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Abstract: Due to its high short-term global warming potential (GWP) compared to carbon dioxide,
methane (CHs) is a considerable agent of climate change. This research is aimed at analyzing data
on methane gathered at the GAW (Global Atmosphere Watch) station of Lamezia Terme (Calabria,
Southern Italy) spanning seven years of continuous measurements (2016-2022) and integrating the
results with key meteorological data. Compared to previous studies on detected methane mole
fractions at the same station, daily-to-yearly patterns have become more prominent thanks to the
analysis of a much larger data set. Overall, the yearly increase of methane at the Lamezia Terme
station is in general agreement with global measurements by NOAA, though local peaks are
present, and an increase linked to Covid-19 is identified. Seasonal changes and trends have proved
to be fully cyclic, with the daily cycles being largely driven by local wind circulation patterns and
synoptic features. Outbreak events have been statistically evaluated depending on their weekday
of occurrence to test possible correlations with anthropic activities. A cross analysis between
methane peaks and specific wind directions has also proved that local sources may be deemed
responsible for the highest mole fractions.
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1. Introduction

Methane (CHs.) is the simplest among alkanes and, thanks to its capacity to absorb terrestrial
infrared radiation in a band at the 1.7, 2.3, 3.3 and 7.6 um marks [1], is subject to monitoring due to
its extremely high GWP (Global Warming Potential) as a GHG (greenhouse gas), which is 84-87 times
higher than that of CO: for the time span of two decades [2]. Methane’s GWP-100 value (GWP in a
century) drops to 27 compared to CO:2 [3] and is much less persistent in the atmosphere, thus falling
in the short-lived climate forcers (SLCF) category, along with ozone and aerosols [2]. Atmospheric
concentrations of methane in the atmosphere have experienced a sharp rise since the beginning of
the industrial period, a rise that is well established in scientific research ever since the late 1990s [4]
and recently broke the 150% increase threshold over pre-industrial era levels [5]. With a calculated
global mean value of approximately 700 ppb in the year 1750 which is almost three times lower than
the 2022 observed global mean of 1911,9 ppb [6], the increase of methane in the atmosphere is largely
due to anthropic activities [7,8]. On a global scale, this compound has been measured by NOAA’s

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Earth System Research Laboratory ever since 1983 so the data from that point onward is deemed
particularly reliable and helps defining medium term trends [9]. Methane has also proved to drive
climate change by the means of several side effects to the chemistry of Earth’s atmosphere, such as
the production of H20 in the stratosphere and the release of Os (0zone) in the troposphere [2].
Although methane concentrations are two orders of magnitude lower compared to those of carbon
dioxide, the high GWP of this compound has sparked notable interest in the scientific community
and is now widely regarded as one of the main causes of climate change [10-12].

Estimates on present-day methane releases, uptake and sinks have several degrees of
uncertainty [13], but improvements in predictive models over the past few years have helped to
somehow constrain these estimations. Globally, according to the IEA report from 2021 [14], the
annual emissions of methane — both natural and anthropogenic — are approximately 570 Tg
(teragrams, 10'2 grams), though some estimates are as high as 737 Tg [12]. Geologic releases account
for 43-50 Tg y! [15], while the broad anthropogenic emissions are in the 360 Tg y-! range, 110-128 Tg
of which are related to pure fossil fuel burning [12]. Speaking of some of the most notable sources,
wetlands contribute with 101-179 Tg y-! [12], biomass burning estimates are as high as 30 Tg y! [12],
livestock releases account for an estimated 95-109 Tg y-!, 87-97 Tg of which are directly linked to
enteric fermentation processes [16], and termites are deemed responsible for 15 Tg y worth of
emissions [17]. In the past few years, the nature and characteristics of geologic emissions have been
further divided and classified into several sub-categories, depending on the sources and mechanisms
that drive said releases [15]. These categories are now fully recognized by IPCC reports. Overall, it is
now estimated that 40% of methane emissions are natural, while the remaining 60% are
anthropogenic [12].

Sinks and uptake phenomena remove approximately 630 Tg of methane from the atmosphere
each year [10], but the amount is variable over time [12]. It's worth noting that the geographical
distribution of excessive methane emissions is asymmetric, with the northern hemisphere yielding
higher values compared to the southern hemisphere, and broad seasonal cycles have also been
observed even before the age of NOAA’s Earth System Research Laboratory enhanced detections
[18]. Additionally, soil uptake of methane in tropical and temperate forests of the southern
hemisphere is higher than that of their northern counterparts [19]. The overall upward trend in
atmospheric concentration is attributable to the excess in anthropogenic emissions compared to
natural sinks [10], though the phenomenon of methane variability in Earth’s atmosphere is much
more complicated compared to that of CO2: for instance, an anomalous drop in atmospheric methane
was recorded in 2004 [20], with the whole 1983-2006 observation streak reporting a downward trend
in annual growth rates [21-23]. Methane has been on a nearly constant rise ever since that sudden
drop, but the isotopic *C/2C ratio (6'3C) began to decrease after two centuries of regular increase,
highlighting a major shift in fractionation processes induced by different sinks [5,24]. Isotopic ratios
aside, a well above average increase was recorded in 2020, attributable to the Covid-19 pandemic
[25]. Overall, while the trends and mechanisms that drive CO: increases in the atmosphere are very
well defined, those of CH4 are still somewhat puzzling to climate scientists and researchers [26], hence
the need of more detailed analyses on this compound.

This research provides unprecedented detail on methane cycles and trends as detected by a
World Meteorological Organization/Global Atmosphere Watch (WMO/GAW) LMT observatory in
Calabria (Southern Italy) over a period of seven years, from 2016 to 2022. The second section will
describe the observation site and its characteristics, while the third section will report information on
datasets and methods used to process data. The results are shown in the fourth section, followed by
discussion, conclusions and perspectives on future research studies. Supplementary Materials cover
graphs and tables not shown in the main text.

2. The Lamezia Terme CNR-ISAC Observatory

The Lamezia Terme site (WMO/GAW code: LMT) is a coastal station located in Calabria,
Southern Italy, more precisely in the Sant’Eufemia plain (Lat: 38.88 °N; Lon: 16.23 °E; Alt: 6m above
sea level), south of Lamezia Terme. The observatory, fully operated by the National Research Council
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of Italy — Institute of Atmospheric Sciences and Climate (CNR-ISAC), is located approximately 600
meters from the Tyrrhenian coastline of Calabria, and officially started its data gathering operations
in 2015. It has since provided continuous data on several chemical and meteorological parameters.
Wind characteristics at this coastal site were analyzed in the past [27]. Due to the geographic location
of the experimental site, winds coming from the northeast are more subject to anthropic influence
while winds coming from the west, largely influenced by the sea, yield lower concentrations in
pollutants, as clearly demonstrated in an earlier study [28]. The 10/28 (100-280° N) magnetic bearing
of the runway in use at the nearby Lamezia Terme International Airport (IATA: SUF; ICAO: LICA)
located 3 kilometers north from the observatory is also a tangible proof of the applicability of wind
studies in the area. In fact, airports are built and designed with local wind circulation in mind.
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Figure 1. A: The location of Lamezia Terme’s station within the region of Calabria, Southern Italy. B:
Details of the Lamezia Terme municipal area, with notes on the location of the observatory and the
airport. C: Details of the LMT observatory, where all instruments are located.

Ever since it started operations, LMT reported methane concentrations that may be attributable
to several nearby sources, hence the concept of “multisource” site. Cristofanelli et al. (2017) [28],
accounting for one year of data gathering, indicated the nearby Lamezia Terme International Airport
and local livestock farming as two possible explanations for the observed peaks in methane, in
addition to the anthropic pollution from nearby urban areas that is channeled towards the
observatory when winds are coming from the northeast, as well as the A2 highway (part of the
European route E45) located nearby.

From a climatological point of view, the area is known to be affected by seasonal changes to
wind circulation. The study area, due its geographical location, is mainly affected by breeze
circulation, as assessed by several works.

Federico et al. (2010a) [27] in studying the characteristics and importance of breezes,
demonstrates how they dominate the local circulation and play a major role in the local climate. The
authors observed relevant changes in average wind speeds over the seasons, as well as slight changes
in wind orientation, though the general W-WSW/NE-ENE axis is dominant throughout the whole
year and is deemed the result of wind channeling through the Marcellinara gap, which is the
narrowest point in the entire Italian peninsula. When the 850 hPa layer is considered, the preferred
orientation switches to a prevailing NW direction, which is consistent with large scale circulation in
the area. Federico et al. (2010b) [29] further analyzed the nature of breeze circulations, considering
two years of observation and modeling analyses, concluding that during spring, summer and part of
fall, diurnal breeze circulation is considered as a combination of local and large-scale flows, while
large-scale forcing represents a main driver of diurnal circulation in winter, November included, and
nocturnal flows are believed to be due to the circulation of nocturnal breezes.

The confirmation on the presence of breeze and the influence of local conditions were both
confirmed by further studies such as Gulli et al. (2017) [30] via the analysis of wind-lidar profiles for
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two continuous years. Figure 2 shows wind profiles accounting for multiple altitude thresholds, from
10 up to 300 meters, collected by a Zephir lidar 300 at the LMT observation site.
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Figure 2. Seasonal wind roses at all levels during the 2014-2016 period, divided by thresholds between
10 and 300 meters, and collected by Zephir Wind Lidar. From Gulli et al. (2017) [30].

In a recent work, Lo Feudo et al. (2020) [31] studied the characteristics of the vertical structure
of the Planetary Boundary Layer at the LMT site during an experimental campaign carried out in
July/August 2009. The integration of different instruments (surface stations, wind profiler, Lidar,
Sodar) with high resolution weather model products allowed to further assess the roles played by
sea breeze and synoptic flows in the area.

Due to its location in the articulated context of the Mediterranean and, specifically, in the
narrowest corridor of the Italian peninsula, the LMT station is subject to the exposure to open fire
emissions, as recently reported in Malacaria et al. (2024) [32], and frequent Saharan dust events [33].

3. Instruments, Datasets, and Methods

Methane data has been gathered continuously using Picarro G2401 detectors (California, USA),
which rely on the CRDS (Cavity Ring-Down Spectrometry) principle to estimate the concentrations
in parts per million (ppm) of CO: (carbon dioxide), CH4, CO (carbon monoxide) and H20 (water
vapor, as a percentage). The detectors have been subject to periodic calibration during the entire
observation period. This research study is based on average data aggregated on an hourly basis, also
accounting for the standard deviation of aggregated data as a stability indicator. Methane
concentrations are shown in ppb (parts per billion) throughout all graphs and tables in this paper.

An automatic weather station (Vaisala WXT520, Finland) measured at 10m ASL the following
meteorological parameters: temperature, relative humidity, wind speed and direction, pressure, and
rain (10 averaged minutes). For the purposes of this research, wind speed and wind directions have
been considered, which are measured by the WXT520 instrument via ultrasound. Wind data, just like
in the previous case, has been aggregated on an hourly basis featuring the standard deviation as a
data stability indicator.

Table 1 shows the coverage of available methane data compared to the total amount of hours
elapsed between January 1st 2016 and December 31st 2022 (61368). Overall, of the 61368 elapsed
hours, 57990 (94,49%) have been covered by verified and calibrated methane detections. This dataset
will be referred to as “primary” throughout the paper. Three years out of seven have a total coverage
rate exceeding 95%. Please note that both 2016 and 2020 are leap years, with extra 24 hours each (8784
hours instead of 8760).
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Table 1. Main coverage parameters (expressed as percentage of total actual hours per year) of the
entire data set spanning seven years of continuous observations at LMT are shown in this table. Also
reported is the coverage rate per year, with a maximum total coverage of 99,57% in 2017, and a
minimum coverage of 83,83% in 2022. The second column shows the integration of Picarro G2401 and
Vaisala WXT520 data satisfying the condition where both instruments were reliably operating at the

same time.

Year Picarro coverage (%) Plcarro(;o;/alsala

2016 94,92% 92,2%

2017 99,57% 93,37%

2018 94% 74,68%

2019 97,6% 97,57%

2020 93,8% 93,79%

2021 97,71% 97,46%

2022 83,83% 75,41%
94,49%! 89,07%!

! Total coverage.

Table 1 also reports the overall coverage of Picarro G2401 and Vaisala WXT520 data compared
to the actual number of hours of the entire observation period. Data analysis involving both chemical
data on methane and meteorological wind data was based on a subset of the main database where
both instruments were fully operating at the same time. This, by definition, led to a slightly smaller
“secondary” dataset available for cross-analyses of this particular kind. Five out of seven years have
a combined integrated data coverage of more than 90%.

Finally, the two datasets have been processed in R 4.4.0 via ggplot2, ggpubr, tidyverse and
openair packages, as well as their respective libraries. Depending on the goal of analysis, data have
also been aggregated on monthly and seasonal basis (JFD = December, January, February for Winter;
MAM = March, April, May for Spring; JJA = June, July, August for Summer; SON = September,
October, November for Fall). Yearly, monthly and hourly aggregations have also been computed.

4. Results
4.1. General Monthly Trend

The more robust data set compared to previous research [28] highlights more long-term trends
and cycles. Figure 3 shows monthly aggregated averages where seasonal trends, as well as a general
upward trend, can be noticed. The 1st and 3rd quartiles are also plotted in Figure 3. Higher values
are generally linked to Winter and Fall seasons, while Summer and Spring seasons yield the lowest
values per year.
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Figure 3. Monthly averages accounting for the entire 2016-2022 period (84 months), shown in dark
blue. Dark red and dark green show 3rd and 1st quartile trends, respectively. The four shapes are
generated on a per-season basis.

4.2. Daily Cycle

With respect to daily cycles, intended as variations over the course of 24 hours, Figure 4 shows
the hourly variation of methane mole fractions. The figure shows seasonal 2019 data specifically, as
it's the year with the highest degree of integrated methane and wind data coverage (97,57%, see Table
1). Data are from the primary dataset. Table 2 reports the average values per hour, divided by season,
as well as the standard deviations computed during data evaluation.
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Figure 4. Hourly averages of methane concentrations, showing seasonal variations. The color scheme
is the following: Winter (black), Spring (green), Summer (red), Fall (yellow). Please note that, as stated
above, the graph is referred to 2019 data only.

Table 2. The hourly values plotted in Figure 4 are listed, with the addition of standard deviations for
each seasonal parameter. The table refers specifically to 2019.

Hours Winter Win.SD Spring Spr.SD Summer Sum.SD Fall Fa. SD

0 2076,27 163,49 2030,78 99,30 2066,69 113,04 2043,76 86,57
1 2076,78 157,14 2036,03 110,72 2078,96 118,00 2065,42 138,91
2 2087,11 162,39 2054,75 136,81 2084,67 124,21 2069,45 107,13
3 2082,18 161,63 2057,92 152,80 2102,78 130,50 2078,47 116,90
4 2087,75 174,86 2054,98 154,43 2088,88 123,60 2091,81 141,44
5 2079,08 156,14 2070,65 150,94 2086,37 122,84 2100,68 143,55
6 2089,18 167,36 2043,86 115,58 2045,54 100,81 2080,75 121,62
7 2096,24 178,82 2002,39 91,74 1980,23 57,72 2058,33 105,30
8 2043,12 120,53 1966,65 48,25 1943,77 26,59 1997,36 57,00
9 1994,23 90,90 1953,08 24,33 1933,72 16,59 1961,31 34,57
10 1964,34 38,20 1948,24 15,71 1931,18 14,27 1950,67 25,13
11 1955,17 27,22 1947,67 15,55 1929,20 14,54 1945,88 27,87
12 1953,52 24,69 1947,42 15,17 1926,67 13,62 1943,12 19,89
13 1952,92 25,71 1945,74 13,58 1925,17 14,20 1941,48 17,17
14 1951,27 17,15 1944,92 13,12 1925,21 15,02 1940,85 17,86
15 1952,23 18,01 1946,33 14,14 1924,65 14,22 1941,62 16,52
16 1956,75 24,34 1946,45 15,31 1924,85 14,36 1945,54 21,89
17 1967,86 38,03 1947,92 16,32 1926,58 19,07 1961,88 45,35
18 1979,94 49,42 1951,55 19,72 1928,99 31,05 1985,03 71,06
19 1994,36 65,39 1970,26 41,22 1938,43 40,10 1994,08 62,93
20 2009,53 83,48 1985,83 60,23 1977,44 92,46 2006,87 76,47
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21 2030,08 102,69 2003,80 80,21 2019,90 111,61 2022,63 82,51
22 2046,53 124,62 2024,07 94,40 2033,38 115,17 2024,07 85,05
23 2051,48 135,37 2023,57 87,10 2051,06 114,79 2042,95 95,66

Overall, a prominent daily cycle is reported in Figure 4. Seasonal differences can also be noticed,
with the Winter and Summer seasons yielding the highest and lowest values respectively, though
this doesn’t occur throughout the entire observation period. The “flat valley” in both absolute
methane concentrations and hourly standard deviations occurring between 10:00 and 16:00 UTC is
no coincidence, as the influence of local wind circulation on observed concentrations is known to be
substantial. Identical graphs and tables, though applied to the other years, are accessible as
Supplementary Material S1-A through S1-G. Graphs showing the variations in standard deviations
are also accessible from these materials.

4.3. Chemical-Meteorological Evaluation

Pollution roses referred to 2019 are shown in Figure 5, grouped by season. For these evaluations,
the secondary dataset described in Table 1 was used. As reported in section 2, the observation site is
affected by two distinct wind circulation corridors: a pure western-seaside sector yielding generally
lower methane concentrations, and a northeastern-continental sector showing much higher
concentrations. Pollution roses reporting data referred to the other years are accessible as
Supplementary Material S2-A through S2-F.
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Figure 5. Seasonal pollution roses of methane concentrations observed at LMT referred to 2019. Each
bar represents an angle of 8 degrees.
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Via the application of two distinct filters, observed methane concentrations have been correlated
with wind speeds. In particular, a western-seaside sector (240-300 °N, 3260 hours) and a northeastern-
continental (0-90 °N, 2921 hours) sector have been filtered from the secondary dataset, constituting
respectively 38,13% and 34,17% of 2019’s available data. 27,7% of detections fall outside these ranges.
The results are shown in Figure 6 and clearly indicate how the highest methane concentrations are
linked to northeastern winds, in conjunction with lower wind speeds (Figure 6B). Winds coming from
the west sector yield considerably lower methane concentrations, even though wind speeds are
variable and winter-time peaks exceeding 14m/s can be noticed (Figure 6A). Also, note how - if
combined - the two sectors would lean to a hyperbola branch distribution, as shown in
Supplementary Material S3-G (the supplementary graph also includes values falling outside the two
ranges). Supplementary Material S3-A through S3-F shows the same graphs applied to years other
than 2019, while S3-G shows all observed values.
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Figure 6. Correlations between observed wind speeds (X axis) and methane concentrations (Y axis).
A: Western-seaside sector (240-300 °N). B: Northeastern-continental sector (0-90 °N). The color scheme
is set to represent hourly changes in wind speed standard deviations.

4.4. Outbreak Analysis

A further evaluation was aimed specifically at possible indicators of anthropic activities, which
could be susceptible to weekdays, under the assumption that no natural mechanism would lead to
substantial statistical differences affecting the occurrence of outbreak events during a week. In the
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case of 2019, two distinct evaluations have been performed on a per-weekday basis, one accounting
for values equal or greater than the 3rd quartile (2029,11 ppb), and a second, more constrained
evaluation accounting for the top 2,5% values (2299,91 ppb). The analysis was performed on the
primary Picarro G2401 dataset. Respectively, 2138 and 214 hours satisfied these conditions, now
plotted in Figure 7. Supplementary Material S4-A through S4-F shows results concerning years other
than 2019. Table 3 shows the two filters, including the number of hours satisfying their conditions,
throughout the entire 2016-2022 period.

Table 3. 3rd quartile and 97,5% threshold counts data and details, per year. The last row shows the
total number of hours exceeding the two limits, as well as the average count of hours satisfying that
condition, by weekday.

97,5% Hours >

3rd Q. Hours 2 Average count per Average count per

o,
Year (ppb) 3rd Q. weekday (3rd Q.) thf;;l:;ld thzz;iﬁl d weekday (97,5%)
2016 1994,2 2085 297,85 2418,76 209 29,85
2017  2031,23 2181 311,57 2401,73 219 31,28
2018 2017,44 2059 294,14 2346,05 206 29,42
2019 2029,11 2138 305,71 229991 214 30,57
2020 2056,46 2060 294,28 2278,84 206 29,42
2021 2069,5 2140 305,71 2337,82 214 30,57
2022 2117,58 1836 262,28 243291 184 26,28
14499! 2071,28? 14521 207,422
! Total amount. 2 Average value.
400
300
§ 200
£
z 100
S . . .
0 MON TUE WED THU FRI SAT SUN

4
Weekday

Figure 7. Weekly (MON-SUN) distribution of outbreak events exceeding the 3rd quartile (turquoise)
and 97,5% threshold (red) in 2019. The two y axis intercepts show the average number of outbreak
events per weekday, which is 305,71 and 30,57 respectively.

A Chi-squared test was performed on combined data concerning outbreak events listed by
weekday. Said test was executed in R 4.4.0 by setting a value of 9999 Monte Carlo replicates. Table 4
reports the data used, as well as the computed X2 and p-values. For the graph, see Supplementary
Material S4-G. Though over the course of the observation period a variability in peaks per weekday
can be noticed (see Supplementary Material S4-A through S4-F), combined 2016-2022 data points to
Friday as the day with the most frequent occurrence of outbreaks. The 3rd quartile category has
provided a more statistically relevant result in terms of distribution.

Table 4. Results of the Chi-squared test performed to verify the possible outbreak occurrence
susceptibility to specific weekdays. For the graph, see Supplementary Material S4-G.
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Type Average MON TUE WED THU FRI SAT SUN x? p-value
3rd Q. 2071,28 1899 2024 2089 2163 2246 2082 1996 37,152  0,0001
97,5% th. 207,42 181 179 210 201 251 207 223 17,817 00,0064

4.5. Multi-Year Trend

Finally, a multiyear trend has been plotted with the integration of a regression line and equation
meant to fit observed variations over time. The observed increasing trend is statistically significant.
For this evaluation, the year 2022 has been excluded due to its lower coverage rate of 83,83%
compared to the other years, which fall in the 93,8-99,57% range (see Table 1). Figure 8 also shows a
regression equation based on this data, which yields a result of:

y (CHs, ppb) = 10 x (year) + 19000 R = 0.93, R%q = 0.84, p = 0.0067 (Eq. 1)

2100

y=-18000+10x R, =084
2000

R =083, p=00067

2080
2070
2080
2050
2040
2030
2020
2010
linetype
2000

CHa(ppb)

1990
1980
1970

1960
1950
1940
1930
1920
1910
1900

2016 2017 2018 2019 2020 2021
Years

Figure 8. Average annual methane values over the course of LMT’s observation history, except for
2022 due to its lower coverage rate compared to 2016-2021 (see Tables 1, 5). Also included are annual
trends in 3rd quartile (dark red) and 1st quartile (dark green) values.

Table 5. Annual means of methane concentrations and their respective standard deviations, in ppb.
The year 2022, written in italic, is excluded from Figs. 7 and 8. NOAA annual means and changes are
extrapolated from Lan et al. (2024) [34].

Year CH4 (ppb) CH4SD Coverage Change NOAA NOAA change LMT-NOAA

(ppb) (%) (ppb) (ppb) (ppb) diff. (ppb)
2016  1980,87 146,78 94,92 - 1843,12 +7,05 137,75
2017  1999,75 140,30 99,57 +18,88  1849,67 +6,89 150,08
2018  1994,88 121,38 94 -4,87 1857,33 +8,70 137,55
2019  2002,50 106,98 97,6 +7,62 1866,58 +9,67 135,92
2020 2018,79 96,20 93,8 +16,29 1878,93 +15,17 139,86
2021  2040,79 105,99 97,71 +22,00 1895,28 +17,91 145,51
20221 2074,87 126,87 83,83 +34,07  1922,53 +13,26 137,75

12022 is reported in italics but not featured in Figs. 8, 9.

The global annual means issued by NOAA and LMT’s observations have been compared.
Differences between annual means are shown in Table 5. Overall, with the exception of a surge in
2017 (difference: 150,08 ppb), five annual differences in the 2016-2021 period fall in the 135,92-139,86
ppb range, with the 2022 divergence being identical to that of 2016. Both trends are shown in Figure
9.


https://doi.org/10.20944/preprints202407.1587.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 July 2024 d0i:10.20944/preprints202407.1587.v1

11

2060

2040
2020

2000  —
1a50 /

1960

1940

Annual CH4 (ppb) averages
=
S
=

1900

1880

1860

1840

2016 2017 2018 2019 2020 2021
Years

Figure 9. Direct comparison of LMT (dark blue) and global NOAA (dark gray) annual means.

Both Table 5 and Figure 9 remark 2020 surges which are likely related to the Covid-19 pandemic,
which is known to have led to an increase in global CH4 concentrations [34,35]. On average, LMT
annual means exceed the global NOAA values by 141,11 ppb. The 2017 surge is local.

5. Discussion

The larger data set and the integration of key meteorological information have allowed a more
detailed analysis on methane concentrations detected at the LMT observatory. The detailed analysis
on methane detections from the 0-90 °N range allows to better constrain some of the hypotheses made
in the past on local sources of pollution. Research such as Cristofanelli et al. (2017) [28] proposed local
livestock farming, air traffic, and landfills among the causes of higher levels, and that is compatible
with the observed wind directions, as the location of at least one local farm, as well as that of a landfill,
are indeed compatible with these wind trajectories and their methane peaks.

The general trend seen in Figure 3 highlights seasonal cycles and an upward trend towards
higher concentrations over time, while the daily cycles seen in Figure 4 are dominated by wind
circulation. “Flat valleys” in hourly graphs are linked to western winds. The further analysis of
methane concentrations with respect to wind directions (Figure 5) and speed (Figure 6) has allowed
to determine the existence of two main corridors: a western-seaside direction, linked to lower
methane concentrations regardless of wind speed, and a northeastern-continental direction, which is
characterized by higher methane mole fractions (especially in the case of low wind speeds), which
are likely due to nearby sources of this compound. The corridors are susceptible to seasonal
variations, as reported in Figure 5 and related supplementary materials.

For the first time in the data gathering history of the observation site LMT a possible correlation
between weekdays and outbreak events was tested under the assumption that no mechanism in
nature other than anthropic would lead to statistically significant differences in outbreak event
occurrence over the course of weekdays. Figure 7 and Table 4, as well as related Supplementary
Material 4-A through 4-G, provide statistical relevance to higher results on Fridays, though it's worth
noting that each year’s results show several degrees of variability. Friday peaks may be the result of
commuting, public transportation, farming and industrial activities, though future works will have
to investigate these occurrences even further. The fact that both Mondays and Sundays yield lower
averages also seems to point in the direction of a hypothetical “weekly” cycle, likely affected by
anthropic activities.

Overall, the results shown in this work with respect to methane concentration variability
depending on wind direction, combined with the statistical distribution of outbreaks over the course
of weekdays, seem to corroborate the hypothesis seen in previous studies such as Cristofanelli et al.
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(2017) [28] by which anthropic sources located in the northeast with respect to LMT are responsible
for generally higher methane concentrations in the area. In the context of a “multisource” scenario,
the previous study reported in particular two possible sources of methane in the area: local livestock
farming, and air traffic.

Livestock such as cattle are indeed responsible for major methane emissions levels worldwide
[36,37] and contribute up to an estimated 14,5% of total anthropogenic greenhouse gas emissions.
Specifically, Hristov et al. (2013) [38] reported that each cow releases 60-160 kg CHa y! while goats
and sheep release 10-16 kg CHs y, all depending on characteristics such as the dry matter intake
parameter (DMI) and size of the ruminant. In the case of observed methane concentrations at LMT,
it is currently impossible to pinpoint emissions strictly related to livestock farming in the area unless
new parameters such as carbon isotope fractionation are considered.

Similarly, the influence of local air traffic is also difficult to estimate, and for a number of reasons,
including operational characteristics and aeronautical procedures. One preliminary conclusion
would be that the observatory and the airport’s runways intersect two parallel air corridors which
don’t affect each other, but the leading literature on air traffic pollution and emissions place the LMT
station inside the “near-airport” (<10km) range category, which is — according to studies such as
Carslaw et al. (2006) [36] and Carslaw & Beevers, (2013) [37] — subject to direct air traffic influence.
Aircraft engine combustion processes are among known sources of methane and do contribute to
anthropic climate change [41,42]. Literature on air quality perturbation by air traffic has also focused
on LTO (Landing to Take-Off) cycles, which are related to operational phases during which aircraft
are either on ground or at low altitudes [43,44], while research on broader effects of air traffic also
considers cruise phases [45,46]. The airport was recognized in previous research as a possible
influence over LMT’s detections [28], but no source apportionment has been performed. Specifically,
runway (RWY) 10 take-offs (aircraft facing east) and RWY 28 landings (aircraft facing west) would
place aircraft on trajectories compatible with the northeastern-continental wind sector shown in
Figure 5 and related supplementary material. It is presently not possible, without the introduction of
additional tracers, to provide tangible estimates concerning the airport’s influence over local methane
detections.

Finally, relevant assumptions can be made when considering multi-year trends observed at
LMT. Globally, methane concentrations are on the rise as a result of anthropic activities, but on a local
scale — though the clear upward trend persists — sporadic “bursts” of concentrations may occur, such
as the 2017 peak reported in Figure 8, 9 and Table 5. In 2020, a year heavily affected by the Covid-19
pandemic, global values experienced a 15 ppb increase [13,34] which is similar to the 16,29 ppb surge
observed at Lamezia Terme’s observatory. It's worth noting that an annual global increase of 1 ppb
is believed to be the result of extra = 2.77 Tg CH4 being emitted into the atmosphere [5]. The 2019-
2020 local-to-global leap is no surprise, as the Covid-19 outbreak lockdowns have caused an
unexpected increase in methane concentrations [35]. Methane has a latency of approximately one
decade in the atmosphere, but several models clearly show that the peak response of this alkane
occurs within a few months from extra-emission pulses [47,48], corroborating the hypothesis by
which the 2020 peak is linked to nation-wide lockdowns and consequent increases in emissions from
the energy sector [49], though the 2020 peak is likely due to a combination of multiple factors. A
recent study by Feng et al. (2023) [50] estimated that 66% of the 2020 methane surge was due to
increased emission rates.

6. Conclusions

For the first time, multi-year trends of methane detected by the Lamezia Terme WMO/GAW
station (LMT) have been analyzed. Located close to the Tyrrhenian coast of Calabria, in the narrowest
point of the Italian peninsula, measurements at this observatory are largely influenced by its peculiar
location in the country. Daily cycles are influenced by local wind circulation and synoptic: a western-
seaside sector yields lower methane concentrations, while northeastern-continental winds yield the
highest concentrations detected at LMT. The circulation is such that daytime winds come mostly from
the western sector, thus resulting in much lower methane values, while nocturnal winds come from
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the northeast. Filtering data by wind direction clearly demonstrates the differences in terms of
average concentrations as detected from the two sectors. Moreover, wind speed is also very closely
tied to methane values, as the comparison of methane concentrations and wind speeds results into a
hyperbola branch pattern where low speeds are linked to higher values and, vice versa, high speeds
yielded lower values. Seasonal differences and cycles are also well-defined, with Winter and Summer
seasons generally yielding the highest and lowest methane concentrations, respectively. Multi-year
trends have been compared with NOAA’s global measurements: the trends are similar and
differences between yearly averages fall mostly within a well-defined window, though it's worth
noting that methane concentrations are known from literature to vary depending on geographical
factors such as latitude. A local surge in 2017 is reported and results into the highest observed
divergence between yearly LMT and NOAA data. Overall, the results presented by this study
confirm an upward trend in methane, which is a potent greenhouse gas. For the first time, a method
was introduced to correlate outbreak events of methane concentrations with weekdays in the effort
to determine possible anthropic influences over these values, as anthropic activities alone do have a
weekly cycle which is totally lacking in nature. The results indicate that peaks tend to occur on
Fridays, while Mondays and Sundays yielded lower values. The introduction of 6*C measurements
of CHas, as well as CO2, would significantly help with source apportionment in future studies.

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