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Abstract 

The World Meteorological Organization / Global Atmosphere Watch (WMO/GAW) observation site 

of Lamezia Terme (code: LMT) in Calabria, Italy has been measuring nitric oxide (NO) and nitrogen 

dioxide (NO2) (together referred to as NOx) for a decade, however only a limited number of studies 

have evaluated their variability at the site, accounting for short measurement periods. In this work, 

nine continuous years (2015-2023) of measurements are analyzed to assess daily, weekly, seasonal 

and multi-year tendencies, also accounting for local wind circulation, which is known to have a 

relevant impact on LMT’s measurements due to the station’s coastal characteristics in the context of 

the central Mediterranean Basin. For the first time, a multi-year evaluation on LMT data also 

considers the local vertical wind profile record to integrate conventional measurements with 

additional information on air mass transport at low altitudes. The analysis showed peaks in early 

morning NOx concentrations attributable to rush hour traffic, while in the evening NO2 peaks are 

present with minor NO counterparts. Weekly cycles have yielded the most statistically significant 

results of any other similar evaluation at the sites, with all combinations of parameters, seasons, and 

wind corridors indicating tangible differences between weekday (Monday to Friday) and weekend 

(Saturday and Sunday) concentrations. The analysis of multi-year variability has shown a slightly 

declining tendency, however sporadic bursts in concentrations limit the statistical significance of 

downward trends. 

Keywords: nitric oxide; nitrogen dioxide; nitrogen oxides; Lamezia Terme; WMO; Mediterranean 

Basin; wind lidar 

 

1. Introduction 

During Earth’s history, atmospheric composition has been subject to major changes reflecting 

geodynamical mechanisms and direct influence from the biosphere [1–3]. 

Oxygen and nitrogen are the most abundant elements in the atmosphere; despite their 

abundance, at low temperatures these elements do not tend to interact with each other, although 

exceptions can occur [4]. Natural phenomena such as lightnings can release ≈100 TgN yr-1 of LNOx 

(lightning-induced nitrogen oxides) every year on a global scale [5–15]. 

NOx are generally not classified as greenhouse gases (GHGs), however they play a major role in 

the atmospheric chemistry of compounds that do have a direct impact on Earth’s climate [16]. NOx 
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have in fact a notable impact on atmospheric CH4 [17,18], reducing concentrations up to 1000 ppb, 

according to several studies [19]. Reactions with the hydroxyl radical (OH) affect the oxidation 

potential of Earth’s atmosphere, or AOC (Atmospheric Oxidation Capacity), thus playing a major 

role in the global budget of several compounds [20–22]. NOx are also known to react with 

tropospheric O3 (ozone) [23–30], leading to the introduction of a new methodology, the O3/NOx ratio 

[31,32], which can be used to differentiate local and remote sources of emission [33]. 

Biomass and fossil fuel burning, and extensive fertilizer use in the agricultural sector, are known 

to be the main sources of anthropogenic NOx [34–39]. Due to cooking and similar activities, indoor 

concentrations can match or even exceed outdoor concentrations under specific conditions [40–42]. 

The vertical profile of NOx in the troposphere also reflects the heterogeneous nature of its sources, 

with natural NOx (e.g., lightning-induced) being present at multiple altitude thresholds, while that 

resulting from anthropogenic emissions can be concentrated over near-surface altitudes [43–49], thus 

posing a direct hazard for human health and the environment. 

NOx are also well known in literature in terms of negative impacts on human health and the 

environment [50–54]. At typical conditions and concentrations, NO does not pose a tangible hazard 

to human health, however increased concentrations can cause a number of ailments, affecting 

multiple organs of the human body [55–60]. High concentrations of NO2 are also associated with a 

number of diseases, mostly affecting the respiratory system [61–69]. The effects of NOx are partially 

mitigated by their short atmospheric lifetime, which ranges between a few hours to nearly one day, 

depending on several factors such as seasonality, reactions with O3 and other molecules, the presence 

of aerosols, and even NOx concentration itself [70–77]. The short lifetime, combined with notable 

anthropogenic inputs, make NOx effective tracers of anthropic activities, and several 

methodologies/instruments are actively employed to measure their concentrations [78,79]. 

At the Lamezia Terme (code: LMT) World Meteorological Organization / Global Atmosphere 

Watch (WMO/GAW) regional observation site in Calabria, Italy continuous measurements of NOx 

are in place since 2015. However, evaluations of these measurements were limited to preliminary 

data from the site [80] and the analysis of trends observed during the first COVID-19 lockdown in 

the country [81]. Due to the primary anthropogenic nature of NOx in the region, a more detailed 

understanding of its variability at the WMO site would allow to better assess anthropogenic 

emissions and discriminate them from natural sources. This work evaluates nine years of NOx 

continuous measurements (2015-2023) to provide unprecedented detail on its variability at the site. 

The paper is organized as follows: Section 2 describes the LMT station and its characteristics, as well 

as all employed methodologies; Section 3 shows the results of this work; Section 4 and 5 discuss the 

results and conclude the work, respectively. 

2. The Observation Site and Employed Methodologies 

2.1. Characteristics of the LMT Regional Site in Calabria, Italy 

Operated by the National Research Council of Italy – Institute of Atmospheric Sciences and 

Climate), the LMT regional observation site is located in Calabria, Italy, in the municipality of Lamezia 

Terme (Lat: 38° 52.605’ N; Lon: 16° 13.946’ E; Elev: 6 m a.s.l.) (Figure 1A). LMT is part of the World 

Meteorological Organization / Global Atmosphere Watch (WMO/GAW) network and has been 

performing continuous measurements of GHGs, aerosols, and meteorological parameters since 2015. 
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Figure 1. (A): Map of the central Mediterranean area with a focus on LMT’s location in the region of Calabria, 

Italy. (B): Regional scale Digital Elevation Model (DEM) [121–123] showing the main mountain ranges of the 

Calabria-Peloritani Arc, and the Catanzaro Isthmus where LMT is located. (C): Local map of the western 

Catanzaro Isthmus, highlighting LMT’s location, the main sources of anthropogenic emissions in the area, and 

urban/topographic features. Farms are located over a wide area. The “Highways” label refers to a point where 

both the A2 Mediterranean Highway and the SS18 state highway intersect the northeastern wind corridor 

measured at LMT. 

Specifically, the site is located 600 meters from the Tyrrhenian coast of Calabria, in the 

westernmost area of the Catanzaro Isthmus which is the narrowest point in the entire Italian 

peninsula, as the distance between the western and eastern (Ionian) coasts is ≈32 kilometers. The 

isthmus is bounded by several mountain ranges: the Sila Massif and Coastal Chain in the north, and 
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the Serre Massif in the south (Figure 1B). Its present-day configuration is the result of multiple 

geologic processes: in the early Quaternary, the isthmus was a tidal strait effectively connecting the 

Tyrrhenian and Ionian seas, as evidenced by sedimentological outcrops of 2D and 3D dunes which 

highlight the evolution of the strait over time [82–86]. Various cycles of regression and transgression, 

linked to the Calabrian tectonic uplift [87–91], combined with major sea level oscillations, such as 

those caused by alternate glacial and interglacial periods [88–90,92,93], have ultimately resulted in 

sea currents being cut off between the two seas, thus leading to the present day configuration with 

only ≈32 km separating the Tyrrhenian and Ionian coasts of the region. 

The closure of the strait is the last step of a series of large-scale processes affecting the CPA 

(Calabria-Peloritani Arc), which also includes northeastern Sicily [94–97]. The CPA was once part of 

present-day southern France, but became subject to intense tectonics which rifted it apart following 

the opening of the Alpine Tethys domain; this resulted in a continental drift in the southeastern 

direction, which ultimately caused the CPA to collide with the rest of the Italian peninsula and the 

Sicilian Maghrebides [98,99]. The process is still in place, as evidenced by seismic activity and fault 

lines compatible with an active southeastern drift [100–102]; the Tyrhenian Sea opening, which is 

believed to have occurred at rates among the fastest ever documented on Earth, is further evidence 

of this drift [103,104]. 

In addition to drifting and substantial changes in the CPA’s location in the context of the 

developing Mediterranean Basin, the CPA itself has been widely reshaped by fault systems [105–

108], locally, these mechanisms result in the Catanzaro isthmus being bounded by three distinct 

mountain ranges via active fault systems [109–111], including a major fault system between Lamezia 

Terme and Catanzaro, oriented on an east-west axis, which bounds the northern part of the isthmus 

[112,113], while the southern part is bounded by the Curinga-Girifalco line, which shows a W-NW/E-

SE orientation [112,114,115]. The active nature of the tectonic features of the area lead to period 

seismic activity, which can reach very notable peaks: according to a database of historical records on 

all major earthquakes occurred in Italy from the year 1000 AD onward, three out of ten earthquakes 

with an estimated magnitude of Mw 6.95 or greater have occurred in a ≈20 km radius from LMT’s 

current location, with major social, economic, and even geomorphological consequences [116,117]. 

The geomorphological framework of the area, shapes by tectonics, results in a peculiar near-surface 

wind circulation, with a well-defined NE/W axis measured by LMT over the course of several years [118–

120]. While near-surface circulation is strongly affected by daily cycles alternating westerly and 

northeastern winds at LMT, at higher altitudes, when the 850 hPa level is considered, the preferential 

wind direction is northwestern, in accordance with large-scale forcing in the area [118]. Breeze regimes 

and their seasonal patterns are a key factor in the regulation of near-surface wind circulation at LMT [118]. 

Diurnal circulation between November and February is regulated by large-scale forcing; between March 

and October, diurnal breezes result from a combination of large-scale and local flows; nighttime flows 

have been evaluated and found to be related to nocturnal breeze regimes [119]. 

Local wind circulation has a notable impact on air traffic: the Lamezia Terme International 

Airport (IATA: SUF; ICAO: LICA), located 3 kilometers north from the WMO/GAW station and built 

between 1965 and 1976, has a runway orientation of 100/280 °N (RWY 10/28), and the direction of 

inbound and outbound traffic reflects alternating wind corridors. 

Preliminary data on reactive gases and methane (CH4) at the site provided the first evidence of 

wind circulation’s impact on the concentration of gases at LMT [80]. These early evaluations also 

indicated the presence of NOx peaks compatible with early morning rush hour traffic. Over time, the 

analysis of cyclic and multi-year patterns of a number of parameters has allowed to better understand 

local variability and the influence of wind circulation: CH4 has northeastern-continental peaks primarily 

linked to low wind speeds, and low concentrations linked to high speed (HBP or “Hyperbola Branch 

Pattern”) [124]; ozone (O3) is characterized by an opposite behavior, with westerly peaks during warm 

seasons that result from photochemical activity, higher temperatures and exposure to solar radiation 

[125,126]; sulfur dioxide (SO2) showed westerly peaks that have been attributed to maritime traffic and 

volcanic activity in the nearby Aeolian Arc [127]. It was also demonstrated that, under exceptional 
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conditions, clean air masses from the northeastern sector of LMT can be channeled through the 

Marcellinara Gap, yielding minimal influence from anthropogenic emissions in the region and 

representing conditions representative of the Ionian Sea [33]. The NOx therefore constitute the fourth 

parameter to be subjected to a detailed, multi-year and cyclic analysis at the site, as previous studies 

were limited to preliminary data [80] and specific time spans (i.e., the first COVID-19 lockdown) [81]. 

The study on the first COVID lockdown exploited a condition of exceptionally low anthropogenic 

emissions to demonstrate that the early morning peaks of NOx observed before were attributable to 

rush hour traffic, as these emissions were minimal during the lockdown itself due to the strict 

regulations introduced by the Italian government at the time [128,129]. 

2.2. Instruments, Data and Methodologies 

NOx measurements at the LMT observation site have been performed by a Thermo Scientific 42i-

TL (Trace Level) (Franklin, Massachusetts, USA) analyzer. The instrument operates by exploiting the 

reactions between O3 and NO, which result in a luminescence whose intensity is linearly proportional 

to measured NO concentrations, and generates NO2 [130]. Due to the abundance of NO2 in ambient air, 

it must first be transformed into NO to allow the instrument to measure both parameters adequately; 

the transformation occurs via a heated molybdenum converter at a temperature of ≈325 °C. 

Sampled ambient air, via a sample bulkhead, is drawn into the 42i-TL analyzer. A mode solenoid 

valve is used to determine whether sampled air is flowing through the converted (NO2 to NO) or a 

bypass. Sampled air is then channeled through the converter output valve and a flow sensor to a 

prereactor solenoid valve, which channels sampled air either to the prereactor (where it can react 

with O3 before the reaction chamber, thus providing a dynamic zero reading), or the reaction chamber 

(where the mixing with O3 occurs to provide a NO concentration reading). The prereactor is 

optimized to ensure a ≈99% reaction rate of NO prior to reaching the reaction chamber. 

Dry sampled air enters the 42i model through the dry air bulkhead, and is consequently 

channeled through a flow switch, later to be channeled through the ozonator, which generate 

sufficient O3 for chemiluminescence reactions. Inside the reaction chamber, the O3-NO reaction occurs 

to generate NO2 molecules in an excited state; a PMT (photomultiplier tube) located inside a 

thermoelectric cooler will detect the intensity of chemiluminescence reactions, and provide a 

concentration reading. Measured NO concentrations are subtracted by total NOx to quantify NO2; all 

three concentrations are provided by the instrument as outputs and stored for further data 

[140,141processing. At the LMT site, monthly checks have been performed against zero 

concentrations, also based on span checks via zero air generators (Thermo Scientific model 1160). 

Gas/GPT dilution systems have also been used (Thermo Scientific model 160i). Additional 

information is available in previous research on LMT NOx measurements [80,81]. 

Wind speed and direction at the site have been measured by a weather station, model Vaisala 

WXT520 (Vantaa, Finland). The instrument measures wind variability via the implementation of a 

horizontal plane with ultrasonic transducers placed on top; changes in the travel time of ultrasound 

pulses between transducers is exploited to calculate changes in wind direction and speed. Additional 

information on WXT520 specifics and measurements at LMT are available in a previous study [131]. 

This study introduces, for the first time at LMT, vertical wind profiles to integrate WXT520 

measurements in the multi-year assessment of a gas. These measurements were performed by a 

ZephIR 300 wind lidar (ZX Lidars, Malvern, United Kingdom), which operates as a continuous-wave 

focusing lidar [132]. Wind speeds and directions are measured by the instrument at several altitude 

thresholds by assessing the Doppler shift in the infrared laser, which is sensitive to particulate 

scattering in the lowermost layers of the atmosphere [133]. For this study, the 20 meters AGL 

threshold was selected to integrate WXT520 measurements. Additional details information on 

ZephIR 300 data gathering at LMT are available in a previous study [120]. 
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Table 1. Coverage rates of NOx (Thermo 42i), near-surface meteorological (Vaisala WXT520), and wind profile 

(ZephIR 300) measurements during the observation period. The NMTO dataset refers to valid NOx and near-

surface mast data, while the NLID dataset refers to valid NOx and lidar wind profiles. Two leap years with 24 

additional hours are present: 2016 and 2020. 

Year Hours Thermo 42i Vaisala WXT520 ZephIR 300 NMTO NLID 

2015 8760 92.73% 95.90% 66.32% 91.01% 61.96% 

2016 8784 95.91% 96.34% 92.36% 93.23% 89.92% 

2017 8760 96.39% 93.80% 97.67% 91.75% 95.95% 

2018 8760 98.11% 77.05% 91.89% 75.67% 91.01% 

2019 8760 96.78% 98.59% 29.48% 96.75% 28.07% 

2020 8784 94.23% 99.98% - 94.22% - 

2021 8760 87.14% 99.74% 40.70% 87.13% 38.50% 

2022 8760 69% 90.11% 88.89% 67.59% 68.97% 

2023 8760 81.86% 96.3% 96.43% 80.43% 79.08% 

 788881 90.24%2 94.20%2 67.08%2 86.42%2 61.49%2 

1 Sum. 2 Average. 

All data have been processed in R 4.5.1 to generate plots using the dplyr [134], ggplot [135], and 

tidyverse [136] packages/libraries. The normality of NOx data at LMT was tested using the Shapiro-

Wilk [137] and Jarque-Bera [138] methods, with consequent analyses based on the Kruskal-Wallis 

[139] methodology aimed at assessing the statistical significance of differences between specific 

categories. Multi-year tendencies have been calculated using the Mann-Kendall [140,141] method and 

via the zyp [142] package in R. Pollution roses have been generated using the openair package [143]. 

Seasons have been categorized based on the conventional JFD (Winter: January, February, 

December), MAM (Spring: March, April, May), JJA (Summer: June, July, August), and SON (Fall: 

September, October, November) trimesters. The hourly dataset used in this study is set at 

Coordinated Universal Time (UTC). 

3. Results 

3.1. Variability and General Trends During the Observed Period 

The general variability observed at the site between 2015 and 2023 is shown in Figure 1. From 

the graph, it is possible to infer that NO2 constitute the majority of NOx measured at the site.  
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Figure 2. Histogram showing the frequency (number of hours) falling in each 1 ppb interval of NO and NO2. 

Values higher than 20 ppb are omitted from the plot due to their very low frequency. 

3.2. Analysis and Evaluation of NOx Daily Cycles 

As described in Section 2.1, the LMT site is subject to a very strong daily cycle resulting from the 

influences of local near-surface wind circulation and geomorphology. The peaks observed during 

regular daily cycles are also dependent on the nature of parameters, with some of them showing 

nighttime peaks [124], while others are characterized by diurnal peaks [125]. A generic daily cycle of 

NOx is shown in Figure 3. 

 

Figure 3. Daily cycle of NO, NO2, and NOx combined at LMT. The hours are UTC. 

A previous study, based on LMT’s preliminary data, reported the susceptibility of the daily cycle 

to changes between CEST (Central European Summer Time), set at UTC+02:00, and CET (Central 

European Time), which is set at UTC+01:00. These changes occur in the last Sunday of March and 

October, thus affecting the Spring and Fall seasons. In Figure 4, seasonal daily cycles are shown, 

indicating shifts in early morning rush hours attributable to alternating CEST and CET times. 
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Figure 4. Daily cycle of NO, NO2, and NOx combined at LMT, aggregated on a seasonal basis. Winter (A), Spring 

(B), Summer (C), Fall (D). The hours are UTC. 

3.3. Variability with Near-Surface Wind Speed/Direction 

As reported in Section 2.1, the peculiar location of LMT also results in specific dependences of 

pollutant concentrations with wind speed, in addition to wind direction. Data ellipses showing a 

bivariate t-distribution under a 95% confidence interval [144] have been used in Figure 5 to group 

data falling into the same category, thus allowing to highlight the differences between seasons and 

wind sectors at the site. 
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Figure 5. Data ellipses showing the seasonal variability of NOx combined at LMT, with near-surface wind speed 

measured by a Vaisala WXT520 weather station. Winter (A), Spring (B), Summer (C), Fall (D). 

Seasonal pollution roses have also been computed to assess the variability of NOx concentrations 

based on wind directions. The roses are shown in Figure 6. 
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Figure 6. Seasonal pollution roses showing NOx concentrations differentiated by wind direction (each bar is set 

on angles of 22.5°). Winter (A), Spring (B), Summer (C), Fall (D). 

3.4. Variability with 20m AGL Wind Speed/Direction 

This study introduces the 20 meters above ground level wind data to provide additional 

information on low altitude air mass transport of NOx in the area. Previous research on LMT data 

variability highlighted the influence of wind inversion patterns and air mass transport at higher 

altitudes as driving factors of a number of peaks in measured pollutants [145]. Figure 7 shows data 

ellipses based on wind sector categorization of ZephIR 300 data. 
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Figure 7. Seasonal variability of NO, NO2, and NOx combined at LMT, with the 20 m AGL wind speed measured 

by a ZephIR 300 lidar. Winter (A), Spring (B), Summer (C), Fall (D). 

Table 2 reports the agreement between wind sectors attributed by each instrument. 

Table 2. Comparison of wind corridors attributed to valid WXT520 and ZephIR 300 (20 m) measurements. 

MTO/LID refers to the percentage of WXT520 measurements, per sector, which fall under the corresponding 

category of wind lidar measurements. LID/MTO provides the opposite figure. 

Sector MTO/LID LID/MTO 

Northeast 78.44% 70.63% 

West 76.01% 74.46% 

Other 52.76% 61.25% 

The agreement between wind sector categorization assigned by joint weather station and wind 

lidar measurements is shown in Figure 8. 
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Figure 8. Data ellipses showing the distribution of joint WXT520 and ZephIR 300 (20 m AGL) measurements 

falling into specific wind corridors, with respect to wind speeds. The red line indicates the bisector. Winter (A), 

Spring (B), Summer (C), Fall (D). 

3.5. Weekly Analysis 

Over time, several weekly analyses have been employed at the LMT observation site to 

determine the influence of anthropogenic influences [146], which – unlike natural sources – are 

characterized by weekly patterns. Figure 9 shows the distribution of NOx data at LMT under a WD-

WE categorization (weekday, MON-FRI; weekend, SAT-SUN) [147]. 
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Figure 9. Analysis of the differences between weekday (WD) and weekend (WE) concentrations, based on wind 

sector. All wind directions (A), northeastern-continental corridor (B), western-seaside corridor (C). 

WD averages are consistently greater than their WE counterparts under all wind corridors, 

however the significance of this difference requires a statistical evaluation. In order to apply the 

Kruskal-Wallis method [139], the normality of data distribution was evaluated using the Shapiro-

Wilk [137] and Jarque-Bera [138] tests, performed independently for NO, NO2, and NOx mole 

fractions. All tests yielded statistically very significant results (p-value < 2.2×10-16), indicating that data 
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are not normally distributed and a Kruskal-Wallis test can be used, with the results shown in Table 

3. The test indicates the presence, under all circumstances, of a statistically significant weekly cycle 

between WD and WE. 

Table 3. Results of Kruskal-Wallis tests on the statistical significance of differences between WD and WE 

concentrations, divided by wind sector and instrument. 

Parameter 
Sector (WXT520) Sector (ZephIR) 

All Northeast West All Northeast West 

NO < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NO2 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NOx < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

Due to the influence of possible seasonal patterns on weekly cycles, the Kruskal-Wallis method 

was also applied on seasonality, and the results are shown in Table 4. 

Table 4. Results of Kruskal-Wallis tests on the statistical significance of differences between WD and WE 

concentrations, divided by wind sector and instrument, and further categorized on a seasonal basis. 

Season Parameter 
Sector (WXT520) Sector (ZephIR) 

All Northeast West All Northeast West 

 

Winter 

NO < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NO2 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NOx < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

 

Spring 

NO < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NO2 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NOx < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

 

Summer 

NO < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NO2 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NOx < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

 

Fall 

NO < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NO2 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

NOx < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

3.6. Annual Cycles and Multi-Year Tendencies 

The last evaluation focuses on the standard annual cycle, shown in Figure 10 and categorized by 

wind sector. 
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Figure 10. Monthly concentrations of NO (A), NO2 (B), and NOx (C) at LMT, differentiated by wind sector. 

Multi-year tendencies of all parameters have been evaluated via the Mann-Kendall [140,141] 

methodology, applied to monthly averages of NO, NO2, and NOx. The averaged monthly values 

measured during the entire study period (2015-2023) are shown in Figure 11, while Table 5 reports 

the results of trend analyses. 
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Figure 11. Monthly concentrations of NO (A), NO2 (B), and NOx (C) at LMT for the entire observation period 

(2015-2023), differentiated by wind sector. 

Table 5. Results of the Mann-Kendall (MK) test and their respective p-values, based on monthly aggregated data 

at LMT from 2015 to 2023 and categorized by wind sectors. 

Parameter 

Wind Sectors 

All Northeast West 

MK p MK p MK p 

NO -0.126 0.05(7) -0.102 0.12 -0.202 < 0.05 

NO2 -0.12 0.06 -0.148 < 0.05 -0.117 0.07 
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NOx -0.131 < 0.05 -0.161 < 0.05 -0.143 < 0.05 

4. Discussion 

At the WMO/GAW observation site of Lamezia Terme (LMT) in Calabria, Italy, multi-year 

analyses of GHGs and aerosols can provide detailed information on the balance between anthropogenic 

and natural sources in a region characterized by a peculiar location within the Mediterranean Basin 

(Figure 1) [124,125,127]. Using several years of data, it is possible to assess local variability with higher 

detail compared to research based on limited time spans and preliminary results [80]. A multi-year 

study relying on data gathered by several instruments is susceptible to the presence of gaps in the 

record, especially when two or more instruments need to be integrated to provide joint chemical and 

physical (e.g., wind) parameters. During the study period (2015-2023), the reported coverage rates of 

NOx and wind data are very high, thus allowing to differentiate measurements by wind sector (Table 

1). This study also introduces wind lidar data in a multi-year evaluation at LMT, with the scope of 

assessing the transport of pollutants at higher altitude thresholds and compensate the lack of regular 

weather station measurements in case of maintenance issues (e.g., in the year 2018). Very low 

concentrations of NOx dominate the dataset (Figure 2), which is well representative of LMT’s nature as 

a coastal and hybrid urban/rural site, with multiple sources of emission coexisting. This is in accordance 

with the finding of previous studies, which highlighted the presence of sporadic peaks in pollutants 

linked to fossil fuel burning and similar anthropogenic sources [33,81,124,146], with non-negligible 

inputs from livestock farming and agricultural activities [33,80]. 

At LMT, the analysis of daily cycles is a standard methodology for the assessment of gases and 

aerosols [33,80,81,124,125,127]. The site is heavily influenced by alternating wind corridors, each with 

specific characteristics and degrees of anthropogenic influences, and depending on the evaluated 

atmospheric parameter, diurnal or nocturnal hours may show the highest peaks. During the 

observation period, the daily cycle of NOx (Figure 3) shows early morning peaks that have been 

attributed by previous research to rush hour traffic [80]. The same NO peaks observed in the early 

morning however lack a prominent late evening counterpart, which is attributable to NO’s reaction 

with tropospheric O3. Additionally, the early morning peaks are spread over multiple hours: in 

previous research on LMT’s preliminary data, this was attributed to changes between CEST and CET, 

which caused a shift on the peaks observed using UTC [80]. The finding was used to indicate the 

dominant anthropogenic nature of the peak. Further evidence in this direction was found in the analysis 

of trends in pollutants during the first COVID-19 lockdown in Italy, during which very strict 

regulations [128,129] severely limited anthropic activities: the study found that the rush hour peak was 

considerably lower during the first lockdown, further demonstrating its anthropogenic nature [81]. 

The same shifts are observed in the multi-year assessment of this work, and in greater detail 

considering that previous research, combined, did not consider a full calendar year [80,81] while this 

work evaluates nine years of continuous measurements. The seasonal daily cycles (Figure 4) indicate 

changes in the early morning rush hour traffic peak which are compatible with alternating CEST and 

CET. These plots also allow to assess the behavior of NOx between the late afternoon and the evening: 

during Winter and Fall, NO2 concentrations show an increase from 15:00UTC onward, while the same 

occurs at 18:00UTC during Spring and Summer. Warm seasons also show clear minima during diurnal 

hours, consistent with photolysis as evidenced by previous research [80]. This study also highlights a 

behavior that was not reported by previous research on NOx variability in the late evening, i.e. from 

19:00UTC onward: during Winter and Fall, and to some degree in Spring, observed NOx concentrations 

reach a peak, followed by a clear declining pattern; during the Summer reason, despite the known 

increase of NOx sinks such as O3 [125], concentrations remain high and do not experience a considerable 

decline up until 07:00UTC. The pattern could be representative of increased emissions attributable to 

tourism, as Calabria is a popular destination within the country and, during the summer, the amount 

of anthropogenic emissions linked to transportation can increase considerably. A related phenomenon, 

which is recognized as “non trackable” by local institutions evaluating touristic flows during the season, 
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is the temporary increase in population caused by the return of expats and other categories of 

individuals who study/work in other regions of the country or abroad. 

The influence of agriculture on NOx concentrations at LMT can also be a driving factor. The use 

of fertilizers can result in NOx emissions [148], and farms are widely spread in the area where LMT 

is located. Previous research found substantial evidence of peaks in local emissions of CH4 [33,80], 

attributed to livestock farming and similar sources. The daily cycles of NOx at the site are more 

consistent with rush hour traffic, however high concentrations measured from the western sector 

could be attributed to agricultural emissions and wind inversion patterns, which cause diffused 

emissions to be measured at LMT from the western sector. The implementation of instruments 

assessing N2O (nitrous oxide) [149,150] and NH3 (ammonia) at the site would provide further 

evidence on the impact of agriculture on nitrogen oxide variability at LMT. NH3’s short atmospheric 

lifetime, in particular, could be exploited to assess the influence of fresh local emissions from the 

agricultural sector. 

Previous works also raised the possibility of direct influences from other means of 

transportation, such as maritime shipping and air traffic [80,124,127]. Influences of maritime shipping 

on LMT’s sulfur dioxide (SO2) measurements have been reported in the western sector, however a 

prominent natural sources, i.e. volcanoes, can also contribute to these emissions, thus affecting the 

possibility of differentiating maritime shipping from other natural sources [127]. Aircraft movements 

at the nearby Lamezia Terme International Airport, located 3 km north of LMT, may also influence 

local measurements of NOx, and the possibility of these emissions on LMT measurement was 

reported in previous research [80,124]. These contributions are also difficult to assess in detail, as 

aircraft take off and land with headwind alternating between the two runways of SUF/LICA airport, 

thus indicating that emissions resulting from take off and landing procedures are largely 

incompatible with LMT’s wind sector. In this case, a campaign of air quality studies at the airport, in 

conjunction with LMT’s measurements, would allow to better assess these influence and provide a 

more accurate understanding of local NOx variability. 

Previous studies on the behavior of other gases have shown that assessments of concentrations 

based on wind speed variability can provide substantial evidence in source apportionment efforts. 

The HBP (Hyperbola Branch Pattern), i.e. with low speeds linked to high concentrations and vice 

versa, is well documented at the site for CH4, specifically with respect to the northeastern-continental 

sector [33,124]. Using data ellipses (Figure 5) to group measurements based on wind sector, the same 

HBP is reported for NOx across all seasons; the western-seaside corridor is known to be linked to the 

highest wind speeds observed at LMT, due to combinations of local and large scale flows, the absence 

of obstacles in the western direction, and the broader balances of wind circulation in the area [118–

120]. When wind lidar measurements at the 20 m AGL threshold are selected (Figure 7), the same 

pattern emerges, although wind speeds are shifted towards higher values due to the characteristics 

of vertical wind profiles (Figure 8), which can also show in shifts in wind direction [120], as evidenced 

by the comparison between the directions measured at both altitudes (Table 2). 

Additional information concerning the variability of NOx peaks depending on wind direction is 

evaluated using seasonal pollution roses (Figure 6), which clearly show the NE/W orientation of the 

main wind corridors at the site, and the highest peaks in concentration from the northeastern sector, 

observed in Winter and Fall. The Summer season shows a higher frequency of measurements on the 

western sector; Spring shows an intermediate behavior. This pattern is compatible with wind 

inversion patterns influencing the daily cycle at the site [145], and specific conditions such as synoptic 

regimes [151] which can cause air masses enriched in pollutants to return towards LMT from the 

Tyrrhenian Sea, thus resulting in higher concentrations observed from the western sector. 

At LMT, weekly cycles have been frequently assessed to verify the presence of anthropic 

influences via a number of methodologies [33,124–126,146]. The extent of these influences changes 

substantially depending on the nature of each parameter, and the presence of seasonal patterns. The 

same parameter may have a significant weekly cycle during cold seasons due to fuel burning, and 

change drastically during warm seasons due to a shift in emission sources (e.g., wildfires). Wind 
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sectors can also influence these cycles, hence the requirement to adequately differentiate 

measurements based on wind sectors: average concentrations vary depending on the selected wind 

sector, however differences between WD (weekday, MON-FRI) and WE (weekend, SAT-SUN) 

concentrations are reported (Figure 9). Based on the statistical methods used in previous studies, i.e. 

the Kruskal-Wallis method [139], these differences have been statistically evaluated to verify their 

significance, and the results – which account, for the first time, dual WXT520 and ZephIR wind 

sectors – clearly indicate the presence of significant weekly cycles (Table 3). Further analysis, based 

on seasonality, shows extremely high levels of significance for all combinations of instruments, 

seasons, and wind sectors (Table 4), thus providing the most funded evidence ever observed at LMT 

on the presence of a weekly cycle and, consequently, a clear anthropogenic influence over emissions. 

When monthly concentrations and their respective wind sectors are considered, the hypothesis 

by which summertime tourism could be considered a significant driver of NOx variability is further 

supported by the annual cycle (Figure 10), which allows a higher degree of detail compared to 

seasonal categorization. From the results, it is possible to infer that cold seasons are linked to higher 

emissions, however the June-September period, which is characterized by tourism, shows a shift in 

concentrations compatible with the trends observed in other evaluations. More importantly, the 

summertime increase is linked to the northeastern sector, compatible with major transportation 

infrastructures such as the Mediterranean Highway A2, while the western sector is practically 

unaffected as it reflects the broader annual cycle. These findings underline the importance of 

integrating multiple evaluations (wind directions and speeds, daily and weekly cycles, annual cycles) 

in source apportionment efforts, as each of these methods alone would not provide sufficient 

evidence to support hypotheses concerning emission sources. 

With growing concern over environmental issues and the effects of air quality parameters on 

human health, it is also crucial to assess multi-year tendencies and verify whether specific pollutants 

are on the rise, declining, or experiencing shifts in global balances. Due to LMT’s nature and 

peculiarities, tendencies are dependent on wind sectors which in turn are affected by the balance 

between local and remote sources of emission (Figure 11). Using the Mann-Kendall [140,141] method, 

which has previously been used at LMT to assess the multi-year tendencies of CO, CO2, and CH4 

[131], all evaluated parameters have yielded declining tendencies (Table 5), although not all results 

were statistically significant and varied between NO and NO2. The general NOx trend is however 

significant accounting for all wind sectors, thus indicating that effective policymaking, sustainable 

policies, and new technologies mitigating anthropogenic emissions can lead to gradual 

improvements in air quality. The decline is however in contrast to CO2 and CH4, whose levels are on 

the rise, and CO, which experienced years of declining trends, culminating with a shift towards 

higher concentrations in recent years [33,131]. 

5. Conclusions 

At the Lamezia Terme (LMT) WMO/GAW site in Calabria, Southern Italy, a multi-year and 

cyclic assessment of NOx variability has allowed to verify a number of hypotheses raised by previous 

studies based on short observation periods. The study introduced, for the first time, wind lidar 

measurements at a select altitude threshold to complement wind direction and speed measurements 

performed by the local weather station. Following the methodologies applied to other gases, as well 

as aerosols, NOx have been evaluated in terms of daily/weekly cycle variability, dependence on 

specific wind speed/direction thresholds, and multi-year tendencies. The considerably longer (2015-

2023) study period compared to previous research, which was based on several months of data, has 

allowed to confirm the effects of fresh anthropogenic emissions on the daily cycle, as rush hour traffic 

peaks in concentration shift by precisely one hour depending on clock times (CEST/CET), a pattern 

that is not compatible with natural sources of emission. The northeastern-continental sector of LMT, 

more exposed to anthropogenic emissions, has yielded higher concentrations of NOx especially at 

low wind speeds, thus confirming the influence of fresh emissions over the site’s measurements. 

Sporadic peaks from the western-seaside sector could be attributed with wind inversion patterns 
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typical of the site’s geomorphology and near-surface wind circulation, which is well oriented on two 

main axes. The evaluation of weekly cycles has yielded the most significant results ever observed at 

LMT, with all combinations of wind sectors and seasons showing clear differences between weekdays 

(MON-FRI) and weekends (SAT-SUN), which in turn reflect different degrees of anthropic influence. 

In contrast to other parameters evaluated at the same site, multi-year tendencies – which are heavily 

affected by local wind circulation – show a decline in concentrations, punctuated by peaks which 

affect the overall statistical significance of the overall trends. 
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