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Abstract. Long-term in situ atmospheric observations  are essential for estimating surface fluxes and assessing 18 

temporal and spatial variability of greenhouse gases (GHGs). Achieving the World Meteorological Organization 19 

(WMO) compatibility goals for CO2 and CH4 dry mole fractions is critical for ensuring the accuracy of such 20 

measurements. However, compliance with these goals can be challenging even at nearby sites due to 21 

environmental and operational factors. This study presents a multi-year comparison of hourly atmospheric CO2 22 

and CH4 dry mole fractions recorded by two independent monitoring programmes at the Mt. Cimone WMO/GAW 23 

Global Station in Italy. The air inlets are positioned approximately 90 m horizontally and 50 m vertically apart, 24 

and have different technical designs. Despite strong correlations and consistent seasonal and multiannual trends, 25 

the two datasets exhibit significant deviations, often exceeding the WMO compatibility goals for CO2 throughout 26 

the year and for CH4 primarily in winter and spring. Besides differences in data processing which led to large 27 

deviations during episodes with high GHG dry mole fractions, the discrepancies appear to be possibly driven by 28 

different factors. The different inlet positioning plays an important role. This is linked to measurement periods 29 

characterised by high temporal variability and different sensitivity to local biogenic influences during the active 30 

vegetative season. Additional contributors include the possible influence of human presence at the facilities. 31 

Accounting for these factors reduces the seasonal CO2 bias by roughly 40%, depending on the season, resulting 32 

in a residual bias of 0.20 – 0.35 ppm. For CH4, mean seasonal deviations within the WMO compatibility goal 33 

occur from spring to autumn when periods characterised by low atmospheric variability and the absence of human 34 

presence are selected. The installation of a drying system at the CAMM laboratory was associated with a 35 

significant improvement in the agreement between the CAMM and CNR measurements.  Finally, a preliminary 36 

comparison conducted after the relocation of the CAMM inlet in early 2026 showed a further reduction in the 37 

systematic differences, supporting the role of inlet configuration in the previously observed discrepancies.  Our 38 

findings emphasise the complexity of interpreting discrepancies in GHG observations at closely located stations 39 

in mountainous environments and highlight the importance of standardised and centralised protocols, such as 40 
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those implemented within the ICOS Research Infrastructure, to improve data harmonisation and ensure 41 

measurement compatibility. 42 
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1 Introduction 43 

Long-term observations of greenhouse gas (GHG) atmospheric dry mole fractions are pivotal data for quantifying 44 

long-term GHG trends, their latitudinal variability and global/regional fluxes using inverse modelling (e.g. World 45 

Meteorological Organization, 2026). To determine net GHG fluxes at the Earth’s surface, inverse models require 46 

atmospheric measurements calibrated to a common scale because relative biases in the atmospheric dry mole 47 

fractions lead to biases in the inferred fluxes (Bergamaschi et al., 2018). To ensure the high quality of GHG 48 

observations, the World Meteorological Organization (WMO) has set compatibility goals for atmospheric CO2 49 

and CH4 measurements to ±0.1 ppm for CO2 (±0.05 ppm in the Southern Hemisphere) and ±2 ppb for CH4 (World 50 

Meteorological Organization, 2026). This compatibility is ensured if individual laboratories keep accuracy of 51 

measurements with respect to a common calibration scale within half of these goals, which corresponds to the so-52 

called internal reproducibility goal. 53 

Usually, the compliance of the station network to the compatibility goal are assessed by the comparison of 54 

travelling standards (Zellweger et al., 2016) by a World Calibration Center (WCC). Briefly, the travelling 55 

standards are calibrated against laboratory reference standards traceable to Central Calibration Laboratories (e.g., 56 

Zellweger et al., 2019). The staff of the audited station analyse the travelling standards and report the dry mole 57 

fractions, which are compared with the values assigned by the WCC. However, the travelling standard approach 58 

cannot qualify all parts of the analytical system that may lead to a bias in a measurement. These parts include air 59 

inlets, sampling lines and drying systems (Hazan et al., 2016; Zellweger et al., 2016). In addition, other factors, 60 

such as data exposure to local emission/sink sources and the data flagging strategy/protocols adopted by the site 61 

operators, may affect the final, fully quality-controlled time series of GHG dry mole fractions. Therefore, to limit 62 

the impact of non-uniform protocols along the data generation of GHG dry mole fraction data, the Integrated 63 

Carbon Observation System Research Infrastructure (ICOS-RI, see Heiskanen et al., 2022) adopted 64 

standardised/centralised procedures for the generation of GHG data from in situ measurement sites.  65 

There is some evidence that it may be operationally difficult to meet WMO compatibility goals at closely located 66 

contiguous sites. Hoheisel et al. (2023) reported a 2-year comparison between CO, CO2 and CH4 measurements 67 

carried out at the Environmental Research Station Zugspitze-Schneefernerhaus (ZSF), located approximately 300 68 

m below the summit of Zugspitze in the German Alps, and measurements carried out at the nearby mountain ridge. 69 

They showed that the ZSF measurements are influenced by local pollution events, mostly related to human 70 

activities, and that even after removing the influence of these pollution events, a deviation of up to 0.24 ppm was 71 

observed between the CO2 time series at ZSF and the ridge during winter, although the station operators made 72 

strenuous efforts to flag the contaminated data from the time series. 73 

At the Schauinsland station (1205 m a.s.l., southwest Germany), CO2 and CH4 measurements from two intake 74 

heights (12 m and 35 m) were compared over a 3-year period (Großmann et al., 2026). During summer daytime 75 

diurnal mean CO2 dry mole fractions at 35 m were up to 0.5 ppm higher, while night-time values were up to 1.1 76 

ppm lower. Seasonal mean CO2  are lowered by up to 0.36 ppm at 35 m relative to 12 m in summer, whereas no 77 

significant differences are observed in winter. In summer, CH4 spikes originating from nearby grazing cows were 78 

frequently observed by the measurements at the 12 m intake. These spikes could increase hourly mean mole 79 

amount at 12 m by up to 38 ppb with respect to measurements carried out at the 35 m intake (not affected by these 80 

“local” emission events). 81 
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El Yazidi et al. (2018) showed that a small sewage treatment facility near the air intake of the mountain station 82 

“Pic du Midi” (French Pyrenees) caused local CH4 contamination exceeding several tenths of parts per billion. 83 

After an experiment with a reference instrument located 200 m away from the original measurement site, the air 84 

inlet was moved to avoid the impact of this local contamination. 85 

Affolter et al. (2021) conducted a study comparing CO2 measurements at the "Sphinx" laboratory on the 86 

Jungfraujoch (Swiss Alps) (3580 m a.s.l.; JFJ) and a nearby site (3705 m a.s.l.) located approximately 1 km from 87 

JFJ. They reported the presence of local short-term CO2 variability, with diurnal peaks centred around noon in the 88 

JFJ observations during summer. The observed anomalies, averaging +0.49 ppm during the day, were attributed 89 

to the combined effects of different air mass origin from the planetary boundary layer (PBL) and local 90 

anthropogenic sources. These sources were possibly related to visitors and tourism activities in the vicinity of the 91 

sampling site. 92 

These results emphasize the difficulties in achieving WMO compatibility goals, despite the implementation of 93 

rigorous calibration and measurement protocols. 94 

Laitinen et al. (2025) conducted a long-term study comparing atmospheric CO2 and CH4 measurements at the 95 

Pallas-Sammaltunturi (PAL) station in Northern Finland. This station, which is part of both the ICOS and GAW 96 

networks, utilises independent measurement systems. The study found that the average difference in CO2 97 

measurements between the two systems was less than 0.01 ppm, while the difference for CH4 was 0.47 ppb. The 98 

study also noted the impact of Nafion dryers used in the measurement systems, which improved the difference in 99 

the CH4 measurements. The findings underscore the importance of continuous quality control and the potential 100 

influence of local environmental factors on measurement consistency. 101 

Here, we present the results of a multi-year comparison (May 2018 – June 2024) of two in-situ atmospheric CO2 102 

and CH4 datasets recorded independently by ICOS and GAW at the Mt. Cimone (CMN) WMO/GAW Global 103 

Station (2,165 m a.s.l., Italy). This study focuses on characterising the degree of consistency between the CO2 and 104 

CH4 time series recorded by the two measurement programmes, and discussing and attributing the observed 105 

differences. The availability of contiguous CO2 and CH4 observations at this mountain site provides a unique 106 

opportunity to compare completely independent measurements referring to the same international calibration 107 

scales over an extended period of time, covering different seasons and meteorological conditions.  108 
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2 Measurement sites and methods 109 

2.1 Site description 110 

 111 

Figure 1: (A) Location of the Mt. Cimone WMO/GAW station (CMN) in northern Italy. (B) South-east view of the ridge 112 

with CAMM (solid arrow) and CNR (dashedarrow) inlets. (C) Locations (courtesy of © Google Earth) of CAMM (solid 113 

arrow) and CNR (dashed arrow) together with the water disposal tank (square). (D) Orography of the summit of Mt. 114 

Cimone with elevation line spacing by 5 m: the solid and dashed arrow indicate the location of the CAMM and CNR 115 

inlets, respectively. The star symbol on (B) and (C) denote the location of the new CAMM inlet adopted in February 116 

2026. Base imageries for plates (A) and (C) are by Google Earth based on data by Google, Landsat/Copernicus, Data 117 

SIO, NOAA, U.S. Navy, NGA, GEBCO, GeoBasis-DE/BKG (© 2009) and Airbus. 118 

 119 

Mt. Cimone is the highest peak (2165 m a.s.l., Fig. 1A) of the Italian Northern Apennines and is characterised by 120 

a 360° free horizon. The summit is above the tree line: it is mostly rocky, with patches of grass above ~1650 m 121 

a.s.l. (Fig. 1B). The slopes are usually covered in snow for ~6 - 7 months a year (November - May). CMN 122 

overlooks the highly industrialised Po basin (towards NW-SE) and northern Tuscany (towards S-NW). The nearest 123 

major urban areas are Modena (185 000 inhabitants, 50 km to N), Bologna (390 000 inhabitants, 60 km to N) and 124 

Florence (380 000 inhabitants, 55 km to the SE). Trace gas measurements of CO2 have been carried out at Mt. 125 

Cimone since 1979 (Ciattaglia, 1983) by the Centro Aeronautica Militare di Montagna - CAMM (Italian Air 126 

Force), which also started continuous in-situ observations of CH4 in 2015 (Fratticioli et al., 2023). Trace gas 127 

observations were performed by CAMM by a sampling inlet located on a telecommunication tower at the 128 

mountain ridge and embedded by the CAMM buildings, ~100 m to the East and ~10 m below the summit of the 129 

mountain (Fig 1C, D). Since 1996, continuous measurements of trace gases have also been carried out at the "O. 130 

https://doi.org/10.5194/egusphere-2026-5833
Preprint. Discussion started: 8 October 2026
c© Author(s) 2026. CC BY 4.0 License.



6 
 

Vittori" observatory, a scientific facility hosted by CAMM and managed by the National Research Council  of Italy 131 

- CNR (Cristofanelli et al., 2018). The “O. Vittori” observatory is located approximately 50 m below the summit  132 

and 90 m to the South-East of the CAMM premises (Fig. 1B, C, D). Since April 2018, CNR has conducted 133 

independent CO2 and CH4 measurements within ICOS-RI (Yver-Kwok et al., 2021). Both laboratories contributed 134 

to the activities of the Mt. Cimone (CMN) WMO/GAW global station (Cristofanelli et al., 2018). Both CAMM 135 

and CNR measurements are traceable to the WMO calibration scales: WMO X2019 for CO2 and WMO X2004A 136 

for CH4. 137 

At CMN, local sources of emissions include the tractors used to transport materials to the mountain top, helicopters 138 

and diesel engines to provide emergency power at the CAMM observatory. A small effluent treatment tank is 139 

located at the CAMM observatory, ~10 m from the tower where the air intakes are located  (Fig 1C). Since 2020, 140 

when CAMM automated the weather and GHG observations (controlled from the Air Force logistic base in 141 

Sestola, 15 km from CMN), human presence at CMN has been limited to 2-3 people during normal working hours. 142 

In previous years, at least four operators were also present 24 hours a day at the CAMM observatory. The "O. 143 

Vittori" observatory is also completely automated and the CNR staff is only present for maintenance or 144 

experiments. During the summer, tourists (about 500-600 persons per year for the period July-August) can access 145 

the external platforms of the CAMM and "O. Vittori" observatories for educational activities. 146 

2.2 Sampling systems and instruments 147 

2.2.1 Mountain ridge (CAMM) 148 

At the mountain ridge observatory, CAMM performs atmospheric CO2 and CH4 measurements since January 2015 149 

by using an instrument based on the Cavity Ring Down Spectroscopy (CRDS) (G2301, Picarro, US). The CAMM 150 

inlet was located on a tower next to the main station building (Fig. 2A). The air intake (not heated) was approx. 151 

12 m above ground, and 3-4 m above the building height. In total, ~30 m of 6 mm (outer diameter) Synflex 1300 152 

tubing is used from the inlet to the CRDS analyser. Ambient air was sampled using a pump (N89KTE, KNF, 153 

France) installed a few meters upstream of the instrument's calibration unit (EMT2SD12MWE, Valco Vici, 154 

Switzerland). The sampled air passed through the pump prior to analysis. The flow rate is 3.3 l/min, resulting in 155 

a residence time of ~ 30 seconds. A Nafion air drying system (MD-070-144S-4, Permapure, US) was installed in 156 

June 2023. Previously, the ambient air was not dried and a specific water vapour correction function was applied 157 

to the data (Zellweger et al., 2018). A stainless steel particulate filter is used to protect the instrument from dust 158 

and aerosol particles. The hourly averaged CO2 and CH4 data used in this work (Amendola et al., 2025a,b) have 159 

been obtained from the World Data Center for Greenhouse Gases (WDCGG, https://gaw.kishou.go.jp/). CO2 and 160 

CH4 measurements at CAMM were temporarily suspended at the end of June 2024 due to technical issues with 161 

the CRDS analyser and the ambient air inlet. Measurements resumed in February 2026 after the air inlet was 162 
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relocated to the roof of the CAMM meteorological observatory (Fig. 1).163 

 164 

Figure 2: Ambient air inlets at CAMM (A) and CNR (B) observatories. The small inserts give an overall view of the 165 

inlet locations. 166 

2.2.2 “O. Vittori” (CNR) 167 

In May 2018, CNR started operational atmospheric CO2 and CH4 measurements at the "O. Vittori" observatory 168 

using a CRDS instrument (G2401, s/n: CFKADS-2269, Picarro, US). In August 2021, observations were 169 

temporarily suspended to allow important structural work to be carried out on the observatory building  and the 170 

G2401 suffered an electronic board failure which required the instrument to be returned to the manufacturer. A 171 

backup CRDS instrument (G1301, s/n: CFADS-42, Picarro, US) was used from 18th October 2021 to 27 th January 172 

2022, when the G2401 was reinstalled. Both instrument were tested and characterised by the ICOS Atmospheric 173 

Thematic Center (ATC) before their commissioning at CMN (for more details about characterisation protocols, 174 

see Yver Kwok et al., 2015). The air intake, which is located 1.5 m above the roof of the CNR building (~8 m 175 

above the ground, see Fig. 2B), consists of a 2.5 m long glass manifold with an inner diameter of 12 cm. The 176 

external part of the inlet tube is equipped with a rain guard and it is heated to limit ice formation in freezing 177 

environmental conditions typical of Mt. Cimone. There was no flow control and the blower set-point was kept 178 

constant. This results in a residence time shorter than 2 seconds inside the manifold. A 1.5 m l ong Synflex 1300 179 

tube (¼" O.D.) connects the manifold with a stainless steel 2 m filter (SS-4FW-2, Swagelok). From there, 180 

stainless steel tubing (outer diameter: 1/8") carries the air sample to a rotary valve (EMT2SD12MWE, Valco Vici, 181 

Switzerland) which controls the measurement schedule and the cycling between ambient air and calibration/target 182 

cylinder air. From 11 January 2020 onwards, the flow from the rotary valve passes through a Nafion drying system 183 
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(MD-110-7S2-4, Permapure, US). Prior to this date, residual interference from water vapour to the measurements 184 

was corrected by an individual correction function determined by the ICOS Atmospheric Thematic Center (Tab. 185 

SM1). Similarly, an instrument specific function for water vapour interreference corrections (Tab. SM1) was used 186 

from September 2022 to February 2023, when the G1301 was in use. The CO2 and CH4 data (Cristofanelli et al., 187 

2024a,b) used in this work have been obtained from the ICOS Carbon Portal (https://icos-cp.eu/).  188 

2.2.3 Meteorological measurements 189 

At CMN, meteorological measurements are carried out both by CAMM and CNR. In this work, we used the 190 

dataset provided by CNR (Cristofanelli et al. 2024c). Wind speed and direction are observed on the roof of the 191 

main structure of the CAMM observatory, while other measurements (air temperature, atmospheric pressure and 192 

relative humidity) are recorded by a meteorological station located on the terrace of the “O. Vittori” observatory. 193 

2.3 CO2 and CH4 data processing 194 

2.3.1 Mountain ridge (CAMM) 195 

As described by the metadata reported by WDCGG, hourly mean values are obtained by aggregating 10 -minute 196 

averages obtained from the 5-second data provided by the Picarro analyser. A “plausibility” screening is applied 197 

to the 5-second data by rejecting CO2 data higher than 475 ppm. A similar screening is adopted for CH4 by 198 

considering 1750 ppb as the lowest limit for “good” data and 2250 ppb as the highest limit (2050 ppb before June 199 

2023). Before the final averaging, the 10-minute mean values underwent a manual screening by CAMM operators. 200 

It should be noted that the CAMM data obtained from the WDCGG database (reported as UTC+1 time zone) have 201 

been corrected to UTC.  202 

2.3.2 “O. Vittori” (CNR) 203 

The data processing that leads to the creation of hourly mean values is described by Hazan et al. (2016). The 204 

processing of different types of gas (ambient air, calibration gases and target gases) follows the same general 205 

scheme: quality control of raw data at native time resolution, followed by correction, filtering and time 206 

aggregation. For each data point, both an automatic and a manual descriptive flag are available, with the manual 207 

flag being set by the station operator and the automatic flag being set through the automated processing of the 208 

data. To ensure data traceability and transparency, the flag information on the raw data is transferred to the 209 

aggregated data (averaged over 1 minute or hourly). It is important to emphasise that any manual data invalidation 210 

must be accompanied by codified reasons that can be traced and are not subjective. 211 

2.4 Calibrations and quality assurance 212 

2.4.1 Mountain ridge (CAMM) 213 

The Picarro G2301 CRDS instrument is calibrated at least four times a year. The calibration is performed against 214 

three NOAA laboratory standards whose dry mole fractions largely exceed the expected range for ambient air. All 215 

cylinders are connected to a mass flow controller installed upstream of the Picarro, which regulates the gas flow 216 

of the cylinders according to the calibration sequence. 217 
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The calibration sequence consists of a 1-minute gas injection for each cylinder, to check the gas flow rate, after 218 

that the standard gas is injected 10 minutes for signal stabilization (these data are discarded) and 10 minutes for 219 

measurement. This last cycle is repeated twice. The calibration data are then post -processed, and the calibration 220 

coefficients are estimated through a linear fitting function. The resulting calibration parameters are used to correct 221 

the in-situ air measurements. After applying the water vapor correction  function, the calibration correction is 222 

applied to the new measurements through a weighted average that considers the temporal proximity to the 223 

calibration events. CAMM does not perform target gas measurements, even though they are currently under 224 

implementation. 225 

2.4.2 “O. Vittori” (CNR) 226 

The dry mole fractions of CO2 and CH4 at the "O. Vittori" observatory are measured using the centralised and 227 

standardised ICOS protocols. Only a general description of these protocols is given here, as they are described in 228 

more detail elsewhere (Hazan et al., 2016; Yver-Kwok et al., 2021). After applying the water vapour correction 229 

(Section 2.2.2), the raw data from the CRDS instrument is calibrated using a four-point calibration against 230 

reference gases provided by the ICOS Flask and Calibration Laboratory (FCL). This links the ICOS data to the 231 

WMO calibration scales. Calibration gas injection is performed every 14 days or when measurements are restarted 232 

after instrument shutdown. Each calibration event consists of four cycles of 30-minute measurements for each 233 

cylinder. A fitting function (Hazan et al., 2016) is then applied to the results of the calibration to define the 234 

correction coefficients, which are applied to air and target gas measurements. The data are corrected using the 235 

calibration equation which is closest in time to the data. As soon as there are calibration episodes before and after 236 

the considered data, the correction is made with a linear interpolation of the enclosing calibration equations . When 237 

the instrument has been switched off for a long time, or during major software updates or maintenance, a 238 

"calibration break" event is introduced, i.e. the linear interpolation is not extended  forward in time. 239 

In addition to the calibration cylinders, short-term target gases are analysed every 10 hours, whereas long-term 240 

target gases are measured after each calibration sequence (i.e. every 14 days). Target cylinders are treated as a 241 

further tool for quality assurance. Their measured mole fractions are compared with the reference values assigned 242 

by the ICOS Flask and Calibration Laboratory (FCL), and the resulting differences are expected to remain within 243 

the WMO compatibility goals. If significant temporal drifts or abrupt step changes are detected, the station 244 

principal investigators are required to identify their causes and apply appropriate corrective measures (Yver-Kwok 245 

et al., 2021). The calibrated target measurements of CO2 and CH4 were stable over time within the WMO 246 

compatibility goals and there was no significant difference in the bias between the G1301 and the G2401 (see Fig. 247 

SM1, supplementary material).  248 

Routine leak tests are also carried out. Every six months, the sampling and distribution elements upstream of the 249 

analyser are checked for possible leaks. The test, known as the "shelter test" in the ICOS protocols, consists of 250 

measuring a reference tank of dry natural air for 30 minutes after connecting it to the VICI-Valco distribution 251 

valve and comparing the recorded data with those obtained after connecting the same tank upstream of the stainless 252 

steel filter between the manifold and the rotary valve. If a bias greater than the intrinsic instrument bias calculated 253 

by ATC during the instrument characterisation is detected, a potential leak may be present that requires specific 254 

investigation. To date, no significant deviations between reference and test measurements has been detected at the 255 

"O. Vittori" observatory. Further checks are carried out every time the operators visit the station: pure CO2 is 256 
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blown to the fittings along the sampling system from the manifold to the instrument inlet to detect any leaks that 257 

may occur during the period between two shelter tests. 258 

As part of ICOS, other diagnostic parameters are monitored according to the quality assurance system described 259 

by Yver-Kwok et al. (2021), e.g. temporal variability of continuous measurement repeatability, long -term 260 

reproducibility, stabilization times during air injections from target and calibration tanks, temporal variability of 261 

bias between measured air from these tanks and their assigned values (Fig. SM1). 262 

3 Results 263 

3.1 Time series comparison 264 

Since May 2018, the CO2 and CH4 dry mole fractions have been measured simultaneously at CMN by CAMM 265 

(at the Air Force observatory located on the mountain ridge) and by CNR (at the "O. Vittori" observatory). Please 266 

note that the potential travel time of the air masses between the two intake locations  is not considered when 267 

comparing the two time series. Fig. 3 shows the time series of 1-hour averages at both sites, together with 268 

deviations between the hourly values recorded by CAMM and CNR, i.e. CAMM minus CNR (CO2 and CH4). 269 

Negative deviations indicate lower values at the mountain ridge with respect to the “O. Vittori” observatory, while 270 

positive deviations indicate higher values. Only hourly data for which simultaneous measurements are available 271 

at both sites are included in the calculations. Overall, both the CO2 and CH4 time series appear to be consistent, 272 

showing the same daily, seasonal and multi-annual variability. For both CO2 and CH4, the comparison between 273 

the two datasets is robust overall according with t-test for Pearson correlation (R = 0.99, with p < 0.01 and R = 274 

0.98 with p < 0.01, respectively). However, some data points deviate from the expected ∼1 slope by more than 10 275 

ppm for CO2 and 100 ppb for CH4 (Fig. SM2, supplementary material). 276 
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 281 

Location CO2 (ppm yr-1) CH4 (ppb yr-1) 

Mountain ridge (CAMM) 2.75 ± 0.19 11.0 ± 1.9 

“O. Vittori” (CNR) 2.86 ± 0.21 10.6 ± 1.6 

Table 1: CO2 and CH4 growth rates at CMN obtained by CAMM and CNR datasets (2018 – 2024). Uncertainties 282 

represent the 2 confidence intervals of the trend estimates. 283 

 284 

Fig. 3 also shows the  trend lines for CO2 and CH4 calculated by using the Carbon Cycle Group CuRVe (CCGRCV) 285 

signal decomposition method (Thoning et al., 1989) for the period 2018 - 2024. The average growth rates over 286 

the considered period are consistent between the two measurement sites (Tab. 1). Nevertheless, the CO2 and CH4 287 

data observed by CAMM appear to exhibit a lower range of variability than those observed by CNR (Fig. 3). One 288 

contributing factor is the strict flagging strategy applied by CAMM, which led to the rejection of values exceeding 289 

predefined thresholds or deemed not representative of background atmospheric conditions . In particular, the CH4 290 

data distribution in the CAMM – CNR scatterplot (Fig. SM2) reveals the presence of cutoffs for data higher than 291 

2050 ppb in the CAMM data record, related to the “plausibility” screening adopted until June 2023. This has 292 

resulted in the episodic occurrences of very large deviations in CH4 (> 50 ppb, see Fig. SM3 in the supplementary 293 

material) between the two laboratories. However, this data filtering does not appear to have been applied 294 

consistently throughout the measurement period, as indicated by the presence of CH4 values exceeding 2050 ppb 295 

even before June 2023 (see Fig. 3). For this reason, the subsequent analyses for CH4 include only data for which 296 

the corresponding CNR values are below 2050 ppb (98.8% of the dataset).  297 

 298 

 299 

Figure 4: Data frequency plots for ΔCO2 (A) and ΔCH4 (B), showing nighttime (sunset–sunrise) and daytime (sunrise–300 

sunset) values. Tick‑dashed lines indicate mean deviations, and black dotted lines mark the WMO compatibility goals 301 

(±0.1 ppm for CO2; ±2 ppb for CH4). 302 

 303 

Negative CO2 was predominantly observed over the entire comparison period (Fig. 4): during the night (Fig. 304 

4A), the differences  largely exceeded the WMO compatibility goal (mean = -0.48 ppm; median = -0.34 ppm), 305 

while values close to the compatibility goal (mean= -0.11 ppm; median = -0.13 ppm) were observed during the 306 
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daytime. Additionally, the CO2 data distributions were skewed towards lower values at night. Overall, 13.1% of 307 

the 1-hour mean values fell within the WMO compatibility goal, while 28.2% of the data fell within the extended 308 

goal of ± 0.2 ppm. For CH4, positive values were typically observed but with a normal distribution for both day 309 

and night (Fig. 4B) and mean (median) values of 1.8 ppb (1.1 ppb) and 2.3 ppb (+1.1 ppb) for day and night, 310 

respectively. Overall, 59.8% of the 1-hour mean values fell within the WMO compatibility goal, while 82.7% of 311 

the CH4 data fell within the extended goal of ± 5 ppb. For all years considered (see Fig. SM4 and SM5 in the 312 

supplementary material), the mean CO2 ranged from -0.6 ppm (in 2020 and 2021) to -0.3 ppm (in 2024) at night, 313 

and from -0.3 ppm (2021) to +0.1 ppm (in 2023) during the day. The mean CH4 values were higher at night 314 

(from 1.3 ppb in 2023 to 3.3 ppb in 2019) than during the day (from 0.8 ppb in 2018 to 2.8 ppb in 2021).  315 

 316 

 317 

Figure 5: Seasonal frequency distribution of ΔCO2, with nighttime (blue) and daytime (yellow) values. Tick-dashed 318 

lines show mean deviations, while black dotted lines indicate the WMO compatibility goal (±0.1 ppm).  319 

 320 
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 321 

Figure 6: Seasonal frequency distribution of ΔCH4, with nighttime (blue) and daytime (yellow) values. Tick-dashed 322 

lines show mean deviations, while black dotted lines indicate the WMO compatibility goal (±2 ppb).  323 

 324 

Figures 5 and 6 show the seasonal distribution of CO2 and CH4 data for all measurement years. Skewed data 325 

distributions are observed for both CO2 and CH4 in winter (towards negative and positive values, respectively), 326 

with no significant differences emerging between nighttime and daytime, which exhibit similar mean values (-327 

0.57 ppm and -0.66 ppm for CO2; 4.0 ppb and 4.3 ppb for CH4). Similar data frequency  distributions and 328 

seasonal means are observed from spring to autumn for CH4, while clear differences emerge for CO2 across 329 

the seasons. Notably, the nighttime CO2 data distribution in summer appeared to be normally distributed, centred 330 

around a mean value of -0.43 ppm, while the daytime distribution was skewed towards positive values (i.e., higher  331 

CO2 at CAMM with respect to CNR), with an average value of +0.41 ppm. 332 
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3.2 Seasonal and diurnal cycles in CO2 and CH4 333 

As shown above, the CAMM (mountain ridge) and CNR (“O. Vittori”) datasets show comparable multiannual 334 

CO2 and CH4 trends, and both time series follow the same seasonal variations. However, two datasets show notable 335 

deviations that often exceed the WMO compatibility goals. In order to better characterise these differences, and 336 

to assess impacts on the temporally aggregated data, we have analysed and compared the seasonal and diurnal 337 

cycles of CO2 and CH4 for each individual measurement year. 338 

 339 

Figure 7: Monthly mean values (A) and annual diel cycles (B) of ΔCO2, with 95% confidence intervals shown as vertical 340 

bars (A) and shaded areas (B). Horizontal dashed lines indicate the WMO compatibility range. Colours denote the 341 

years. Panels (C) and (D) show the corresponding results for ΔCH4. Plots produced with the R package “Openair” 342 

(Carslaw and Ropkins, 2012). 343 

 344 

The monthly averaged CO2 (Fig. 7A) typically exceeded the upper limit of the WMO compatibility goal during 345 

the summer months (mean value: 0.12 ppm), whereas it was below the lower limit from late autumn to spring 346 

(mean value: -0.43 ppm). The seasonal diel cycles of CO2 show no variations during winter time, except in 2018 347 

when a minimum is evident in the middle of the day (Fig. 7B). Please note that only December data is available 348 

for the winter months of 2018. A clear diurnal cycle emerges in summer, with CAMM reporting higher CO2 values 349 

(up to +1 ppm) during daytime and lower values (down to -0.5 ppm) during nighttime (Fig. 7B). In 2018-2019, 350 

CO2 deviations within the WMO compatibility goal were present in the central part of the day. This summertime 351 

behaviour has already been pointed out by the WMO/GAW World Calibration Center for Surface Ozone, Carbon 352 
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Monoxide, Methane and Carbon Dioxide during system and performance audits conducted at the CMN (Zellweger 353 

et al., 2018; Zellweger et al., 2024) and was tentatively attributed to the different locations of the air inlets of the 354 

two laboratories. To obtain further insight into the process that can lead to the appearance of the summer CO2 355 

diurnal cycle, we analysed the diurnal variability of atmospheric equivalent black carbon (eqBC) from 2018 to 356 

2024 (Fig. 8A). The eqBC concentrations were derived from the aerosol absorption coefficients measured at 637 357 

nm using a multi-angle absorption photometer (MAAP, Model 5012, Thermo Scientific), following the 358 

methodology described in Marinoni et al. (2008) and Zanatta et al. (2026). A wavelength correction factor of 1.05 359 

is applied, as recommended by Müller et al. (2011), and the result is multiplied by the nominal mass absorption 360 

cross-section of the instrument (6.6 m²/g). The data used in this work are based on the dataset “Equivalent black 361 

carbon product dataset collection over Monte Cimone, Italy 2007-2024” (Zanatta et al., 2025) which is publicly 362 

available on the ITINERIS-HUB data repository (https://hub.itineris.cnr.it/datasets/). 363 

 364 

Figure 8: Seasonal diurnal cycles of eqBC (A) and CO2/eqBC ratio (B) at the “O. Vittori” observatory. The shaded 365 

areas represent the 95% confidence interval. Colours denote the calendar years. Plots produced with the R package 366 

“Openair” (Carslaw and Ropkins, 2012). 367 

 368 

The diurnal cycles of eqBC generally follow a similar pattern to those observed at other mountain stations in 369 

Europe (Sun et al., 2021), with the seasonal diurnal cycles primarily influenced by the planetary boundary layer 370 

(PBL) height and convective upslope winds. Since air from the PBL is enriched in eqBC, higher values are 371 

typically measured during the day from spring to autumn. As reported by previous studies (e.g., Colombo et al., 372 

2000; Trisolino et al., 2021), the diurnal CO2 cycle at CMN is also affected by the thermal transport of PBL air 373 

masses up to the mountain peak. Daytime thermal winds bring CO2 depleted air masses to the measurement site 374 

due to the vegetation sink within the PBL. This effect  is further enhanced by the presence of forests on the slopes 375 

of the mountain (Colombo et al., 2000). 376 

To better understand the diurnal variability of summer CO2, we calculated the diurnal cycle of the CO2/eqBC 377 

ratio (Fig. 8B). Assuming that air masses transported from the PBL were the only source of diurnal variability for 378 

eqBC and CO2 with a similar degree of air mass mixing and dilution, we would expect a constant CO2/eqBC 379 

ratio. However, the observed increase in the CO2/eqBC ratio (Fig. 8B) during the hours from 3:00 to 20:00 UTC 380 
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in summer and, albeit less evident and robust, from 5:00 to 18:00 UTC in autumn indicates that a process other 381 

than the transport of air masses from the PBL determines the observed deviations. As the daily increase in CO2 382 

coincides with the sunrise in summer and autumn and it occurs earlier than the daily increase in eqBC (Fig. 8A), 383 

it is likely that the CO2 uptake by the grasslands near the mountain top plays a role, as already suggested by 384 

Zellweger et al. (2018; 2024). As the CNR observatory is located on a mountain slope with a lower air intake 385 

height than CAMM, the CNR observations are likely to be more influenced by CO2 uptake by mountain meadows. 386 

This is further supported by the reduced CO2/eqBC diurnal cycle in spring (except in 2020), when the slopes of 387 

Mt. Cimone were still snow-covered and the impact of local biospheric activity was therefore less likely. 388 

CH4 monthly mean values showed positive values largely exceeding 2 ppb during winter and early spring (i.e. 389 

from December to April) and on May and November (2019 – 2018 and 2022),  with the mean monthly values 390 

remained within the ±2 ppb compatibility goal during the rest of the year (Fig. 7C). The CH4 seasonal diel cycles 391 

(Fig. 7D) do not show systematic variability although negative and positive peaks can be observed, reflecting 392 

episodic CH4 deviations between the two measurement sites. 393 

3.3 Dependency of CO2 and CH4 by local wind regime 394 

In order to determine whether local sources or sinks could be responsible for the observed deviations, we examined 395 

the dependence of CO2 and CH4 depend on local wind speed and direction. For this purpose, we categorized 396 

the 1-hour mean deviations as a function of season (winter and summer) and time of day (daytime and nighttime). 397 

 398 

 399 

Figure 9: CO2 as a function of wind speed ranges, season (Winter, Summer) and period of day (daytime, nighttime). 400 

For each wind speed rang, the boxes report the 25th and 75th with median values (tick horizontal lines). The whiskers 401 

indicate data range falling within 1.5 times the interquartile range. 402 

 403 
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As demonstrated in Fig. 9, no clear correlation between the mean CO2 and wind speed was observed during the 404 

winter months. During the summer months, a higher spread of CO2 values was observed for low wind speeds (< 405 

5 m s-1) at nighttime. Furthermore, an increasing tendency for better agreement (i.e. CO2 converging to WMO 406 

goal) was observed with rising wind speed. A clear dependence on wind speed can be observed during the summer 407 

daytime: for wind speeds above 5 m s-1, the average CO2 was near or within the WMO goals, and the CO2 408 

spread decreased. The fact that there was better agreement between the CAMM and CNR data in ambient 409 

conditions characterised by higher wind speeds would suggest the presence of local sources affecting the 410 

measurements at night and sinks affecting the measurements during the day. In particular, local biospheric activity 411 

may explain some of the CO2 deviations observed between the two datasets during the summer months. 412 

 413 

 414 

Figure 10: ΔCO2 as a function of wind‑direction sectors, seasons (winter, summer), and time of day (daytime, 415 

nighttime). For each wind sector, boxplots show the 25th–75th percentiles with median values (thick horizontal lines), 416 

while whiskers represent data within 1.5 times the interquartile range. 417 

 418 

During the winter, a clear dependence of CO2 values on wind direction was observed, with the lowest values 419 

occurring during northeasterly winds (Fig. 10). 420 

In summer, we also observed an increase in deviations under certain wind directions. For winds from 225° to 421 

360°, the CO2 values deviated more from the WMO goal, with different trends observed between nighttime and 422 

daytime. The CO2 was more negative at night and more positive during the day. These findings, together with 423 

the analysis of the diurnal variability of the CO2/eqBC ratio, suggest that CNR observations were more affected 424 

by local biospheric influences than CAMM observations. This may be due to the lower sampling height used at 425 

the CNR observatory. However, the representativeness of the two sampling sites cannot be ruled out as a possible 426 

cause of the difference. As Vitali et al. (2024) recently argued, the wind field at the CAMM site could be affected 427 
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by disturbances related to the presence of structures or obstacles on the mountaintop, as well as by a sheltering 428 

effect of the mountaintop for winds from the south/southwest. According to Vitali et al. (2024), upslope valley 429 

winds associated with south-westerly winds may be particularly effective in funnelling air masses affected by 430 

biospheric activity related to Apennine vegetation to the CMN. Given the lack of dependence of CH4 on the 431 

local wind regime in summer, it is reasonable to conclude that observations at the CNR site are more susceptible 432 

to local or regional biospheric signals than those conducted at the CAMM mountain ridge laboratory. 433 

 434 

 435 

Figure 11: Same as figure 9 but for CH4. 436 

 437 

In winter (Fig. 11), the mean CH4 exceeded the WMO compatibility goal, with increased mean values and 438 

variability (note the high interquartile range) at high wind speeds (>15 m s-1). There was also a slight tendency 439 

for CH4  to increase with wind speed in summer; however, the mean deviations remained within the WMO goal 440 

for both daytime and nighttime data (Fig. 11).  441 

 442 
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 443 

Figure 12: As figure 10 but for CH4. 444 

 445 

Wind direction significantly impacts CH4 in winter (Fig. 10), with the highest deviations (CAMM values higher 446 

than CNR) occurring for wind directions between 0° and 180°. This trend mirrors that observed for CO2 (Fig. 7), 447 

where the largest (though negative) deviations occurred also in the same wind direction sectors. The discrepancies 448 

between the two sampling sites are difficult to attribute. It should be noted that a wastewater treatment tank is 449 

located ~10 m north-east of the tower housing the CAMM sampling inlet (see Fig. 1). However, no such CH4 450 

signal is observed in summer, despite the higher air temperature and reduced snow cover, which would be expected 451 

to result in increased microbiological emissions. Therefore, it seems unlikely that the wastewater tank is the actual 452 

source of CH4 for the CAMM observations, nor can it explain the large CO2 values observed for this wind sector 453 

in winter. 454 

As reported in Section 2, the horizontal distance between the CAMM and CNR air intakes 90 m, and the vertical 455 

distance is 50 m. Another point to investigate is whether, under highly variable atmospheric conditions, the 456 

differing sampling locations could lead to systematic discrepancies between CAMM and CNR measurements . 457 

Wind sectors between 0° and 90° correspond to one of the main wind directions observed at CMN (see Fig. SM6 458 

in the supplementary material). Especially in winter, these sectors exhibit strong temporal variability in CO2 and 459 

CH4, as indicated by the analysis of the 1‑hour standard deviation values (see Fig. SM7 in the supplementary 460 

material). The next section therefore examines the possible impact of CO2 and CH4 temporal variability on CO2 461 

and CH4 investigating whether the disagreement between the two measurement sites in winter can be attributed 462 

to the slightly different locations of the CAMM and CNR inlets. 463 
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3.4 Impact of atmospheric variability on CO2 and CH4 464 

In order to quantify the amount of disagreement between the two measurements that can be attributed to different 465 

sampling locations, we examined changes in CO2 and CH4 deviations as a function of hourly standard deviations, 466 

which were calculated from 1-minute CNR measurements. We assume that low standard deviation values are 467 

representative of low atmospheric variability, under which the degree of agreement between measurements taken 468 

at close sampling locations would be maximised. This approach is inspired by the strategy used by Levin et al. 469 

(2020), who applied an hourly standard deviation threshold to identify measurement periods characterised by low 470 

atmospheric variability for the purpose of comparing continuous and flask measurements for quality control 471 

purposes. For this test, different standard deviation thresholds corresponding to the 25 th and 50th percentile of the 472 

CO2 (0.14 ppm and 0.44 ppm, respectively) and CH4 (0.9 ppb and 3.0 ppb) data population were adopted. 473 

 474 

Figure 13: Seasonal distributions and mean values (diamonds) of ΔCO2 (A) and ΔCH4 (B) after applying different 475 

threshold values to CO2 and CH4 standard deviations. Whiskers represent data within 1.5 times the interquartile range. 476 

 477 

Notable convergence of CO2 and CH4 values was observed across all seasons when the data were screened for 478 

conditions of low atmospheric variability (Fig. 13). After adopting a threshold value of 0.44 ppm (0.14 ppm), the 479 

mean CO2 reduced to -0.63 ppm (-0.36 ppm) in winter, -0.44 ppm (-0.36 ppm) in spring, -0.31 ppm (-0.26 ppm) 480 

in summer and -0.26 ppm (-0.21 ppm) in autumn, with respect to the remaining data. Screening the data for low 481 

atmospheric variability (hourly standard deviation < 0.9 ppb), resulted in mean seasonal CH4 values that met the 482 

WMO goals for all seasons except in winter (+2.2 ppb). Deviations occurring in winter for winds from the North-483 

East, in particular,  show an evident reduction of the bias when considering data characterized by low atmospheric 484 

variability. For this wind sector, when the winter data were selected for a low hourly standard deviation of CO2 485 

(CH4), the mean CO2 (CH4) shifted from -1.62 ppm to -0.39 ppm (from +9.7 ppb to +3.2 ppb). 486 

 487 
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3.5 Possible influence of local human presence on ΔCO₂ and ΔCH₄  488 

Previous studies have shown that local anthropogenic activities can influence GHG measurements at mountain 489 

stations (Affolter et al., 2021; El Yazidi et al., 2018; Hoheisel et al., 2023). We therefore explored whether 490 

differences between the CAMM and CNR observations varied between days with and without recorded access to 491 

the CNR observatory. The analysis covered January 2021–June 2024 and included 191 access days. Because no 492 

equivalent access record was available for CAMM, and access occurrence may covary with meteorological 493 

conditions, this analysis should be regarded as exploratory rather than as a direct attribution of the observed 494 

differences to human presence. 495 

 496 

Figure 14: Seasonal distributions of ΔCO2 (A, B) and ΔCH4 (C, D) during winter (A, C) and summer (B, D), comparing 497 

periods with ("Access") and without ("No access") operators, external users or visitors at the CNR observatory. 498 

Boxplots represent the 25th–75th percentile range, with median values shown by thick horizontal lines. Diamonds 499 

indicate arithmetic means and whiskers extend to 1.5 times the interquartile range. Dotted horizontal lines indicate the 500 

WMO compatibility goals. 501 

 502 

For ΔCO2, access days were associated with a shift towards lower CAMM–CNR differences in all daytime 503 

categories (Fig. 14; Table 2).  The mean “Access–No access” differences amounted to −0.26 ppm during winter 504 
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daytime and −0.48 ppm during winter nighttime, while smaller decreases were observed during summer (−0.10 505 

ppm during daytime and −0.25 ppm during nighttime; Table 2). To gain additional insight into the possible origin 506 

of these differences, we separately examined the residual dry mole fractions at CAMM and CNR obtained after 507 

the application of CCGRCV (Fig. SM8, supplementary material). Figure SM8 shows that CO2 residuals generally 508 

increased at both observatories during “Access” days. During winter daytime the increase was substantially larger 509 

at CNR (+1.6 ppm) than at CAMM (+0.7 ppm), whereas nighttime increases were more similar (+0.8 and +0.5 510 

ppm, respectively). The fact that larger increases of CO2 residuals were observed during the daytime at the CNR 511 

observatory suggests that anthropogenic activities near the CNR inlet could interfere with CO2 observations, and 512 

that this interference was also detected at the CAMM inlet, albeit to a lesser extent. This is somewhat expected, 513 

given that the analysed accesses took place at the CNR facility, which is 90 m away from the CAMM inlet. During 514 

summer daytime, the two laboratories observed a comparable increase in CO2 residuals for days with accesses of 515 

1.9 ppm (CAMM) and 1.8 ppm (CNR). During the night a larger increase was observed for CNR (0.9 ppm) than 516 

CAMM (0.3 ppm). The better agreement in CO2 residuals during daytime in the summer months can be tentatively 517 

explained by the fact that, during that season, accesses were mostly represented by groups of tourists who visited 518 

both the CNR and CAMM terraces on the same day. 519 

 520 

Table 2: Comparison between the effects of access conditions at the “O. Vittori” observatory on ΔCO2 and ΔCH4 . 521 

Season Period ΔCO₂ (Access − No access) (ppm) ΔCH4 (Access − No access) (ppb) 

Winter Daytime −0.26 −2.1 

Winter Nighttime −0.48 +5.3 

Summer Daytime −0.10 +0.9 

Summer Nighttime −0.25 +0.1 

 522 

No comparably consistent pattern was found for CH4. “Access–No access” differences were small in summer, 523 

whereas in winter their sign depended on the daytime category (Fig. 14, Table 2). The analysis of CH4 residuals 524 

(Fig. SM8) shows a shift to higher values for both the observatories in winter during “Access” conditions, 525 

especially evident for CNR during daytime. On the opposite, during “Access” conditions, a shift towards lower 526 

values characterised both the observatories in summer with CNR showing a larger decrease during daytime with 527 

respect to CAMM. The available observations do not allow the access-related perturbations to be uniquely 528 

attributed to emissions occurring at either observatory.  529 

Overall, the analysis indicates that local human presence might contribute slightly to the variability of the CAMM–530 

CNR CO2 differences, while the evidence is weaker and less coherent for CH4. Other factors associated with 531 

access days, particularly meteorological and transport conditions, may also explain part of the observed 532 

differences. 533 

3.6 Impact of the calibration corrections on CO2 and CH4 534 

Two system and performance audits were conducted at CMN by the WMO/GAW “World Calibration Center for 535 

Surface Ozone, Carbon Monoxide, Methane, Carbon Dioxide and Nitrous Oxide” (hereafter referred to as WCC -536 

Empa) in June 2018 (Zellweger et al., 2018) and September 2023 (Zellweger et al., 2024). During these audits, 537 

the CMN instruments were repeatedly challenged with randomised CO2 and CH4 levels from the WCC-Empa 538 
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travelling standards. These standards are traceable to the primary reference standards maintained by the Central 539 

Calibration Laboratory (CCL) hosted by NOAA/GML. 540 

 541 

Year Laboratory a B 

2018 CAMM 1.00252 -0.96 

CNR-ISAC 1.00114 -0.43 

2023 CAMM 1.00049 -0.22 

CNR-ISAC 1.00047 -0.21 

 542 

Table 3: Coefficients of the equations “Unbiased CO2 dry mole fraction (ppm) = CO2 * a (ppm) + b (ppm) for CAMM 543 

and CNR-ISAC instrument during the audits in 2018 and 2023. 544 

 545 

Year Laboratory a B 

2018 CAMM 1.00644 -11.77 

CNR-ISAC 1.00140 -2.70 

2023 CAMM 1.00331 -6.92 

CNR-ISAC 1.00140 -3.00 

 546 

Table 4: Coefficients of the equations “Unbiased CH4 dry mole fraction (ppb) = CH4 * a (ppb) + b (ppb) for CAMM 547 

and CNR-ISAC instrument during the audits in 2018 and 2023. 548 

 549 

Tables 3 and 4 show the coefficients of the equations describing the biases of the CMN instruments compared to 550 

the WCC-Empa travelling standards. As detailed in the audit reports (Zellweger et al., 2018; 2024), the CMN 551 

instruments demonstrated agreement with the travelling standard during both intercomparisons, aligning with the 552 

WMO compatibility goal for CO2 and CH4. Agreement between the CAMM and CNR-ISAC instruments was 553 

excellent for the 2023 intercomparison; however, a not  negligible deviation was observed for the 2018 554 

intercomparison. The calculated equations, shown in Tables 3 and 4, implied a negative bias of the CAMM 555 

instrument with respect to CNR of half of the WMO compatibility goal for CO2 dry mole fractions above 425 556 

ppm and for CH4 dry mole fractions above 2000 ppb, roughly representing the 23% of the original data. 557 

The coefficients obtained during the audits describe the instrumental behaviour only at the time of the 558 

intercomparisons. Since the performance of the analysers can change between audits, their calibration state is not 559 

guaranteed to remain constant over multi‑year periods. For this reason, we did not retroactively correct ΔCO2 or 560 

ΔCH4 using constant parameters. 561 

3.7 Bias reassessment after considering impact of the atmospheric variability and human accesses 562 

To get an overall picture of the potential impact of all the various contributors on hourly changes in CO2 and CH4, 563 

for the period 2021 – 2024 (the choice of this shorter time period is related to the availability of access data to the 564 

CNR laboratory) , we recalculated the deviations after: (a) considering only data characterised by low atmospheric 565 

variability (i.e. hourly CO2 standard deviation lower than 0.13 ppm and hourly CH4 standard deviation lower than 566 

0.9 ppb), (b) selecting the data for which there was no concurrent person access at the CNR observatory. The 567 

implementation of these selections led to the rejection of about 75% of the hourly data. Here, we present the 568 
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results for the winter and summer seasons, and the full analysis can be found in the supplementary material (Fig . 569 

SM9). 570 

 571 

Figure 15: Data frequency plots for CO2 (A - B) and CH4 (C - D) for summer and winter seasons after (a) considering 572 

only data characterised by low atmospheric variability, (b) selecting the data for which there was no concurrent person 573 

access at the CNR observatory. Nighttime (blue) and daytime (yellow) value are reported. Tick dashed lines represent 574 

the mean deviations, while the black dotted lines indicated the WMO compatibility goals (±0.1 ppm for CO2, ±2 ppb 575 

for CH4). 576 

 577 

For CO2, the results (Fig. 15 A, B) showed a narrowing of the data distribution and mean deviation values, 578 

approaching the WMO goals for both winter and summer. In particular, the range of the mean CO2 value was -579 

0.35 ppm (daytime) to -0.37 ppm (nighttime) in winter, and -0.18 ppm (daytime) to -0.27 ppm (nighttime) in 580 

summer. After implementing the recalculations, these values represent a percentage increase in CO2 of +41% in 581 

winter and +40% in summer for the same reference period. For CH4, an improvement of the deviations between 582 

CAMM and CNR was observed for winter with mean CH4 decreasing to 2.4 ppb (-41 %), see Fig. 15C. Also for 583 

spring mean CH4 decreased with respect to the whole data selection, with values within the WMO compatibility 584 

goals (Fig. SM9). 585 
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3.8 Potential influence of Nafion sample drying on CO2 and CH4 586 

Previous work has shown that the use of Nafion sample dryers can improve the consistency between co-located 587 

GHG measurement systems, particularly for CH₄ observations, by reducing systematic differences and increasing 588 

the proportion of measurements fulfilling the WMO compatibility goals (Laitinen et al., 2025). Because the 589 

CAMM and CNR laboratories adopted Nafion sample dryers at different times (June 2023 for CAMM and January 590 

2020 for CNR), the study period considered in this work encompassed three distinct instrumental configurations: 591 

(i) neither laboratory operating a Nafion dryer (March 2018 - December 2019), (ii) only the CNR system equipped 592 

with a Nafion dryer (January 2020 – May 2023), and (iii) both laboratories operating Nafion dryers (June 2023 – 593 

June 2024). This progressive harmonization of the sampling configurations provided the opportunity to investigate 594 

whether changes in the drying strategy were associated with systematic variations in the magnitude, variability 595 

and seasonal behaviour of CO2 and CH4 between CAMM and CNR. For period (ii), data collected while CNR 596 

was temporarily operating the G1301 analyser were excluded to ensure consistency in the instrumental 597 

configuration. 598 

 599 

Figure 16: Monthly climatology of the daily differences between CAMM and CNR measurements for ΔCO2 (A) and  600 

ΔCH4 (B) under the three instrumental configurations: neither sampling system equipped with a Nafion dryer 601 

("Neither system dried"), only the CNR sampling line equipped with a Nafion dryer ("CNR dryer only"), and both 602 

sampling systems equipped with Nafion dryers ("Both systems dried"). Symbols represent monthly mean differences, 603 

while error bars denote the 95% bootstrap confidence intervals of the monthly means. Horizontal solid lines indicate 604 

zero difference, whereas dotted lines denote the WMO compatibility goals (±0.1 ppm for CO2 and ±2 ppb for CH4). 605 

The monthly climatologies of the CAMM–CNR differences for the three instrumental configurations are shown 606 

in Figure 16. For CO2 (Fig. 16A), the largest differences are observed when neither sampling lines were equipped 607 

with a Nafion dryer. For this period, the monthly mean differences range from −0.93 ppm in February to 0.15 ppm 608 
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in July, corresponding to a yearly mean CO2 of -0.43 ppm. For the period January 2020 – May 2023, when the 609 

Nafion dryer was only installed on the CNR sampling line, the yearly mean CO2 increase to -0.35 ppm, ranging 610 

from -0.84 ppm in January to 0.24 ppm in July. In contrast, when both laboratories operated Nafion dryers  (June 611 

2023 – June 2024), the CO2 seasonal cycle became noticeably flatter, with monthly mean values ranging from -612 

0.37 ppm (February) to 0.30 ppm (July), corresponding to a yearly mean value of -0.09 ppm. Consequently, the 613 

peak-to-peak seasonal CO2 amplitude decreased to 0.66 ppm, corresponding to a reduction of approximately 614 

40% relative to the initial instrumental configuration. 615 

The behaviour of CH4 (Fig. 16B) exhibited both similarities and notable differences. The largest positive 616 

differences occurred during winter and early spring during the first measurement period, with monthly mean 617 

values approaching 10 ppb in January and progressively decreasing towards WMO compatibility goals in summer 618 

(yearly mean value: 3.5 ppb). After the installation of the Nafion dryer at CNR, the winter enhancement was 619 

substantially reduced (monthly mean maximum of 5.9 ppb in January), while summer differences remained close 620 

to zero and the yearly mean CH4 value was equal to 2.4 ppb. A further reduction in the CH4 values was observed 621 

after the installation of the Nafion drier at CAMM, which remained below 3.4 ppb in February and resulting in a 622 

yearly mean CH4 of 0.6 ppb. 623 

 624 

 625 

Figure 17: Distribution of the mean daily CO2 (A) and CH4 (B) under the three instrumental configurations. Boxplots 626 

show the interquartile range (25th–75th percentiles), the horizontal line within each box represents the median, whiskers 627 

extend to 1.5 times the interquartile range, and open diamonds indicate the arithmetic mean. Outliers are omitted for 628 

clarity. Horizontal solid lines indicate zero difference, while dotted lines denote the WMO compatibility goals (±0.1 629 

ppm for CO2 and ±2 ppb for CH4). 630 

Figure 17 reports the overall distributions of the daily mean CAMM–CNR differences. For CO2 (Fig. 17A), the 631 

progressive harmonization of the sampling systems was accompanied by a marked reduction in both systematic 632 

bias and measurement variability. The mean daily difference decreased from −0.37 ppm when only the CNR 633 

system employed Nafion drying to −0.08 ppm after both laboratories adopted identical drying configurations. At 634 

the same time, the standard deviation was reduced from 0.70 to 0.35 ppm, while the interquartile range decreased 635 

from 0.47 to 0.26 ppm, indicating a substantially tighter distribution of daily differences. A corresponding 636 
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improvement is also evident in terms of WMO compatibility, with the percentage of observations falling within 637 

the WMO compatibility goal increasing from 13.6% to 28.5%. 638 

A similar behaviour was observed for CH4 (Fig. 17B). The mean CAMM–CNR difference decreased from 2.66 639 

ppb to 0.61 ppb between the second and third instrumental configurations, accompanied by reductions in both the 640 

standard deviation (5.4 to 4.0 ppb) and the interquartile range (2.1 to 1.5 ppb). The fraction of observations 641 

satisfying the WMO compatibility goal also increased substantially, from 61.0% to 77.9%.  642 

 643 

Figure 18: Daily differences between CAMM and CNR measurements for (A) CO2 and (B) CH4 over the study 644 

period. Vertical grey bars represent the monthly mean values, the thin bars show the 95% confidence level of monthly 645 

mean values, while the white dots represent the median values. Dashed lines indicate the installation dates of the Nafion 646 

dryers at CNR (January 2020) and CAMM (June 2023). Horizontal solid lines indicate zero difference, whereas dotted 647 

lines denote the WMO compatibility goals (±0.1 ppm for CO2 and ±2 ppb for CH4). 648 

The monthly time series of  CO2 and CH4 (Fig. 18) further shows that for both GHGs, a progressive 649 

improvements of the differences CAMM-CNR occurred during the whole period and that the periods following 650 

the installation of the Nafion dryers are characterized by a visibly reduced dispersion of the daily CAMM –CNR 651 
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differences. In particular, after June 2023, when both laboratories operated equivalent drying systems, the CO2 652 

and CH4 values remained generally closer to zero than during the preceding years.  653 

To investigate whether the apparent improvement observed after June 2023 simply reflected the continuation of 654 

an already existing long-term evolution, we compared successive 12-month periods (June – May) preceding the 655 

installation of the Nafion dryer at CAMM using two complementary non-parametric approaches. First, differences 656 

between annual mean CAMM–CNR biases were estimated together with their 95% bootstrap confidence intervals 657 

obtained by non-parametric resampling with replacement (Efron, 1979; Efron and Tibshirani, 199 4). Bootstrap 658 

confidence intervals were estimated by resampling the monthly mean CAMM –CNR differences within each 659 

annual period. Second, the statistical significance of the observed changes was evaluated using the Wilcoxon 660 

signed-rank test (Wilcoxon, 1945). Monthly values were paired according to the corresponding calendar month 661 

(e.g. June versus June, July versus July), thereby accounting for the seasonal cycle in the CAMM –CNR 662 

differences. The Wilcoxon signed-rank test was preferred over parametric alternatives because it does not require 663 

normally distributed differences and is robust for small paired samples, making it well suited for the present 664 

comparison of annual monthly means. 665 

Table 5: Comparison of annual periods before and after the adoption of Nafion sample dryers. Italic characters denote 666 

p-values < 0.1.  667 

Species Comparison periods Mean 

difference 

Bootstrap 95% Confidence 

level 

Wilcoxon signed-rank 

test (p) 

ΔCO₂ (ppm) Jun 2022–May 2023 

vs 

Jun 2021–May 20221 

+0.08 −0.13 to +0.31 0.938 

 
Jun 2023–May 2024 

vs 

Jun 2022–May 2023 

+0.13 −0.06 to +0.32 0.016 

ΔCH₄ (ppb) Jun 2022–May 2023 

vs 
Jun 2021–May 20221 

−0.5 -1.9 to +1.2 0.469 

 
Jun 2023–May 2024 

 vs 

Jun 2022–May 2023 

−1.9 −3.0 to −0.9 0.0068 

1
September 2021–January 2022 were excluded because CNR was temporarily operating the G1301 analyser without Nafion drying.  668 

 669 

Table 5 summarizes the comparison of consecutive 12-month periods spanning the installation of the Nafion 670 

sample dryer at the CAMM station in June 2023. For both CO2 and CH4, the comparison between the two annual 671 

periods preceding the installation (June 2021–May 2022 and June 2022–May 2023) revealed no statistically 672 

significant changes. CO2 decreased from −0.29 to −0.21 ppm; however, the bootstrap confidence interval 673 

included zero and the Wilcoxon signed-rank test did not indicate a significant shift (p = 0.938). Similarly, the 674 

reduction in the mean CH4 difference from 3.0 to 2.4 ppb was not statistically significant (p = 0.469). 675 

In contrast, the comparison between the period June 2022–May 2023 and the first year after the installation of the 676 

Nafion dryer at CAMM (June 2023–May 2024) showed a markedly different behaviour. The mean CO2 further 677 

decreased from −0.211 to −0.082 ppm. Although the bootstrap confidence interval for the difference in the annual 678 

means still marginally overlapped zero, the paired Wilcoxon signed-rank test detected a significant reduction in 679 

the monthly differences (p = 0.016).  680 
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An even stronger signal emerged for CH4. Following the installation of the Nafion dryer at CAMM, the mean 681 

CH4 decreased from 2.4 to 0.6 ppb. Both statistical analyses consistently supported the significance of this 682 

reduction: the bootstrap 95% confidence interval for the difference between annual means did not include zero, 683 

and the Wilcoxon signed-rank test indicated a highly significant decrease (p = 0.0068).  684 

Overall, the statistical analyses indicate that the largest and most consistent improvements in the agreement 685 

between the two measurement systems occurred only after both sampling systems employed Nafion  sample 686 

dryers. While these analyses do not by themselves establish causality, the absence of statistically significant 687 

changes during the two years preceding the CAMM upgrade, together with the significant reductions observed 688 

immediately afterwards, is consistent with the hypothesis that harmonization of the sample configuration s was a 689 

major contributor to the improved agreement between the CAMM and CNR observations.  690 

Overall, the observed changes are notably larger, but broadly consistent, with the improvements between parallel 691 

measurement systems detected by Laitinen et al. (2025) after the implementation of Nafion driers. Nevertheless, 692 

the period during which both laboratories operated Nafion dryers at CMN spans only approximately one annual 693 

cycle, preventing a definitive attribution of all observed improvements to the implementation of the dryers alone. 694 

Additional observations collected over longer periods under identical sampling configurations would be required 695 

to isolate the specific contribution of sample drying from other sources of long -term instrumental variability. 696 

3.9 Follow-up comparison after relocation of the CAMM sampling inlet 697 

In February 2026, atmospheric sampling at CAMM resumed after the relocation of the air inlet from its previous 698 

position. This modification provided an opportunity to perform a preliminary follow-up assessment of the 699 

agreement between the CAMM and CNR observations under a different inlet configuration. Figure 19 presents 700 

the monthly distributions of the hourly CAMM–CNR differences from February to June 2026, separately for 701 

daytime and nighttime conditions.  702 

 703 

Figure 19: Monthly distributions of hourly CAMM–CNR differences following the relocation of the CAMM sampling 704 

inlet: ΔCO2 during daytime (A) and nighttime (B), and ΔCH4 during daytime (C) and nighttime (D), from February to 705 
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June 2026. Boxes represent the interquartile range, horizontal lines indicate median values, whiskers extend to 1.5 706 

times the interquartile range, and open diamonds denote arithmetic means. Outliers are omitted for clarity. Horizontal 707 

solid lines indicate zero difference, while red dotted lines denote the WMO compatibility goals (±0.1 ppm for CO2 and 708 

±2 ppb for CH4). 709 

 710 

For CO2, the differences observed between February and May were generally centred  close to zero during both 711 

daytime and nighttime (Fig. 19A–B). This represents a clear improvement compared with the systematic negative 712 

winter differences found during the historical comparison, when mean ΔCO2 values frequently ranged between 713 

approximately −0.5 and −1.0 ppm. The monthly mean differences during the first four months following the inlet 714 

relocation remained close to the WMO compatibility interval, although the distributions of the hourly observations 715 

continued to extend beyond the ±0.1 ppm goal. A larger positive difference and a broader distribution emerged in 716 

June, particularly during daytime. This behaviour may reflect the increasing influence of spatially heterogeneous 717 

biospheric fluxes and thermally driven transport during the transition towards summer, consistently with the 718 

seasonal and diurnal patterns discussed in Sections 3.2 and 3.3. 719 

The CH4 comparison also showed generally small monthly mean differences following the relocation (Fig. 19C –720 

D). From February to May, the mean daytime and nighttime ΔCH4 values were close to or within the ±2 ppb WMO 721 

compatibility interval, without the pronounced positive winter differences observed during the earlier comparison 722 

period. In June, the distributions became wider and the mean differences showed opposite signs during daytime 723 

and nighttime. Nevertheless, the absence of a persistent positive bias across the five-month period indicates 724 

substantially improved agreement between the two datasets. These recent observations provide additional 725 

evidence that the previous CAMM inlet configuration was an important contributor to the CAMM –CNR 726 

differences, particularly to the systematic winter biases. Together with the improvement observed after 727 

harmonising the Nafion drying systems (Section 3.8), the results indicate that sampling-system configuration 728 

played a major role in determining the historical differences between the two measurement systems. However, the 729 

February–June 2026 record is too short to establish whether the observed improvement is robust and persistent. 730 

The CAMM–CNR differences will therefore continue to be monitored under the new inlet configuration to obtain 731 

a more comprehensive assessment over longer periods and across individual seasons. 732 

4. Conclusions 733 

In this study, we analyse deviations in CO2 and CH4 observations from two nearby sampling sites belonging to 734 

the Mt. Cimone WMO/GAW Global station in Italy. One site (CAMM) is located on the mountain ridge (~100 m 735 

east and ~10 m below the summit), while the other (CNR, “O. Vittori” observatory) is situated on the south‑eastern 736 

flank. Although separated by only ~90 m horizontally and ~50 m vertically, the sites operate in a complex 737 

mountainous environment and employ different sampling‑system configurations. The two laboratories also apply 738 

distinct protocols for data flagging, temporal aggregation and quality assurance, including calibration‑correction 739 

procedures for referencing measurements to WMO scales. 740 

A multi‑year comparison (May 2018–June 2024) of 1‑hour averaged data shows a strong correlation between the 741 

datasets, with consistent long‑term trends and seasonal cycles in both CO2 and CH4. However, significant 742 

deviations are present. For hourly values, 86.5% (71.9%) of CO2 data and 42.5% (19.4%) of CH4 data exceed the 743 
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WMO (extended) compatibility goals. Monthly mean differences range from –1.0 ppm (CO2, winter) to +0.2 ppm 744 

(summer) and from +10 ppb (CH4, winter) to ±2 ppb (summer). 745 

The largest deviations were related to the different flagging strategies. CNR follows ICOS‑RI protocols, removing 746 

data only when documented issues affect data quality. In contrast, CAMM applies stricter criteria designed to 747 

exclude data potentially influenced by non‑background conditions, including threshold‑based rejection of raw 748 

values. The application and magnitude of such thresholds are not fully consistent through time, preventing 749 

reconstruction of a harmonised dataset for the full period.  750 

Sampling‑location effects play a key role. During the vegetation period, differing exposures to local and regional 751 

biogenic fluxes lead to distinct diurnal CO2 modulations, with CNR being more sensitive to these signals. The 752 

influence of the sampling locations is also apparent when separating observations according to high/low 753 

atmospheric CO2 variability, particularly in winter. Although our analysis did not explicitly account for the travel 754 

time of air masses between the two sampling inlets or for differences in local airflow, the dependence of the 755 

observed biases on hourly atmospheric variability suggests that the two systems may have sampled slightly 756 

different air masses. The possible impact of the different residence times within the sampling lines between 757 

CAMM and CNR measurements (see Section 3) has been explored but no evident effects have been detected on 758 

the hourly mean values (Section SM1.1 of the supplementary material). Additional deviations could arise from 759 

human activities at the CNR observatory, as suggested through access‑log analysis. Accounting for these effects 760 

yields up to a 40% reduction in mean seasonal CO2 and CH4 differences between the sites. 761 

Differences in calibration‑correction implementation can also contribute. WCC‑Empa audits in June 2018 762 

(Zellweger et al., 2018) reported CAMM biases amounting to half of the WMO compatibility goal for high CO2 763 

(>425 ppm) and CH4 (>2000 ppb). While audit‑derived coefficients can only reflect instrument behaviour at the 764 

time of intercomparison, they provide an estimate of potential calibration‑related biases.  765 

Additional factors may also affect the comparison. These include unidentified local sources or reduced inlet 766 

efficiency during extreme winter conditions at CMN, where wind speeds can exceed 20 m s⁻¹. Continuous flow 767 

monitoring is not available for CAMM, whereas CNR installed flow-control capability only in October 2024. The 768 

presence of condensed liquid water in inlet lines is another possible contributor. Since CMN is frequently affected 769 

by clouds (Fig. SM11), water on inlet surfaces may absorb CO₂ and introduce negative biases. We also investigated 770 

the potential influence of sample drying on the observed CAMM –CNR differences. The progressive 771 

harmonization of the sampling systems, culminating in the installation of a Nafion sample dryer at CAMM in 772 

June 2023, was accompanied by a statistically significant improvement in the agreement between the two 773 

measurement systems, particularly for CH4 but also for CO2. Finally, a preliminary follow-up comparison 774 

conducted after the relocation of the CAMM inlet in early 2026 showed a further reduction in the systematic 775 

winter differences, providing additional evidence that the previous inlet configuration at CAMM was an important 776 

contributor to the observed discrepancies together with lack of a drying system. 777 

Overall, this study highlights the difficulty of meeting WMO compatibility goals when independent measurements 778 

are performed at nearby but not fully equivalent locations, especially in harsh high -mountain environments. The 779 

results demonstrate that inconsistencies may arise from a combination of site representativeness, data -processing 780 

strategies, temporal synchronization, calibration implementation and sampling -system configuration. Adoption of 781 

standardized measurement, processing and QA/QC procedures, such as those implemented within ICOS-RI, 782 
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would substantially improve the capability to identify, attribute and reduce inconsistencies in long -term GHG 783 

observations across different monitoring sites. 784 

Data availability 785 

Hourly mean CO2 and CH4 data from CNR are can be accessed under CC-BY license from the ICOS Carbon 786 

Portal (https://www.icoscp.eu/data-products, Carbon Portal, 2026). Hourly mean CO2 and CH4 data from CAMM 787 

can be accessed from the World Data Center for Greenhouse Gases (WDCGG, https://gaw.kishou.go.jp/). 788 

Author contribution 789 

PC and CZ contribute to the study conceptualization. PC and PT designed the methodology and carried out  the 790 

formal analysis. PC, CZ, FM, DP and PT contribute to the study investigation. FM, FD, FC, FR, MB, AM, LR, 791 

MZ, SM contributed to the data curation. CRC contributed to the funding acquisition. PC prepared the original 792 

manuscript, all the co-authors contributed to the review and editing. 793 

Competing interests 794 

The authors declare that they have no conflict of interest. 795 

Acknowledgements 796 

The CNR time series of CO2 and CH4 have been created within the Integrated Carbon Observation System (ICOS) 797 

Research Infrastructure: we acknowledge the efforts by the Atmospheric Thematic Center (ATC), the Central 798 

Analytical Laboratories (CALs) and the Carbon Portal . We gratefully thanks the World Data Centre for 799 

Greenhouse Gases (WDCGG) operated by the Japan Meteorological Agency (JMA) under the Global Atmosphere 800 

Watch (GAW) programme of the World Meteorological Organization (WMO) for hosting and providing the 801 

CAMM dataset. CZ acknowledges funding from the World Calibration Centre WCC-Empa which is supported by 802 

MeteoSwiss and Empa. AI tools were used for revising the English language of this manuscript as well as for 803 

optimizing some of the R code used for the analyses. 804 

Financial support 805 

ICOS activities at CMN are supported by the ICOS-Italy Joint Research Unit, coordinated by the National 806 

Research Council of Italy and supported by the Ministry of University and Research  and by the European Union- 807 

Next Generation EU, Missione 4 Componente 2 trough IR0000032 – ITINERIS (CUP B53C22002150006). The 808 

Pamela Trisolino’s grant (June 2021 – March 2024) was funded by “Progetto Nazionale Rafforzamento del 809 

Capitale Umano” CIR01_00019 – PRO-ICOS_MED “Potenziamento della rete di osservazione ICOS-Italia nel 810 

Mediterraneo – Rafforzamento del Capitale Umano”. The grants of Simonetta Montaguti, Laura Renzi and Marco 811 

Zanatta have been funded by IR0000032 – ITINERIS (CUP B53C22002150006). CZ acknowledges funding from 812 

the World Calibration Centre WCC-Empa which is supported by MeteoSwiss and Empa. 813 

 814 

https://doi.org/10.5194/egusphere-2026-5833
Preprint. Discussion started: 8 October 2026
c© Author(s) 2026. CC BY 4.0 License.



34 
 

References 815 

Affolter, S., Schibig, M., Berhanu, T., Bukowiecki, N., Steinbacher, M., Nyfeler, P., Hervo, M., Lauper, J., and 816 

Leuenberger, M.: Assessing local CO2 contamination revealed by two near-by high altitude records at 817 

Jungfraujoch, Switzerland, Environ. Res. Lett., 16, 044037, doi :10.1088/1748-9326/abe74a, 2021. 818 

Amendola, S., Dipace, F., Lauria, L.: Atmospheric CO2 at Monte Cimone by Italian Air Force Mountain Centre, 819 

CO2_CMN6042_surface-insitu_IAFMS_data1, WDCGG, ver. 2025-01-01-0029, 820 

https://gaw.kishou.go.jp/search/file/0029-6042-1001-01-01-9999, Reference date: 2025/01/10, 2025a. 821 

Amendola, S., Dipace, F., Lauria, L.: Atmospheric CH4 at Monte Cimone by Italian Air Force Mountain Centre, 822 

CH4_CMN6042_surface-insitu_IAFMS_data1, WDCGG, ver. 2025-01-01-0029, 823 

https://gaw.kishou.go.jp/search/file/0029-6042-1002-01-01-9999, Reference date: 2025/01/10, 2025b. 824 

Bergamaschi, P., Danila, A.M., Weiss, R., Ciais, P., Thompson, R.L., Brunner, D., Levin, I., Meijer, Y., Chevallier, 825 

F., Janssens-Maenhout, G., Bovensmann, H., Crisp, D., Basu, S., Dlugokencky, E., Engelen, R., Gerbig, C., 826 

Günther, D., Hammer, S., Henne, S., Houweling, S., Karstens, U., Kort, E., Maione, M., Manning, A., Miller, J., 827 

Montzka, S., Pandey, S., Peters, W., Peylin, P., Pinty, B., Ramonet, M., Reimann, S., Röckmann, T., Schmidt, M., 828 

Strogies, M., Sussams, J., Tarasova, O., van Aardenne, J., Vermeulen, A., Vogel, F.: Atmospheric monitoring and 829 

inverse modelling for verification of greenhouse gas inventories. JRC Publ. Repos, doi:10.2760/759928, 2018. 830 

Carslaw, D. C., and Ropkins, K.: Openair—An R package for air quality data analysis, Environ. Model. Soft., 27–831 

28, 52–6, doi.org/10.1016/j.envsoft.2011.09.008, 2012. 832 

Ciattaglia, L.: Interpretation of atmospheric CO2 measurements at Mt. Cimone (Italy) related to wind data, J. 833 

Geophys. Res.: Oceans, 88, 1331–1338, doi:10.1029/JC088iC02p01331, 1983. 834 

Colombo, T., Santaguida, R., Capasso, A., Calzolari, F., Evangelisti, F., Bonasoni, P., Biospheric influence on 835 

carbon dioxide measurements in Italy, Atmos. Environ., 34, 4963–4969, doi:10.1016/S1352-2310(00)00366-6, 836 

2000. 837 

Cristofanelli, P., Brattich, E., Decesari, S., Landi, T. C., Maione, M., Putero, D., Tositti, L., and Bonasoni, P.: 838 

High-Mountain Atmospheric Research: The Italian Mt. Cimone WMO/GAW Global Station (2165 m a.s.l.) , 839 

SpringerBriefs in Meteorology, Springer International Publishing, doi:10.1007/978-3-319-61127-3, 2018. 840 

Cristofanelli, P., Montaguti, S., Trisolino, P.: ICOS ATC CO2 Release from Monte Cimone (8.0 m), 2018-05-03–841 

2024-03-31, ICOS RI, https://hdl.handle.net/11676/AA-M7toKr1WisnzS5-6-dshq, 2024a. 842 

Cristofanelli, P., Montaguti, S., Trisolino, P.: ICOS ATC CH4 Release from Monte Cimone (8.0 m), 2018-05-03–843 

2024-03-31, ICOS RI, https://hdl.handle.net/11676/KlNnAboi_kHTvSu6nWPTXtTS, 2024 b. 844 

Cristofanelli, P., Montaguti, S., Trisolino, P.: ICOS ATC Meteo Release from Monte Cimone (8.0 m), 2018 -05-845 

01–2024-03-31, ICOS RI, https://hdl.handle.net/11676/x1qCSyJUM2ZV0XewFlLRnp9V, 2024c.  846 

Efron, B.: Bootstrap methods: Another look at the jackknife, Ann. Stat., 7, 1 –26, doi:10.1214/aos/1176344552, 847 

1979. 848 

Efron, B., and Tibshirani, R. J.: An Introduction to the Bootstrap, Chapman & Hall, New York, 4 56 pp., 849 

doi.org/10.1201/9780429246593, 1994. 850 

https://doi.org/10.5194/egusphere-2026-5833
Preprint. Discussion started: 8 October 2026
c© Author(s) 2026. CC BY 4.0 License.



35 
 

El Yazidi, A., Ramonet, M., Ciais, P., Broquet, G., Pison, I., Abbaris, A., Brunner, D., Conil, S., Delmotte, M., 851 

Gheusi, F., Guerin, F., Hazan, L., Kachroudi, N., Kouvarakis, G., Mihalopoulos, N., Rivier, L., and Serça, D.:  852 

Identification of spikes associated with local sources in continuous time series of atmospheric CO, CO2 and CH4, 853 

Atmos. Meas. Tech., 11, 1599–1614, doi:10.5194/amt-11-1599-2018, 2018. 854 

Fratticioli, C., Trisolino, P., Maione, M., Calzolari, F., Calidonna, C.R., Biron, D., Amendola, S., Steinbacher, M., 855 

Cristofanelli, P.: Continuous atmospheric in-situ measurements of the CH4/CO ratio at the Mt. Cimone station 856 

(Italy, 2165 m a.s.l.) and their possible use for estimating regional CH4 emissions, Environ. Res., 232, 116343, 857 

doi:10.1016/j.envres.2023.116343, 2023. 858 

Großmann, J., Meinhardt, F., Hoheisel, A., Hellack, B., and Schmidt, M.: Atmospheric CO2 and CH4 859 

measurements at Schauinsland station, Germany: A comparative study of diurnal and seasonal variations at 12 860 

and 35 m intake height, EGUsphere [preprint], doi.org/10.5194/egusphere-2026-849, 2026. 861 

Hazan, L., Tarniewicz, J., Ramonet, M., Laurent, O., and Abbaris, A.: Automatic processing of atmospheric CO2 862 

and CH4 mole fractions at the ICOS Atmosphere Thematic Centre, Atmos. Meas. Tech. 9, 4719–4736, 863 

doi:10.5194/amt-9-4719-2016, 2016. 864 

Heiskanen, J., Brümmer, C., Buchmann, N., Calfapietra, C., Chen, H., Gielen, B., Gkritzalis, T., Hammer, S., 865 

Hartman, S., Herbst, M., Janssens, I.A., Jordan, A., Juurola, E., Karstens, U., Kasurinen, V., Kruijt, B., Lankreijer, 866 

H., Levin, I., Linderson, M.-L., Loustau, D., Merbold, L., Myhre, C.L., Papale, D., Pavelka, M., Pilegaard, K., 867 

Ramonet, M., Rebmann, C., Rinne, J., Rivier, L., Saltikoff, E., Sanders, R., Steinbacher, M., Steinhoff, T., Watson, 868 

A., Vermeulen, A.T., Vesala, T., Vítková, G., Kutsch, W.: The Integrated Carbon Observation System in Europe. 869 

Bull. Am. Meteorol. Soc. 103, E855–E872, doi:10.1175/BAMS-D-19-0364.1, 2022. 870 

Hoheisel, A., Couret, C., Hellack, B., and Schmidt, M.: Comparison of atmospheric CO, CO2 and CH4 871 

measurements at the Schneefernerhaus and the mountain ridge at Zugspitze, Atmos. Meas. Tech., 16, 2399 –2413, 872 

doi:10.5194/amt-16-2399-2023, 2023. 873 

Laitinen, A., Aaltonen, H., Zellweger, C., Tsuruta, A., Aalto, T., and Hatakka, J.: Long -term observations of 874 

atmospheric CO2 and CH4 trends and comparison of two measurement systems at Pallas-Sammaltunturi station 875 

in Northern Finland, Atmos. Meas. Tech., 18, 3109-3133, doi:10.5194/amt-18-3109-2025, 2025. 876 

Levin, I., Karstens, U., Eritt, M., Maier, F., Arnold, S., Rzesanke, D., Hammer, S., Ramonet, M., Vítková, G., 877 

Conil, S., Heliasz, M., Kubistin, D., and Lindauer, M.: A dedicated flask sampling strategy developed for 878 

Integrated Carbon Observation System (ICOS) stations based on CO2 and CO measurements and Stochastic Time-879 

Inverted Lagrangian Transport (STILT) footprint modelling, Atmos. Chem. Phys., 20, 11161–11180, 880 

doi:10.5194/acp-20-11161-2020, 2020. 881 

Marinoni, A., Cristofanelli, P., Calzolari, F., Roccato, F., Bonafè, U., Bonasoni, P.: Continuous measurements of 882 

aerosol physical parameters at the Mt. Cimone GAW Station (2165 m asl, Italy), Sci. Total Environ., 391, 2–3, 883 

241-251, doi:10.1016/j.scitotenv.2007.10.004, 2008. 884 

Müller, T., Henzing, J.S., de Leeuw, G., Wiedensohler, A., Alastuey, A. , Angelov, H., Bizjak, M., Collaud Coen, 885 

M., Engström, J.E., Gruening, C., Hillamo, R., Hoffer, A., Imre, K., Ivanow, P. , Jennings, G., Sun, J.Y. , Kalivitis, 886 

N. , Karlsson, H., Komppula, M., Laj, P. , Li, S.-M., Lunder, C., Marinoni, A., Martins dos Santos, S., Moerman, 887 

https://doi.org/10.5194/egusphere-2026-5833
Preprint. Discussion started: 8 October 2026
c© Author(s) 2026. CC BY 4.0 License.



36 
 

M. , Nowak, A. , Ogren, J.A. , Petzold, A. , Pichon, J.M. , Rodriquez, S. , Sharma, S., Sheridan, P.J. , Teinilä, K. , 888 

Tuch, T. , Viana,  M., Virkkula, A., Weingartner, E., Wilhelm, R. , Wang, Y.Q.: Characterization and 889 

intercomparison of aerosol absorption photometers: result of two intercomparison workshops , Atmos. Meas. 890 

Tech., 4 (2), 245-268, doi:10.5194/amt-4-245-2011, 2011. 891 

Sun, J., Hermann, M., Yuan, Y., Birmili, W., Collaud Coen, M., Weinhold, K., Madueño, L., Poulain, L., Tuch, T., 892 

Ries, L., Sohmer, R., Couret, C., Frank, G., Brem, B. T., Gysel-Beer, M., Ma, N., and Wiedensohler, A.: Long-893 

term trends of black carbon and particle number concentration in the lower free troposphere in Central Europe, 894 

Environ. Sci. Eur., 33, 1–16, doi:10.1186/s12302-021-00488-w, 2021. 895 

Thoning, K.W., Tans, P.P., and Komhyr, W.D.: Atmospheric carbon dioxide at Mauna Loa Observatory: 2. 896 

Analysis of the NOAA/GMCC data, 1974 1985, J. Geophys. Res., 94, 8549-8565, 897 

doi:10.1029/JD094iD06p08549, 1989. 898 

Trisolino, P., di Sarra, A., Sferlazzo, D., Piacentino, S., Monteleone, F., Di Iorio, T., Apadula, F., Heltai, D., Lanza, 899 

A., Vocino, A., Caracciolo di Torchiarolo, L., Bonasoni, P., Calzolari, F., Busetto, M., and Cristofanelli, P.: 900 

Application of a Common Methodology to Select in Situ CO2 Observations Representative of the Atmospheric 901 

Background to an Italian Collaborative Network, Atmosphere, 12, 246, doi:10.3390/atmos12020246, 2021. 902 

Vitali, B., Bettineschi, M., Cholakian, A., Zardi, D., Bianchi, F., Sinclair, V. A., Mikkola, J., Cristofanelli, P., 903 

Marinoni, A., Mazzini, M., Heikkinen, L., Aurela, M., Paglione, M., Bessagnet, B., Tuccella, P., and Ciarelli G.:  904 

Analysis of chemical and transport processes of biogenic aerosols over the northern Apennines: insights from the 905 

WRF-CHIMERE model. Environ, Sci.: Atmos. 4, 967-987, doi:10.1039/D4EA00040D, 2024. 906 

Wilcoxon, F.: Individual comparisons by ranking methods, Biometrics Bulletin, 1, 80 –83, doi:10.2307/3001968, 907 

1945. 908 

World Meteorological Organization (WMO): GAW Report, 317. Twenty-second WMO/IAEA Meeting on Carbon 909 

Dioxide, Other Greenhouse Gases and Related Tracers Measurement Techniques (GGMT-2024), WMO, Geneva, 910 

97 pp., https://library.wmo.int/idurl/4/69756, 2026. 911 

Yver Kwok, C., Laurent, O., Guemri, A., Philippon, C., Wastine, B., Rella, C. W., Vuillemin, C., Truong, F., 912 

Delmotte, M., Kazan, V., Darding, M., Lebègue, B., Kaiser, C., Xueref-Rémy, I., and Ramonet, M.: 913 

Comprehensive laboratory and field testing of cavity ring-down spectroscopy analyzers measuring H2O, CO2, 914 

CH4 and CO, Atmos. Meas. Tech., 8, 3867–3892, doi:10.5194/amt-8-3867-2015, 2015. 915 

Yver-Kwok, C., Philippon, C., Bergamaschi, P., Biermann, T., Calzolari, F., Chen, H., Conil, S., Cristofanelli, P., 916 

Delmotte, M., Hatakka, J., Heliasz, M., Hermansen, O., Komínková, K., Kubistin, D., Kumps, N., Laurent, O., 917 

Laurila, T., Lehner, I., Levula, J., Lindauer, M., Lopez, M., Mammarella, I., Manca, G., Marklund, P., Metzger, 918 

J.-M., Mölder, M., Platt, S. M., Ramonet, M., Rivier, L., Scheeren, B., Sha, M. K., Smith, P., Steinbacher, M., 919 

Vítková, G., and Wyss, S.: Evaluation and optimization of ICOS atmosphere station data as part of the labeling 920 

process, Atmos. Meas. Tech., 14, 89–116, doi:10.5194/amt-14-89-2021, 2021. 921 

Zanatta, M., Marinoni, A., Putero, D., Mona, L., Ripepi, E., and Volini, M.: Equivalent black carbon product 922 

dataset collection over Monte Cimone, Italy 2007-2024 (Version 1) [Data set]. ITINERIS-HUB, 923 

doi:10.71763/ITINERIS-HUB/NFY7-YZ86, 2025. 924 

https://doi.org/10.5194/egusphere-2026-5833
Preprint. Discussion started: 8 October 2026
c© Author(s) 2026. CC BY 4.0 License.



37 
 

Zanatta, M., Bonasoni, P., Calzolari, F., Cristofanelli, P., Eckhardt, S., Evangeliou, N., Magnani, C., Perfetti, C., 925 

Putero, D., Renzi, L., Vogel, F., and Marinoni, A.: Characterization and applications of multi -decadal black carbon 926 

observations at a Mediterranean mountain site, Earth Syst. Sci. Data Discuss. [preprint], 927 

https://doi.org/10.5194/essd-2026-211, in review, 2026. 928 

Zellweger, C., Emmenegger, L., Firdaus, M., Hatakka, J., Heimann, M., Kozlova, E., Spain, T. G., Steinbacher, 929 

M., van der Schoot, M. V., and Buchmann, B.: Assessment of recent advances in measurement techniques for 930 

atmospheric carbon dioxide and methane observations, Atmos. Meas. Tech., 9, 4737–4757, doi:10.5194/amt-9-931 

4737-2016, 2016. 932 

Zellweger, C., Steinbacher, M., Buchmann, B., Steinbrecher, R.: System and Performance Audit of Surface Ozone, 933 

Carbon Monoxide,Methane and Carbon Dioxide at the Global GAW Station Monte Cimone, Italy, June 2018, 934 

WCC-Empa Report 18/1, Dübendorf, Switzerland, 935 

https://www.empa.ch/documents/56101/250799/Mt%2BCimone%2B2018/14c2416b-a986-4562-b854-936 

316cd08aa571, 2018. 937 

Zellweger, C., Steinbrecher, R., Laurent, O., Lee, H., Kim, S., Emmenegger, L., Steinbacher, M., and Buchmann, 938 

B.: Recent advances in measurement techniques for atmospheric carbon monoxide and nitrous oxide observations, 939 

Atmos. Meas. Tech., 12, 5863–5878, https://doi.org/10.5194/amt-12-5863-2019, 2019. 940 

Zellweger, C., Steinbacher, M., and Emmenegger, L.: System and Performance Audit of Surface Ozone, Carbon 941 

Monoxide,Methane and Carbon Dioxide at the Global GAW Station Monte Cimone, Italy, September 2023, WCC-942 

Empa Report 23/3, Dübendorf, Switzerland, 943 

https://www.empa.ch/documents/56101/16739527/CMN2023/00455905-8dc6-4ea9-894a-b2cbd39ed40f, 2024. 944 

https://doi.org/10.5194/egusphere-2026-5833
Preprint. Discussion started: 8 October 2026
c© Author(s) 2026. CC BY 4.0 License.


