in Fig. 2A. 
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3.2. Seasonal Analysis 

Due to the variability on a local scale of emission sources throughout a calendar year (public 
transportation, industrial activities, and commuting may cause more emissions in the winter [69-55], 
while wildfires and similar processes normally occur during the summer [45]) a per-season 
evaluation was performed on the same datasets. As reported in subsection 2.2, seasons have been 
divided as follows: JFD (January, February, December) for Winter; MAM (March, April, May) for 
Spring; JJA (June, July, August) for Summer; SON (September, October, November) for Fall. 

Adding an extra variable – namely, the season – leads to a higher number of tables and graphs. 
In order to help visualizing the results, Tables 3-6 are shown in sequence on a per-season basis with 
all data concerning variations in CO (ppb), CO2 (ppm), CH4 (ppb) and eBC (μg /m3) values, while 
Figures 3-6 address one observed parameter at a time to highlight possible variations between 
seasons. 

Table 3. General Q1, mean, Q3 and 97.5% thresholds for CO, CO2, CH4 and eBC over the entire 2016-
2022 observation period at LMT. Spring season. 

Day CO (ppb) CO2 (ppm) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 113.81 155.05 138.62 235.88 413.09 431.04 425.03 475.34 
TUE 115.53 159.02 142.00 246.98 413.38 432.10 425.75 476.10 
WED 116.99 162.00 144.90 260.16 413.52 436.61 426.95 480.26 
THU 116.81 158.35 143.12 254.64 413.64 430.90 426.46 478.35 
FRI 115.44 156.75 142.79 254.66 413.79 432.23 426.11 477.09 
SAT 114.37 158.27 142.29 249.49 413.71 430.37 425.75 477.94 
SUN 112.33 152.56 139.08 247.34 412.91 429.88 425.22 478.69 

Average 115.04 157.43 141.83 249.88 413.43 431.87 425.90 477.68 
         

Day CH4 (ppb) eBC (μg /m3) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 1932.47 2020.17 1998.09 2291.96 0.16 0.56 0.43 1.50 
TUE 1936.10 2025.94 2001.63 2305.78 0.18 0.60 0.45 1.66 
WED 1937.77 2043.60 2016.02 2382.10 0.18 0.64 0.48 1.67 
THU 1938.46 2023.10 2002.94 2307.98 0.19 0.63 0.48 1.66 
FRI 1935.97 2021.85 2004.55 2334.98 0.23 0.64 0.51 1.66 
SAT 1934.21 2026.30 2005.43 2329.96 0.23 0.62 0.50 1.68 
SUN 1931.49 2024.96 1999.52 2287.32 0.17 0.57 0.44 1.56 

Average 1935.21 2026.56 2004.03 2320.01 0.19 0.61 0.47 1.63 

Table 4. General Q1, mean, Q3 and 97.5% thresholds for CO, CO2, CH4 and eBC over the entire 2016-
2022 observation period at LMT. Summer season. 

Day CO (ppb) CO2 (ppm) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 92.96 122.11 112.82 201.61 407.81 436.16 425.17 491.31 
TUE 91.97 125.04 115.32 210.16 407.88 438.98 425.98 489.45 
WED 91.79 128.77 117.09 229.79 407.63 439.03 425.93 494.09 
THU 92.10 127.93 114.26 204.53 407.76 442.01 427.05 495.42 
FRI 92.43 127.03 114.98 199.72 407.97 446.02 428.39 498.89 
SAT 90.07 122.96 112.49 202.61 408.01 436.76 425.24 488.87 
SUN 91.89 122.73 111.61 203.83 407.81 437.67 425.95 492.26 

Average 91.89 125.22 114.08 207.46 407.84 439.52 426.24 492.90 
         

Day CH4 (ppb) eBC (μg /m3) 
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 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 
MON 1917.79 2030.74 1994.56 2315.50 0.24 0.59 0.48 1.44 
TUE 1919.13 2044.44 2000.50 2334.25 0.22 0.62 0.48 1.49 
WED 1917.80 2035.29 1996.58 2317.70 0.23 0.67 0.53 1.85 
THU 1918.53 2041.35 1995.89 2310.85 0.22 0.65 0.50 1.62 
FRI 1918.40 2042.36 1997.47 2302.64 0.24 0.69 0.52 1.56 
SAT 1917.47 2029.94 1996.19 2348.31 0.22 0.60 0.47 1.45 
SUN 1915.38 2033.39 1995.59 2320.33 0.21 0.60 0.46 1.47 

Average 1917.78 2036.79 1996.68 2321.37 0.22 0.63 0.49 1.55 

Table 5. General Q1, mean, Q3 and 97.5% thresholds for CO, CO2, CH4 and eBC over the entire 2016-
2022 observation period at LMT. Fall season. 

Day CO (ppb) CO2 (ppm) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 100.18 135.75 123.09 215.60 411.19 439.35 447.03 485.43 
TUE 104.15 140.01 128.02 227.49 411.52 442.07 431.87 478.49 
WED 104.12 139.36 127.42 214.22 412.08 440.02 427.81 486.47 
THU 104.74 140.41 128.18 220.50 412.01 441.18 428.00 477.71 
FRI 103.20 138.71 126.36 210.69 411.90 441.39 428.89 479.19 
SAT 101.89 132.45 122.22 201.42 411.77 438.16 436.34 482.07 
SUN 102.26 130.50 120.69 195.57 411.98 439.32 447.30 481.59 

Average 102.93 136.74 125.14 212.21 411.78 440.21 435.32 481.57 
         

Day CH4 (ppb) eBC (μg /m3) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 1940.13 2079.88 2029.05 2382.75 0.20 0.70 0.54 1.98 
TUE 1945.30 2078.51 2031.13 2343.82 0.21 0.71 0.57 2.11 
WED 1945.82 2081.40 2033.51 2394.04 0.22 0.71 0.54 1.75 
THU 1945.22 2082.45 2033.34 2377.77 0.26 0.78 0.59 1.85 
FRI 1945.78 2090.59 2036.65 2410.27 0.28 0.75 0.60 1.91 
SAT 1945.17 2067.08 2025.76 2377.11 0.26 0.70 0.55 1.69 
SUN 1946.04 2078.91 2032.16 2377.95 0.20 0.65 0.47 1.48 

Average 1944.78 2079.83 2031.66 2380.53 0.23 0.71 0.55 1.82 

Table 6. General Q1, mean, Q3 and 97.5% thresholds for CO, CO2, CH4 and eBC over the entire 2016-
2022 observation period at LMT. Winter season. 

Day CO (ppb) CO2 (ppm) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 118.77 180.82 161.58 331.21 414.56 426.58 422.32 452.47 
TUE 123.47 193.04 166.89 356.73 414.57 428.95 423.17 452.63 
WED 126.48 191.33 169.62 359.95 415.14 428.59 423.71 456.90 
THU 126.55 195.43 172.69 358.30 414.90 431.24 424.63 457.07 
FRI 125.03 197.55 170.80 347.52 414.81 431.47 424.41 457.10 
SAT 126.67 190.56 167.00 339.37 414.62 428.88 423.21 453.75 
SUN 122.05 189.22 166.44 334.03 414.13 428.00 423.10 455.51 

Average 124.14 191.14 167.86 346.73 414.68 429.10 423.51 455.06 
         

Day CH4 (ppb) eBC (μg /m3) 
 Q1 Mean Q3 97.5% Q1 Mean Q3 97.5% 

MON 1941.15 2027.64 2016.00 2405.69 0.18 0.68 0.54 2.18 
TUE 1944.28 2056.49 2021.10 2373.83 0.18 0.73 0.56 2.28 
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WED 1948.13 2059.77 2028.18 2406.91 0.17 0.72 0.61 2.67 
THU 1949.43 2069.25 2034.01 2421.81 0.18 0.82 0.65 2.75 
FRI 1945.83 2074.72 2038.80 2450.45 0.23 0.89 0.67 2.43 
SAT 1946.35 2047.75 2025.77 2391.88 0.19 0.78 0.58 2.21 
SUN 1944.90 2042.27 2027.78 2428.05 0.18 0.68 0.53 2.09 

Average 1945.72 2053.98 2027.38 2411.23 0.19 0.76 0.59 2.37 
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Figure 3. Seasonal variations of CO (ppb). A: Spring; B: Summer; C: Fall; D: Winter. 
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Figure 4. Seasonal variations of CO2 (ppm). A: Spring; B: Summer; C: Fall; D: Winter. 
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Figure 5. Seasonal variations of CH4 (ppb). A: Spring; B: Summer; C: Fall; D: Winter. 
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Figure 6. Seasonal variations of eBC (μg /m3). A: Spring; B: Summer; C: Fall; D: Winter. 

3.3. Hourly Occurrence of Outbreak Events 

Following the same methodology used in D’Amico et al. (2024a) [55] with respect to CH4, hourly 
values satisfying specific conditions have been counted throughout the entire CO, CO2 (Picarro) and 
eBC (Thermo Scientific) datasets, also accounting for seasonal changes, which in the case of CH4 have 
been evaluated in this research for the first time. This section will focus directly on seasonal 
evaluations, while yearly CO, CO2, and eBC results can be viewed as Supplementary Materials S2-
A1 through S2-H3. Comparable CH4 plots are accessible from D’Amico et al. (2024a) as 
Supplementary Materials [55]. 

In order to account for multi-year trends such as the increase in methane reported in D’Amico 
et al. (2024a) [55], each seasonal threshold has been calculated on a yearly basis for each parameter, 
and the result shown in Table 7 is the sum of all outbreak hours across the entire 2016-2022 
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observation period. Overall, 224 sub-thresholds have been calculated via dedicated filters, which are 
not shown for the sake of conciseness. 20% of the reported lowest thresholds occur on Sundays. 

Table 7. Seasonal distributions of outbreak hours, listed by category (Q3, top 2.5% interval) and 
parameter. Max/Min indicates weekdays with the maximum and minimum number of outbreak data, 
respectively. 

 
Hours ≥ 3rd 

Q. 
Average 
(3rd Q.) 

Max/Min 
(3rd Q.) 

Hours ≥ 
Top 2.5% 

Average 
(T2,5%) 

Max/Min 
(T2,5%) 

CO (ppb)       
Spring 3773 539 WED/SUN 379 54 THU/MON 

Summer 3078 440 WED/SUN 352 50 FRI/SUN 
Fall 3579 511 THU/SUN 361 52 MON/SUN 

Winter 3634 519 FRI/MON 366 52 THU/SUN 
       

CO2 (ppm)       
Spring 3773 539 WED/SUN 379 54 THU/TUE 

Summer 3506 501 FRI/MON 352 50 FRI/SAT 
Fall 3579 511 SAT/WED 361 52 MON/TUE 

Winter 3634 519 FRI/MON 366 52 THU/WED 
       

CH4 (ppb)       
Spring 3773 539 WED/MON 379 54 WED/MON 

Summer 3506 501 FRI/SUN 359 51 SAT/THU 
Fall 3579 511 FRI/WED 361 52 FRI/TUE 

Winter 3634 519 FRI/MON 366 52 FRI/SAT 
       

eBC (μg /m3)       
Spring 3773 539 WED/MON 379 54 THU/MON 

Summer 3506 352 FRI/SUN 501 50 WED/SUN 
Fall 3579 511 THU/SUN 361 52 TUE/SUN 

Winter 3635 519 FRI/MON 366 52 THU/M-SU1  
1 Both Monday and Sunday in this case yield the same value of 38 outbreak hours. 

Figures 7–10 show the number of outbreak hours on a per-parameter basis to highlight seasonal 
differences. Shaded areas follow the same pattern seen in D’Amico et al. (2024a) [55]. The y axis of all 
graphs is set on the same scale to ease data visualization. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2024 doi:10.20944/preprints202409.0884.v2

Peer-reviewed version available at Sustainability 2024, 16, 8175; doi:https://doi.org/10.3390/su16188175

https://doi.org/10.20944/preprints202409.0884.v2
https://doi.org/https://doi.org/10.3390/su16188175


 16 

 

 

 

 

 
Figure 7. Seasonal variations of CO (ppb) in terms of outbreak hours of occurrence (Q3 and top 2.5% 
interval thresholds). A: Spring; B: Summer; C: Fall; D: Winter. 
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Figure 8. Seasonal variations of CO2 (ppm) in terms of outbreak hours of occurrence (Q3 and top 2.5% 
interval thresholds). A: Spring; B: Summer; C: Fall; D: Winter. 
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Figure 9. Seasonal variations of CH4 (ppb) in terms of outbreak hours of occurrence (Q3 and top 2.5% 
interval thresholds). A: Spring; B: Summer; C: Fall; D: Winter. 
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Figure 10. Seasonal variations of eBC (μg /m3) in terms of outbreak hours of occurrence (Q3 and top 
2.5% interval thresholds). A: Spring; B: Summer; C: Fall; D: Winter. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2024 doi:10.20944/preprints202409.0884.v2

Peer-reviewed version available at Sustainability 2024, 16, 8175; doi:https://doi.org/10.3390/su16188175

https://doi.org/10.20944/preprints202409.0884.v2
https://doi.org/https://doi.org/10.3390/su16188175


 20 

 

3.4. Weighed Distribution of Weekly Outbreaks (WDWO) 

Using seasonal values per weekday as well as the hourly count of observations greater or equal 
than Q3 and the top 2.5% thresholds, a weighed parameter hereby defined as WDWO (Weighed 
Distribution of Weekly Outbreaks) has been introduced to combine the two factors and provide a 
more representative view on weekly variations across the CO, CO2, CH4, and eBC datasets. 

The value attributed to each day of the week, for each parameter, is multiplied by the number 
of hours (observations) satisfying the two before-mentioned thresholds. It is then divided by the sum 
of all values for all weekdays, which in turn is multiplied by the total number of observations per 
threshold. Equations 1 and 2 show the computed formulas for the Q3 and top 2.5% interval 
respectively, using Monday as example: 

WDWO[MON]Q3 = (HRMON*VLMON)/(HRTOT*VLTOT) (1) 

WDWO[MON]T2.5 = (HRMON*VLMON)/(HRTOT*VLTOT) (2) 

Where Q3 and T2.5 refer to the 3rd quartile and top 2.5% thresholds, HRMON indicates the number 
of hours satisfying the Q3 and T2.5 filters occurring on Monday, and VLMON is the value linked to 
specific thresholds. Dividing by the HRTOT x VLTOT results in all seven values being conveniently 
shown as decimal fractions of 1. Moreso, this method conveniently normalizes as percentages 
quantities and measurements that are various in nature (hours, ppm, ppb, μg /m3) into a single, 
consistent scale. 

Table 8 and Fig. 11 show the seasonal variations of WDWO. Supplementary Material S3-A1 
through S3-G8 cover each year using different vertical scales due to the presence of extremely high 
peaks (up to >0.7, with the average expected value per weekday being 0.1428). In Table 8 the standard 
deviations and ranges of each WDWO parameter are also shown, as indicators of WDWO variability: 
eBC yields the highest values in Fall, Summer and Winter; CH4 has the highest variability in Spring; 
CO2 and CH4 both have low variability in Fall; CO yields the lowest range value in Fall, though other 
values are intermediate; Spring and Summer variability of CO2 is also intermediate. 

Table 8. Weighed Distributions of Weekly Outbreaks (WDWO) for each parameter, divided by season 
and threshold type. Bold characters mark the highest standard deviation and range values per season, 
while italics mark the lowest. 

Seasons Wdays CO CO2 CH4 eBC 
  Q3 Top Q3 Top Q3 Top Q3 Top 

Fall MON 0.139 0.214 0.140 0.187 0.146 0.147 0.134 0.179 
TUE 0.159 0.191 0.145 0.110 0.144 0.114 0.137 0.283 
WED 0.153 0.144 0.129 0.123 0.134 0.159 0.140 0.110 
THU 0.165 0.162 0.147 0.104 0.145 0.130 0.183 0.140 
FRI 0.163 0.109 0.147 0.174 0.151 0.188 0.168 0.156 
SAT 0.115 0.099 0.151 0.127 0.135 0.135 0.137 0.091 
SUN 0.105 0.081 0.141 0.174 0.147 0.127 0.100 0.041 

SD 0.022 0.046 0.007 0.032 0.006 0.023 0.025 0.071 
Range 0.143 0.168 0.145 0.155 0.145 0.165 0.158 0.242 

Spring MON 0.126 0.089 0.132 0.134 0.131 0.086 0.111 0.095 
TUE 0.149 0.138 0.143 0.116 0.138 0.131 0.136 0.163 
WED 0.168 0.167 0.170 0.164 0.168 0.200 0.168 0.151 
THU 0.148 0.171 0.143 0.166 0.145 0.134 0.153 0.169 
FRI 0.143 0.153 0.152 0.145 0.144 0.156 0.163 0.166 
SAT 0.149 0.150 0.137 0.143 0.143 0.151 0.150 0.151 
SUN 0.118 0.133 0.124 0.132 0.132 0.143 0.119 0.106 

SD 0.015 0.025 0.014 0.017 0.011 0.032 0.020 0.028 
Range 0.153 0.146 0.156 0.150 0.156 0.168 0.148 0.141 
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Summer MON 0.133 0.146 0.129 0.119 0.135 0.125 0.115 0.134 
TUE 0.135 0.129 0.138 0.118 0.145 0.160 0.135 0.080 
WED 0.168 0.198 0.135 0.142 0.144 0.147 0.169 0.251 
THU 0.159 0.114 0.155 0.171 0.151 0.119 0.163 0.180 
FRI 0.152 0.180 0.171 0.207 0.153 0.135 0.174 0.176 
SAT 0.140 0.122 0.138 0.104 0.139 0.183 0.131 0.104 
SUN 0.113 0.111 0.135 0.139 0.133 0.131 0.113 0.076 

SD 0.017 0.031 0.014 0.033 0.007 0.021 0.024 0.059 
Range 0.151 0.166 0.158 0.174 0.146 0.162 0.151 0.192 

Winter MON 0.110 0.117 0.129 0.130 0.119 0.114 0.103 0.093 
TUE 0.143 0.137 0.136 0.158 0.137 0.113 0.124 0.118 
WED 0.130 0.164 0.133 0.115 0.139 0.114 0.122 0.207 
THU 0.159 0.200 0.160 0.167 0.157 0.156 0.175 0.226 
FRI 0.171 0.158 0.165 0.140 0.168 0.202 0.215 0.150 
SAT 0.150 0.120 0.140 0.128 0.145 0.108 0.147 0.117 
SUN 0.137 0.105 0.137 0.161 0.136 0.192 0.112 0.089 

SD 0.018 0.031 0.013 0.018 0.015 0.038 0.037 0.050 
Range 0.153 0.169 0.152 0.149 0.153 0.165 0.178 0.176 

 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2024 doi:10.20944/preprints202409.0884.v2

Peer-reviewed version available at Sustainability 2024, 16, 8175; doi:https://doi.org/10.3390/su16188175

https://doi.org/10.20944/preprints202409.0884.v2
https://doi.org/https://doi.org/10.3390/su16188175


 22 

 

 

 

 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2024 doi:10.20944/preprints202409.0884.v2

Peer-reviewed version available at Sustainability 2024, 16, 8175; doi:https://doi.org/10.3390/su16188175

https://doi.org/10.20944/preprints202409.0884.v2
https://doi.org/https://doi.org/10.3390/su16188175


 23 

 

 

 
Figure 11. Seasonal variations of the newly introduced WDWO for CO (yellow), CO2 (brown), CH4 
(dark gray) and eBC (black). A: Spring; B: Summer; C: Fall; D: Winter. “1” images refer to the Q3 
threshold, while “2” refer to the top 2.5% of data. The intercept parallel to the x axis indicates the 
average expected value per day, which is 0.1428. 

3.5. WD/WN Ratios Applied to WDWO 

A final assessment using the newly introduced WDWO parameter was performed over the 
entire observation period, on a seasonal basis, by calculating the ratio between WDWO(WD), for 
“weekday”, and WDWO(WN), for “weekend”. Specifically, the ratio is calculated by dividing MON-
FRI averages by their SAT-SUN counterparts. Please note that in this specific circumstance the terms 
weekday (MON-FRI) and weekend (SAT-SUN) retain their usual meaning. In fact, WD/WN will in 
fact be used to avoid confusion. The results are plotted in Table 9 for both categories (Q3 and top 
2.5% interval). 

Table 9. WD/WN ratios of WDWO parameters, calculated on a per-season and yearly basis. Average 
values and standard deviations are provided for each season. Peaks are in bold character, while the 
lowest values are in italics. 

Season Year CO CO2 CH4 eBC 

  Q3 Top Q3 Top Q3 Top Q3 Top 

Fall 2016 1.30 1.03 0.99 4.04 0.84 1.07 1.14 5.02 

2017 1.06 1.37 0.95 0.97 0.93 1.46 0.96 1.57 

2018 1.10 1.24 0.97 0.80 1.13 1.27 1.44 1.59 

2019 1.16 4.55 1.25 2.25 1.28 1.09 1.49 1.53 
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2020 2.08 3.38 1.00 0.64 0.99 2.12 2.20 2.66 

2021 1.59 0.77 0.79 0.75 0.83 0.35 1.27 1.50 

2022 2.59 23.73 0.87 0.32 1.32 2.69 1.56 0.00 

Avg 1.56 5.15 0.97 1.40 1.05 1.44 1.44 1.98 

SD 0.54 7.69 0.13 1.22 0.19 0.71 0.37 1.43 

Spring 2016 1.01 1.09 1.15 1.81 1.12 1.42 1.42 2.56 

2017 1.26 2.44 1.61 2.38 1.46 0.99 1.33 2.19 

2018 0.92 0.43 1.10 2.03 0.97 1.27 0.80 0.48 

2019 1.04 0.44 1.05 0.59 1.03 1.31 1.07 0.78 

2020 1.01 0.58 0.80 0.44 0.72 0.27 0.59 0.63 

2021 1.17 1.33 0.89 0.80 0.92 1.19 1.00 1.67 

2022 1.30 8.81 1.74 1.39 1.44 1.21 1.97 2.10 

Avg 1.10 2.16 1.19 1.35 1.09 1.09 1.17 1.49 

SD 0.13 2.79 0.33 0.70 0.25 0.36 0.42 0.79 

Summer 2016 1.00 1.63 0.83 0.85 0.80 0.47 0.71 3.05 

2017 1.40 1.59 0.99 1.18 1.19 1.07 1.73 3.40 

2018 1.34 1.52 1.26 1.26 1.18 1.23 1.31 1.29 

2019 1.04 1.06 0.99 0.96 1.05 0.76 0.96 0.83 

2020 1.09 1.50 1.14 2.58 1.09 0.96 1.12 1.58 

2021 1.12 0.92 1.11 1.45 0.85 1.17 1.61 0.79 

2022 1.71 1.85 1.19 0.68 1.45 0.68 1.62 2.81 

Avg 1.24 1.44 1.07 1.28 1.09 0.91 1.29 1.96 

SD 0.24 0.30 0.13 0.58 0.20 0.26 0.35 1.02 

Winter 2016 0.72 1.39 0.67 0.76 0.56 0.38 0.69 3.37 

2017 1.69 2.79 1.46 1.26 1.46 0.66 2.42 2.97 

2018 0.71 0.77 0.87 0.63 0.91 1.06 0.98 1.39 

2019 1.00 1.95 0.98 1.12 0.97 1.42 1.14 0.65 

2020 1.02 1.21 0.98 1.58 0.98 1.14 0.98 1.05 

2021 0.96 1.76 1.38 1.97 1.60 1.03 1.26 2.31 

2022 1.18 1.03 1.32 0.52 1.13 1.61 1.27 1.57 

Avg 1.04 1.56 1.09 1.12 1.09 1.04 1.25 1.90 

SD 0.31 0.63 0.27 0.49 0.33 0.39 0.51 0.94 

Fall is characterized by two opposite values: a CO top interval surge in 2022 of 23.73, and a null 
eBC top interval value in the same year. Without considering these outliers, eBC top interval values 
are generally the highest throughout the entire list, especially during Winter, while CH4 yields 
generally low ratios, especially during the Summer season. CO is affected by major fluctuations, 
especially during Fall and Spring. 
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4. Discussion 

For the first time in the operational history of Lamezia Terme (LMT), carbon monoxide (CO – 
ppb), carbon dioxide (CO2 – ppm), methane (CH4 – ppb) and black carbon (eBC – μg/m3) hourly 
aggregated values have been analyzed on a weekly basis to verify the influence of anthropic activities 
on detected concentrations, under the assumption that no natural phenomenon – unlike anthropic 
activities, which do have differences throughout the course of a week – can result into a weekly cycle. 

The analysis of cumulative concentrations of all observed parameters throughout the entire 
observation period (2016-2022), did not yield relevant results with the exception of eBC, as evidenced 
in Table 2 and Fig. 2D. In fact, the Q3 threshold of Sunday is only 83,78% of its Friday’s counterpart; 
with respect to the top 2.5% interval, Sunday’s value is only 81,37% of the maximum peak observed 
on Thursday. Speaking of CO2 and CH4, both Table 2 and Fig. 2B, 2C indicate fluctuating weekly 
trends with no tangible gap between two particular weekdays. In the case of CO, the lowest observed 
top interval value (Monday) is 92,10% of the peak observed on Thursday.  

These fluctuations and the lack of a well-defined weekly trend – except for eBC – led to a further 
investigation on seasonal variations, as performed in the monoparameter analyses from D’Amico et 
al. (2024a) [55]. Among anthropic activities, those of industrial, commuting, and agricultural nature 
may indeed lead to different peaks and trends on a seasonal basis, which reflect different activity 
levels over a standard calendar year. In addition to actual differences in terms of emission rates 
throughout the week, chemical reactions in the atmosphere are also responsible for changes in the 
concentrations of pollutants [20-21-22-23-24]. Moreso, it is known in literature that rainfall and other 
natural phenomena have an impact on mobility and other anthropic activities [78], but these impacts 
are also assumed in this research to be equally spread between weekdays. Wildfires, which locally 
result into high eBC and CO concentrations up to the point where they can both be used as effective 
tracers of these events, are typical of Mediterranean summer seasons [45]. During the other seasons, 
especially winter, CO for instance is assumed to derive from combustion engine emissions [38-42] 
which may show a weekly cycle based on commuting, domestic heating, and transportation, unlike 
the summertime wildfire counterparts. 

Seasonal variations seen in Tables 3-6 and Fig. 3-6 go in the direction of demonstrating the 
existence of seasonal variations in weekly trends that would not otherwise be noticeable in pure 
yearly analyses. CO shows, with respect to most seasons, a top interval Wednesday peak whose 
origin requires further investigation (Fig. 3A, B, D). CO2 retains the Wednesday top interval anomaly 
in two out of four seasons (Fig. 4A, C) and shows a flat pattern in Winter (Fig. 4D). The Summer 
season (Fig. 4C) also shows a peculiar statistical occurrence, with average CO2 concentrations on 
Monday and Sunday being higher than Q3 mole fractions. With respect to CH4, a “Wednesday 
anomaly” is present for the Spring season (Fig. 5A), while Fall (Fig. 5C) and Winter (Fig. 5D) point to 
Friday as the weekday with the highest observed peaks. The last parameter, eBC, yields broader 
differences between weekdays on a per-season basis: in addition to another “Wednesday anomaly” 
in Summer (Fig. 6B), there is a generally low value on Sundays, which in the case of Winter is only 
76% of the peak observed for Thursday (Fig. 6D). In Fall, Sunday’s value is only 70,14% compared to 
the observed Tuesday peak (Fig. 6C). A ≈30% gap in a season is considerable, especially if compared 
to the flat pattern seen during Spring (Fig. 6A). 

The analysis, following the findings seen in D’Amico et al. (2024a) [55], also considered the 
number (intended as frequency) of hourly outbreak events. Compared to the previous research, and 
considering the findings of this study, the analysis was aimed directly at seasonal variations. Table 7 
shows, in addition to statistical data on outbreak hours divided by category (Q3 and top 2.5% 
interval), that 40% of the lowest outbreak hour counts occur on Sundays, which is approximately 
three times the expected frequency of a random distribution between weekdays (14.28%). With 
respect to each parameter, hourly frequency values can provide an insight into anthropogenic 
emissions and anthropic activities as the main drivers of observed differences between weekdays. In 
the case of CO, constant low frequencies on Sunday are observed throughout all seasons (Fig. 7A, B, 
C) except for Winter (Fig. 7D). In Fall, a very low value - though not as low as Sunday's - is also linked 
to Saturday (Fig. 7C). Considering CO’s nature as a frequent byproduct of combustion, lower values 
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on Sunday may be attributable to reduced anthropic activities. Winter’s positive anomaly may be due 
to domestic heating, and Fall’s low value observed on Saturday may in fact corroborate this 
hypothesis: though anthropic activities may be reduced compared to the rest of the week (Monday-
Thursday), home heating is less frequently used on Fall compared to Winter due to a difference in 
daily temperatures, which may provide a tangible explanation for the two distinct patterns. 

CO2 once again points to a “Wednesday anomaly” in Spring (Fig. 8A), which at present does not 
have a clear explanation and may have to be further analyzed in the future. It’s also worth noting 
that Fall (Fig. 8C) has a flat pattern, while Summer (Fig. 8B) and Winter (Fig. 8D) have Thursday and 
Friday peaks. Considering CO2’s nature as a prominent byproduct of fossil fuel burning, Winter 
peaks may be attributable to commuting and the peak of other anthropic activities during that season. 
In the case of Summer, commuting may be at least partially replaced by tourism-related activities 
and transport, though proper source apportionment needs to be performed in the future to test this 
hypothesis. Summer is also affected by wildfire-related emissions, but they are presently assumed to 
be spread randomly through the week. 

CH4 provides yet another example of “Wednesday anomaly”, which is noticeable during the 
Spring season (Fig. 9A). A generally flat pattern is overall reported, except for Winter (Fig. 9D), which 
has a sharp Friday peak. Though the Friday peak is consistent with anthropic activities, the general 
flatness of CH4 hourly outbreak events points to emission sources not being particularly affected by 
weekdays. This may be due to livestock and landfill emissions, if assumed to be constant throughout 
a week, though this can only be verified with detailed source apportionment. In this case, carbon 
isotope fractionation may help discriminating methane sources (livestock, burning, fossil fuel). 

Just like in the previous evaluation accounting for concentration thresholds, eBC is once again 
showing major weekly fluctuations, this time in outbreak occurrences. In fact, Monday and Sunday 
are yield constantly the lowest frequency values, while Fall (Fig. 10C) and Winter (Fig. 10D) show 
relevant Thursday-Friday peaks, with the Friday peak in Winter being considerably higher than the 
lowest values seen in that season (Monday and Sunday). This is the most considerable difference 
(38%) between two weekdays among all observed parameters. 

Two branches of this research (absolute concentrations and frequencies of hourly outbreak 
events) have been combined into the newly introduced WDWO (Weighed Distribution of Weekly 
Outbreaks). This parameter is meant to integrate other assessment methods of weekly anthropic 
activities [79], such as the WCA (Weekly Cycle Anomaly) and Weekly Cycle Anomaly Percentage 
(WCAP) proposed by He (2023) [80]. 

Via a normalized scale, WDWO has allowed to evaluate both results of this research using values 
conveniently falling in the 0-1 range, which allow direct comparisons between different parameters. 
For comparison, the WCA/WCAP method mentioned above has potentially high fluctuations, and 
strong negative values are also possible. In the case of WDWO, the entire assessment is constrained 
in a 0-1 scale, so standard comparison criteria and plots can be used for all parameters, regardless of 
the time scale involved. In literature, weekly cycle assessments generally do not use 
normalized/percentage scales and tend to focus on absolute concentrations [26–81–82–83–84–85–86–
87], instead of the combination of concentrations and frequencies discussed in this work. 

In the case of LMT in Calabria, all factors involved in the analysis, the introduction of WDWO 
has allowed to highlight a number of peculiar patterns: the so defined “Wednesday anomaly” is 
indeed a prominent factor in Spring (Fig. 11A1), with a particularly high peak in CH4’s top interval 
category (Fig. 11A2). Winter WDWO values also show a clear weekly cycle (Fig. 11D1). 

Most parameters yield lower WDWO values on Monday and Sunday (Fig. 11A1, A2, B1, B2, D1). 
Wednesday through Friday (especially Thursday-Friday) yield the highest WDWO values most of 
the time. These results help corroborating the hypothesis by which a weekly cycle of multiple 
parameters does indeed exist at LMT and is deemed anthropogenic in origin. Besides the graphical 
values and their results, the WDWO values themselves have been evaluated via their standard 
deviations and ranges (Max-Min) to provide new indicators of variability. The results of this 
evaluation, shown in Table 8, further prove eBC’s higher degrees of variability over weekdays, which 
make it the parameter more subject to weekly cycles. This finding is in accordance with a previous 
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study on eBC at LMT [66] and further expands the knowledge on observation site-specific weekly 
variability of eBC. CH4 yields low variability in WDWO, further demonstrating that its weekly cycle 
is likely controlled by a constant emission output, perhaps attributable with livestock farming, 
landfills and other local sources; this is also in accordance with previous studies on the concept of 
LMT as a “multisource” observation site [69-55]. CO and CO2 have both yielded intermediate 
variability indicators, with those of CO2 being generally the lowest between the two. CO’s values in 
particular tend to indicate a weekly variability that seems consistent with anthropic control, likely 
linked to activities such as combustion processes. This is consistent with other studies that attribute 
CO oscillations to anthropic activities, especially in the context of megacities [88]. In fact, CO WDWO 
variability decreases during the Summer, when the wildfire-related combustion outputs – assumed 
to be equally distributed between weekdays, unlike anthropic-driven outputs in other season such 
as Winter – become prominent. Additional remarks are possible thanks to the calculated WD/WN 
(MON-FRI/SAT-SUN) ratios of WDWO, as reported in Table 9. These ratios consolidate eBC’s leading 
role in terms of general variability especially with respect to the top 2.5% interval observed during 
Winter; CH4’s limited variability is also highlighted by WD/WN ratios, further corroborating the 
hypothesis by which local natural/anthropic sources of this compound do not have a proper weekly 
cycle. CO is affected by major fluctuations that drop considerably during the Summer, a pattern that 
is consistent with summertime wildfires being equally spread during the week, while other seasons 
are more effected by anthropic-driven weekly cycles in the use of combustion engines. CO2 does not 
yield high variability, especially during Fall; this apparent divergence with the other anthropogenic 
parameters could be explained by changes in the rates of photosynthesis that occur during the week, 
as research has shown many correlations between the concentrations of several pollutants, their 
weekly cycles, and CO2 uptake by plants [89]. Photosynthesis in the atmosphere leads to a 
characteristic isotopic fingerprint in CO2 [90]; future research at LMT could potentially observe 
weekly trends in isotopic fractionation that could provide evidence of a weekly cycle in 
photosynthesis rates. 

5. Conclusions 

For the first time in its observation history, data gathered at the WMO/GAW station of Lamezia 
Terme (LMT) in Calabria, Southern Italy have been evaluated using the weekly cycle as a possible 
indicator of anthropic emission outputs, under the assumption that such cycles do not exist in natural 
processes. This research considered the key statistical data of CO (ppb), CO2 (ppm), CH4 (ppb), and 
eBC (μg /m3), specifically the third quartiles and the top 2.5% intervals, both in terms of absolute 
concentrations of each observed parameter and in terms of frequency of outbreaks in hourly data. 
Preliminary analysis has demonstrated that seasonal patterns need to be considered. Several 
evaluations have found a so defined “Wednesday anomaly”, a positive anomaly which does not 
currently have an explanation and requires future studies to be adequately assessed. 

Frequency analyses showed that Sunday yielded the lowest values 40% of the time, a figure that 
is approximately three times greater than the average of value 14.28% assumed for a random 
distribution. Black carbon (eBC) is the most affected parameter. 

The new WDWO (Weighed Distribution of Weekly Outbreaks) method, which is hereby 
introduced as an evaluation tool for both researchers and policy makers, combined frequency and 
concentration data into percentages on an absolute scale in order to allow comparisons between all 
parameters regardless of their nature. 

WDWO further corroborated the hypothesis by which weekly cycles in anthropic activities exist 
at LMT and influence the data gathered by the WMO/GAW regional observation site. Each parameter 
has been demonstrated to have characteristic WDWO values on a seasonal basis, though eBC shows 
very high variability indicators regardless of the season. CO, as a common byproduct of combustion 
processes, does generally show a weekly cycle, though its WDWO values during the Summer season 
seem compatible with a wildfire-related emission output that is equally spread between weekdays. 
CO2 shows the lowest WDWO variability in Winter under all categories, a circumstance that could 
be attributable to weekly changes in photosynthesis rates driven by changes in the concentrations of 
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other parameters. CH4 was found to have generally low variability, attributable to sources – both 
anthropogenic and natural – that are not subject to weekly patterns. These sources will require further 
investigation, possibly relying on new instruments and atmospheric tracers. 

Future works accounting for carbon isotope fractionation in CO2 and CH4, may discriminate 
anthropogenic and natural sources, then further expand the knowledge on the weekly 
characterization of emission outputs at LMT. This may prove useful especially in the effort of 
providing local regulators with data that may help defining new laws aimed at sustainable policies 
and the consequent mitigation of emission peaks. Generally speaking, the methodology proposed in 
this paper could be applied on a global scale in fields such as environmental monitoring, policy 
making, and emission reduction in densely populated areas. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. for reviewing purposes, see the dedicated file]. 
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