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Abstract

This study investigates the potential influence of Saharan dust intrusions on the stable
carbon isotopes of methane (CH4) and carbon dioxide (CO2), using continuous in situ
measurements from the ICOS (Integrated Carbon Observation System) atmospheric station
at the CNR-IMAA Atmospheric Observatory (CIAO) in Tito, Basilicata, southern Italy. The
analysis builds upon the recent investigation of a two-month isotopic dataset (20 February–
20 April 2025), which identified anomalous isotopic behavior in March, coinciding with
three distinct dust events. The observations reveal shifts in δ13C–CH4 values that align
temporally with the dust intrusions, accompanied by a decrease in CH4 mole fractions.
Such patterns could suggest fractionation processes affecting CH4, potentially driven by
enhanced oxidation promoted by mineral aerosols. At the same time, δ13C–CO2 shows a
gradual decline, deviating from the typical springtime enrichment associated with intensi-
fied photosynthetic uptake of 12CO2. This unexpected decrease suggests that dust-related
radiative effects, particularly the attenuation of incoming solar radiation, may inhibit pho-
tosynthesis, thereby altering the isotopic composition of atmospheric CO2. Consistently,
CO2 mole fractions exhibit a modest increase during periods of declining δ13C–CO2, rein-
forcing the interpretation of reduced photosynthetic activity. These findings provide new
observational data beyond existing studies from Atlantic regions and highlight the need for
further research on the role of mineral dust in shaping greenhouse gas isotopic variability
in the Mediterranean, where such events are frequent and climatically relevant.

Keywords: Saharan dust intrusion; stable carbon isotopes; δ13C fractionation; atmospheric
methane
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1. Introduction
CH4 is a potent and photochemically active greenhouse gas (GHG) with an atmo-

spheric lifetime of approximately 11.2 ± 1.3 years [1]. Its global warming potential (GWP)
far exceeds that of CO2 over shorter timeframes, about 80 times greater over 20 years
(GWP20) and 28 times greater over 100 years (GWP100) [2]. This makes CH4 a critical
target for near-term climate mitigation strategies. Since 2007, atmospheric CH4 concen-
trations have been rising steadily [3–5], reflecting a disequilibrium between its sources
and sinks [6]. The increase followed a plateau of several years, during which no major
fluctuations in terms of concentrations and isotopic fingerprint were observed [7]. CH4 is
emitted from biogenic, anthropogenic, and geological sources, while its removal is primarily
driven by oxidation via hydroxyl radicals (OH•), chlorine atoms (Cl), and methanotrophic
bacteria [8–11]. These oxidation processes alter the stable carbon isotope ratio (δ13C) of
CH4, as lighter isotopes (12CH4) are preferentially consumed, enriching the atmosphere in
13CH4 [12,13]. Biogenic sources such as wetlands, termites, ruminants, and rice paddies
typically emit CH4 that is depleted in 13C, with δ13C–CH4 values ranging from approxi-
mately −65‰ to −55‰ compared to the international VPDB (Vienna Pee Dee Belemnite)
standard. In contrast, fossil fuel combustion and biomass burning produce CH4 with less
negative δ13C–CH4 values, generally ranging from −45‰ to −20‰ compared to the VPDB.
The resulting atmospheric mixture of emissions yields an average δ13C–CH4 value around
−54.3‰. Isotopic analysis of CH4 thus provides a powerful tool for source apportionment
and for constraining the global CH4 budget [14,15]. However, the δ13C–CH4 observed in
the atmosphere also reflects isotopic fractionation during oxidation. This enrichment effect
shifts δ13C–CH4 toward less negative values, around −47.5‰ [16], potentially leading to
an underestimation of biogenic contributions in top-down isotope-constrained models [17].
Moreover, uncertainties in atmospheric Cl concentrations [18] propagate through these
models, affecting the accuracy of CH4 source attribution [10].

Recent studies have highlighted the role of mineral dust aerosols, particularly Saharan
dust, in modulating CH4 oxidation [19]. These aerosols provide reactive surfaces that
facilitate chemical transformations capable of altering δ13C-CH4 signatures. Saharan dust,
a major component of atmospheric aerosols, exerts wide-reaching effects on climate, ecosys-
tems, and biogeochemical cycles. Mona et al. [20] provided a comprehensive overview of
these impacts, including modifications to the Earth’s radiation budget, changes in cloud
microphysics, and influences on biogeochemical cycles. Their work also emphasized
the rapid evolution of dust observational capabilities, spanning in situ measurements,
ground-based networks, and satellite remote sensing. More recently, advances in field
instrumentation have enabled deeper investigation into how mineral aerosol transported
by Saharan dust influences the oxidative capacity of the atmosphere and impacts trace gas
concentrations [21].

Saharan dust is known to carry nutrients such as iron (Fe) and phosphorus (P); when
mineral dust travelling across the ocean mixes with sea spray aerosol containing sodium
chloride (NaCl), it forms mineral dust sea-spray aerosol (MDSA), acting as a large surface on
which chemical reactions can occur [22]. Under sunlight, Fe in mineral dust acts as a catalyst,
triggering chemical reactions with chloride ions (Cl−) to produce Cl•, highly reactive gas-
phase Cl radicals capable of modifying the oxidizing capacity of the atmosphere [23–25].
This mechanism may lead to an increase in δ13C-CH4 due to the kinetic isotope effect during
CH4 oxidation [26–28]. This process develops over a time span ranging from a few hours
to several days and may mask the decreasing δ13C-CH4 signatures from biogenic and fossil
fuel sources, complicating the interpretation of the drivers behind the observed increase
in atmospheric CH4. A work by D’Amico et al. [29] highlighted the potential of using
δ13C-CH4 fractionation to perform local assessments of the Cl sink, because the magnitude
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of the Cl-initiated CH4 sink remains poorly constrained, and its overall contribution to
regional CH4 loss is still the subject of active investigation [9,10]. Inspired by natural
mechanisms like MDSA, the Iron-Salt Aerosol (ISA) method [30] has been proposed as a
geoengineering strategy to enhance atmospheric CH4 removal. This approach involves
lofting Fe-rich aerosols to catalyze Cl radical formation, thereby accelerating CH4 oxidation.
While promising, the ISA method requires further investigation to assess its feasibility,
environmental impact, and safety.

A recent study by Buono et al. [31] analyzed isotopic measurements collected over a
60-day period (20 February–20 April) at the newly established ICOS [32] atmospheric
station in southern Italy for greenhouse gas observations, named POT station. Their results
showed that δ13C-CH4 and δ13C-CO2 values in March deviated notably from those in
February and April. This anomaly was interpreted as a possible indication of the Saharan
dust influence on the isotopic composition of atmospheric CH4 and CO2. Although the
study did not directly quantify the impact of mineral aerosols, it provided preliminary
evidence that episodic dust intrusions may modulate CH4 isotopic signatures, potentially
through enhanced oxidative processes involving Cl radicals. Building on these observations,
the present study aims to investigate this phenomenon further by correlating isotopic shifts
with documented dust intrusion events, searching to identify potential links between
aerosol dynamics and changes in δ13C signatures. Future research will be necessary to
confirm the underlying chemical mechanisms, including the role of reactive halogen species
in CH4 oxidation.

In this work, we analyze data from continuous measurements of stable carbon isotopes
in CH4 and CO2 performed during three Saharan dust intrusions between 10 and 26 March
2025. Observations were conducted at the POT atmospheric station [33] near Potenza,
southern Italy, part of CIAO and currently under evaluation for ICOS labeling. The study
integrates isotopic measurements with aerosol data from in situ instruments and ground-
based remote sensing techniques [34,35].

These results represent a fundamental step toward expanding high-resolution GHG
monitoring in southern Europe. A recent study [36] emphasized the strategic relevance
of the Potenza site in addressing spatial gaps in the ICOS network. The isotopic fin-
gerprinting technique pioneered by Keeling [37] is directly employed in this study, its
conceptual framework may be essential for interpreting CH4 and CO2 variability in the
central Mediterranean.

2. Materials and Methods
2.1. GHGs Observation
2.1.1. Sampling System

The POT station, located on a plain surrounded by low mountains in Southern Italy
(Tito, 40.60◦ N, 15.72◦ E, 760 m a.s.l.), is less than 150 km from the Mediterranean Sea’s
coasts in the west, south, and east directions. This strategic location places it within the
central Mediterranean Basin, approximately 560 km north of the African continent (S-SW
direction), and makes it an ideal site for studying Saharan dust [38,39]. The ICOS station is
equipped with a 104 m-high tower featuring three air intake levels at 10, 50 and 100 m, with
an advanced air sampling system. At the base of the tower, a climate-controlled shelter
houses an array of ICOS compliant instruments dedicated to monitoring greenhouse gases.

For isotopic measurements, the air is sampled at 100 m above ground level (a.g.l), to
reduce the influence of local sources [40], minimize the impact of soil respiration [41], and
ensure that the data are representative of regional atmospheric conditions. The air sampling
system begins with an EATON Synflex 1300 (EATON, Dublin, Ireland) tube with an outer
diameter (OD) of 12 mm that extends from the 100 m intake point down to the shelter. The
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tube connects to a KNF N 815 KTE (KNF, Schenkon, Switzerland) flushing pump to ensure
efficient air transport. Inside the shelter, the sampling line transitions to an EATON Synflex
1300 tube with a reduced OD of 6 mm via Swagelok fittings. The air is filtered through
a first universal filter with a porosity of 2 µm (M&C F2, Ratingen, Germany) to remove
particulates and a second in-line Swagelok filter with a porosity of 0.5 µm (Swagelok, Solon,
OH, USA) prior to reaching the analyzer. Before analysis, gathered air is dried using a
Perma Pure MD 070-144 S-4 Nafion dryer (Perma Pure, Lakewood, NJ, USA) to ensure
moisture-free measurements. Ambient air is sampled with a flow rate of about 25 mL/min.

2.1.2. GHGs Instrumentation

For the purpose of this study, greenhouse gas measurements were performed using
a Picarro G2201-i (Santa Clara, CA, USA), operating in simultaneous CO2–CH4 mode.
This instrument enables continuous monitoring of mole fractions (ppm) of CO2 and CH4,
along with their respective carbon isotope ratios (δ13C-CO2 and δ13C-CH4), referenced to
the VPDB standard [42,43]. The analyzer achieves a precision of <0.16‰ for δ13C-CO2

and <1.15‰ for δ13C-CH4 in High Precision (HP) mode, which was selected based on the
observed CH4 concentration range (1.8–12 ppm). The instrument performs one measure-
ment per second, allowing high-frequency data acquisition suitable for capturing fine-scale
atmospheric variability. CRDS technology, on which its operation is based, ensures reliable
and continuous measurements with minimal calibration needs [44]. However, maintaining
data quality requires strict control of key instrumental parameters. During operation, cavity
pressure is kept within 148 Torr, while cavity and warm box temperatures are maintained
within ±0.003 ◦C of the 45 ◦C setpoint. These parameters are continuously monitored, and
deviations may indicate potential performance issues.

The dataset analyzed in this study is publicly available through the ITINERIS (Italian
Integrated Environmental Research Infrastructures System) HUB [45]. Data acquisition and
evaluation follow procedures described in Buono et al. [30]. In that work, the performance
and stability of the Picarro G2201-i analyzer were assessed by comparing its dry mole
fraction measurements with those obtained from a co-located Picarro G2401 (Santa Clara,
CA, USA). The comparison, based on 1015 h of overlapping observations, was performed
using the Bland & Altman method [46–48], confirming strong agreement between the two
instruments and validating the reliability of the G2201-i data throughout the observation
period. The isotopic dataset used in this study was collected during the initial operational
period of the G2201-i analyzer, for which we assume that the original factory calibration
remained valid throughout the measurement window. This assumption is partly supported
by the stability observed in the corresponding CO2 and CH4 concentration measurements.
Moreover, the focus of this work is on short-term variability, typically over timescales of a
few days. Any slow instrumental drift in the isotopic channels would therefore not affect
the representativeness of the observed patterns.

2.1.3. Isotopic Analysis

All data analyses were performed using R (version 4.4.2). To investigate temporal
variability in isotopic composition, all measurements of CH4 and CO2 were aggregated
using 10 min averages over the full observation period from 1 March to 10 April 2025. To
highlight broader patterns while preserving short-term fluctuations, a moving average
with a 36 h window (equivalent to 216 data points) was applied to the time series.

For the Keeling plot analysis, we used ordinary least squares linear regression, with
δ values regressed against the inverse of CO2 concentration. The intercepts of these
regressions were extracted as indicators of the isotopic signature of the dominant source. To
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quantify the associated uncertainty, we calculated the standard deviation of the intercepts
obtained from the individual regression fits.

2.2. Aerosol Analysis

To assess the presence and evolution of Saharan dust intrusions, we integrated aerosol-
focused remote sensing observations, trajectory modelling, and in situ measurements.
Satellite monitoring relied on the Dust RGB (Red, Green, Blue) product available through
EUMETView [49], derived from infrared observations of the Meteosat Second Genera-
tion (MSG) [50] SEVIRI instrument (Airbus Defence and Space, Taufkirchen, Germany,
IR8.7, IR10.8, and IR12.0). The Dust RGB is a diagnostic false-colour composite in which
these three infrared channels are mapped to the red, green, and blue components of the
image. This combination enhances the thermal contrast between dust, clouds, and the
underlying surface, allowing airborne mineral dust to be visually identified as charac-
teristic pink–magenta areas. This RGB composite is specifically designed to track dust
storm dynamics both day and night, providing valuable insight into aerosol transport
pathways and atmospheric structure. Vertical information on aerosol layers was obtained
from ground-based active remote sensing. Vertical profiles of aerosol optical properties
and continuous high-resolution profiles (30 m, 10 s) of aerosol and cloud stratification
were analyzed using, respectively, lidar and ceilometer (CL51, Vaisala, Vantaa, Finland)
measurements performed within the ACTRIS (Aerosol, Clouds and Trace Gases Research
Infrastructure) framework [51] at the CIAO. These observations enabled a detailed charac-
terization of lofted aerosol layers during the dust events. Air mass origin and transport
pathways were investigated using NOAA HYSPLIT (Hybrid Single-Particle Lagrangian
Integrated Trajectory) backward trajectories [52,53], which supported the identification
of source regions and transport patterns associated with each intrusion. Finally, in situ
measurements from a nephelometer (Aurora 3000, Ecotech, Knoxfield, VIC, Australia) were
used to characterize the scattering properties of mineral dust aerosol, contributing to the
assessment of dust event intensity and temporal variability. The nephelometer measured
light scattering at three wavelengths (450, 525, and 635 nm), integrating the scattered signal
over angular ranges of 9–170◦ for total scattering and 90–170◦ for backscattering. Routine
calibration was performed using particle-free air for zero checks and CO2 as the span gas.
The dataset was recorded at 1 min resolution, and hourly averages were subsequently cal-
culated. Corrections for truncation and non-Lambertian illumination effects were applied
following the methodology described by Muller et al. [54], and all corrections and hourly
averaging procedures were implemented using a dedicated Pyton 3.12 script.

3. Results
3.1. The Dust Event

Multiple observational methods confirmed the occurrence of Saharan dust intrusions,
revealing three closely spaced events on 10–12 March, 14–16 March, and 22–26 March. The
MSG SEVIRI Dust RGB product provided a clear overview of dust outbreaks over the
Italian peninsula on 10 March (Figure 1a), 14 March (Figure 1b), and 22 March (Figure 1c).

Complementary cloud remote sensing measurements from the CIAO revealed a per-
sistent aerosol layer on these days, as indicated by the target classification product derived
from Cloudnet algorithms (Figure 2a–c). Daily evolution plots are available via the ACTRIS
Cloudnet portal [55], offering further insight into the vertical structure and persistence of
the aerosol layers.
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Figure 1. MSG SEVIRI Dust RGB imagery showing the evolution of Saharan dust over the central
Mediterranean region. (a–c) correspond, respectively, to 10 March 2025 at 06:00 UTC, 14 March 2025 at
09:00 UTC, and 22 March 2025 at 12:00 UTC. In the Dust RGB, colours indicate different atmospheric
features: magenta—dust or ash clouds; black—cirrus clouds; dark red—thick, high and cold ice
clouds; yellow—thick mid-level clouds; dark blue—humid lower-level air; lilac—dry lower-level air.
Source: ©EUMETSAT [2025] [49].
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Figure 2. ACTRIS Cloudnet Target classification at Potenza observatory during three Saharan dust
episodes. (a–c) correspond, respectively, to 10 March 2025, 14 March 2025, and 22 March 2025.

These satellite-based and cloud-classification products provide a broad spatial and
temporal overview of dust transport across the Mediterranean region. To complement these
large-scale observations, ground-based lidar measurements from the ACTRIS/EARLINET
network [56] were examined. These measurements were acquired using the Potenza Lidar
for Particle Observation (POLPO) which operates at 355 nm, 532 nm and 1064 nm, at CIAO,
and is designed for continuous monitoring of aerosol layers. The vertical profiles of aerosol
optical properties measured on 15 March 2025 between 20:36 and 21:36 UTC (Figure 3a)
indicate the presence of dust-contaminated air masses within the planetary boundary
layer, as evidenced by depolarization ratios at 532 nm ranging between 0.1 and 0.2. The
lidar profiles acquired on 21 March 2025 between 20:19 and 21:14 UTC (Figure 3b) reveal
similar optical characteristics, confirming the presence of Saharan dust within the lower
troposphere. In this case, the dust layer is more vertically extended, with a pronounced
signal between an altitude of 2 and 3 km. The depolarization ratio at 532 nm exceeds 0.3
throughout this layer, indicating the dominance of pure mineral dust particles. Due to the
persistent rainfall during the analyzed period, most lidar observations were not available.
For this reason, all other days were excluded from analysis.

https://doi.org/10.3390/environments13030145
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Figure 3. Vertical profiles at 355 and 532 nm of particle backscattering coefficients, particle extinction
coefficients, particle depolarization ratio, particle lidar ratios, and extinction Ångström exponents,
respectively, measured: (a) on 15 March 2025 in the time slot 20:3621:36 UTC; (b) on 21 March 2025 in
the time slot 20:19–21:14 UTC.

To trace the origin and transport pathways of the dust-laden air masses, NOAA
HYSPLIT trajectory analysis was performed for 10 March (Figure 4a), 14 March (Figure 4b),
and 22 March (Figure 4c). The trajectories indicate that the air masses originated from
North Africa, following distinct paths. During the first intrusion (10 March), air parcels
originated from central North Africa and traveled over Libya, Algeria, and Tunisia before
reaching southern Italy. The second event (14 March) was characterized by a more westerly
trajectory, with air masses primarily originating from Morocco and crossing the western
Mediterranean Basin. In the third event (22 March), the air parcels again passed through
Libya and Tunisia, with additional contributions from northern Europe, suggesting a more
complex and layered transport pattern.

https://doi.org/10.3390/environments13030145
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Figure 4. HYSPLIT 96 h back trajectories for POT station. (a) Backward trajectories ending at 06:00
UTC 10 March 2025, (b) Backward trajectories ending at 10:00 UTC 14 March 2025, and (c) Backward
trajectories ending at 12:00 UTC 22 March 2025.

The nephelometer observations (Figure 5a) show a pronounced shift in the spectral
behavior of light scattering. Before the dust intrusion, the scattering coefficients exhibited
the characteristic pattern of fine aerosol, with σsp (635 nm) < σsp (525 nm) < σsp (450 nm),
resulting in positive scattering Ångström exponents (SAE) values around 1. During the
dust events, this ordering reversed: σsp (635 nm) became the dominant wavelength,
driving the SAE to values well below 1 and reaching −0.5 (Figure 5b). Such an inversion is
characteristic of coarse mineral particles whose diameters are comparable to or larger than
the measurements of wavelengths, thereby enhancing scattering at longer wavelengths.
During the first event, a modest increase in σsp at 635 nm between 10 and 12 March, relative
to pre-dust conditions, already points to the early arrival of coarse-mode particles. The
second event displays a sharper and more intense peak at longer wavelength between
14 and 16 March, pointing to a more concentrated intrusion. This episode is marked
by a sudden and pronounced increase in particulate concentration, producing a well-
defined scattering signal. In contrast, the third event shows a broader and more prolonged
enhancement in long-wavelength scattering, consistent with a prolonged dust presence
over the region from 22 to 26 March. The persistence of elevated scattering values indicates
a stable dust-laden air mass influencing the measurements over several days.

3.2. Temporal Variability of Isotopic Composition

Figure 6a,b present the evolution of δ13C–CH4 and CH4 mole fractions, respectively.
The time series reveals several distinct phases, including periods of relative stability and
intervals marked by abrupt changes.

Figure 6a shows alternating enrichment and depletion in δ13C–CH4 values, with tran-
sitions almost aligned with the timing of Saharan dust intrusions (10–26 March). Figure 6b
shows the corresponding CH4 mole fractions, characterized by an overall trend with lo-
calized fluctuations. A clear drop occurs during the first two dust intrusion events, which
exhibit very similar pattern.
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Figure 5. Time series of (a) aerosol light scattering (Mm−1) and (b) the scattering Ångström exponent
(SAE450–635) measured by the Aurora 3000-Ecotech nephelometer during the study period. Shaded
intervals highlight the temporal windows dominated by coarse aerosol presence: 10–12 March, 14–16
March, and 22–26 March.

Figure 6. Cont.
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Figure 6. 10 min blocks covering the period from 1 March to 10 April. The black lines represent
the 36 h moving average. Shaded intervals indicate three Saharan dust intrusion events: 10–12
March, 14–16 March, and 22–26 March. Figure (a) reports the High-Precision (HP) δ13C-CH4 values
(‰ VPDB), and figure (b) shows the corresponding CH4 mole fractions (ppm).

Figure 7a,b illustrate the behavior of δ13C–CO2 and CO2 mole fractions, respectively.
The δ13C–CO2 time series shows a gradual increase over the observed period, as expected
during the early growing season, with a clear inflection occurring between 11 and 23
March. CO2 mole fractions remain relatively stable overall, exhibiting only slight increases
beginning on 15 and again on 21 March.

Figure 7. Cont.
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Figure 7. 10 min blocks covering the period from 1 March to 10 April. The black lines represent
the 36 h moving average. Shaded intervals indicate three Saharan dust intrusion events: 10–12
March, 14–16 March, and 22–26 March. Figure (a) reports the High Precision (HP) δ13C- CO2 values
(‰ VPDB), and figure (b) shows the corresponding CO2 mole fractions (ppm).

Together, these four figures provide a comprehensive overview of the dynamics of
stable carbon isotopes and GHG concentrations before, during, and after the Saharan dust
events. The patterns observed will be further examined in the discussion section to explore
potential mechanisms and implications.

3.2.1. Keeling Plots of CO2

To investigate the isotopic behavior of atmospheric CO2 during Saharan dust intru-
sions, Keeling plots [35] (Figure 8a–c) were constructed for three distinct time windows
corresponding to the periods with the highest R2 values, in order to maximize the reliability
of the inferred source signature. Each plot represents a linear regression between δ13C–CO2

and the inverse of CO2 concentration. The regression slopes and intercepts vary across the
three intervals, reflecting differences in the isotopic composition of CO2 and its sources.

Figure 8. Cont.
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Figure 8. Keeling plots of δ13C–CO2 versus the inverse of CO2 concentration 1/CO2 for three distinct
Saharan dust intrusion periods, based on 10 min blocks: (a) 10–12 March, (b) 14–17 March, and
(c) 24–26 March 2025. The intercepts, shown with their standard deviations, indicate the isotopic
fingerprint of the emission source. The p-value associated with the regression is reported as p.

The first event (10–12 March) shows a relatively strong correlation (R2 = 0.603), sug-
gesting a coherent isotopic signal. The second event (14–17 March) presents a slightly
lower R2 (0.473), yet still indicates a consistent isotopic trend, possibly reflecting enhanced
heterogeneity in air mass composition. The third event (24–26 March) exhibits the weakest
correlation (R2 = 0.213), which may be attributed to more stratified transport regimes and
mixed air masses, as suggested by trajectory analysis.

3.2.2. Keeling Plots of CH4

To explore the isotopic behavior of atmospheric CH4 during Saharan dust intrusions,
Keeling plots [36] (Figure 9a–c) were constructed for the same three time windows used in
the CO2 analysis: 10–12 March, 14–17 March, and 24–26 March 2025. Each plot represents
a linear regression between δ13C–CH4 and the inverse of CH4 concentration. The results
show a very weak correlation, with low R2 values suggesting that CH4 variability during
these events is influenced by multiple overlapping sources and does not conform to the
assumptions of a single-source mixing model. Nevertheless, the consistently very negative
intercepts fall within the characteristic range of biogenic CH4, suggesting that background
CH4 during the dust intrusions was dominated by biogenic emissions.
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Figure 9. Keeling plots of δ13C–CH4 versus the inverse of CH4 concentration 1/CH4 for three distinct
Saharan dust intrusion periods, based on 10 min blocks: (a) 10–12 March, (b) 14–17 March, and
(c) 24–26 March 2025. The p-value associated with the regression is reported as p.

4. Discussion
The integrated analysis, combining satellite and ground-based remote sensing obser-

vations, in situ aerosol optical measurements, air mass trajectory modeling, and continuous
monitoring of GHG stable isotopes, reveals a coherent link between Saharan dust intrusions
and perturbations in regional carbon dynamics. Although the temporal correspondence
between the dust intrusions and the observed isotopic shifts is evident, the alignment is
not perfectly synchronous. The physical presence of mineral aerosol and the chemical pro-
cesses influencing δ13C-CH4 and δ13C-CO2 can evolve on different timescales. Gas-phase
oxidation may exhibit a time lag relative to the arrival of dust-laden air masses, and such
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reactions can continue or intensify even after the peak aerosol load has passed, leading
to delayed isotopic responses. Additionally, part of this mismatch may arise from the
photochemical nature of these processes, which operate under sufficient solar radiation.
Consequently, the timing of isotopic changes along the air mass trajectory may carry addi-
tional uncertainty, reflecting the variable onset of photochemically driven reactions. In this
context, the shift toward less negative δ13C-CH4 values around 20 March likely reflects the
delayed and combined influence of two closely spaced Saharan dust intrusions. Although
the aerosol peaks occurred earlier, the associated changes in oxidative capacity can persist
and partially overlap, producing an integrated isotopic signal that does not coincide exactly
with the timing of maximum dust load.

In situ measurements of aerosol optical properties revealed a marked contribution from
coarse mineral particles, a defining feature of Saharan dust intrusions, indicating that the
sampled air masses were influenced by dust-laden conditions. The first and third episodes
were characterized by slightly enhanced scattering coefficients at longer wavelengths,
displaying less sharply defined peaks that suggest less intense dust plumes. In contrast,
the second intrusion exhibited a markedly higher scattering signal at longer wavelengths,
with a narrow and well-defined peak of short duration, indicative of a more concentrated
and intense dust transport episode. Enhancements in aerosol scattering were accompanied
by notable changes in particle size distribution, as reflected by the scattering Ångström
exponent (SAE). During the first two events, SAE values approached zero, consistent
with the dominance of coarse mineral particles. In contrast, the third event showed a
less pronounced and more variable decrease in SAE, suggesting a more heterogeneous
aerosol composition. This interpretation is consistent with the back trajectory analysis:
while the first two intrusions were clearly linked to air masses originating from North
African source regions, the third event displayed a more complex transport pattern. In
this case, the air parcels travelled over Libya and Tunisia but also included contributions
from northern Europe, indicating the arrival of mixed and layered air masses during the
22 March intrusion. Such variability in aerosol origin may also help explain the different
isotopic response observed in δ13C–CH4 during this period, as air parcels with distinct
source regions and transport histories can carry chemically diverse mixtures of dust and
reactive gases. Notably, the intense scattering peak observed on 14–16 March coincides
with the most pronounced subsequent enrichment in δ13C-CH4, which becomes evident
after 17 March. This temporal sequence suggests that the conditions associated with the
second intrusion were particularly conducive to promoting CH4 isotopic fractionation.

Specifically, the observed decrease in CH4 mole fractions accompanied by an enrich-
ment in δ13C–CH4 points to isotopic fractionation likely driven by enhanced oxidative
reactions. In addition to this, diurnal variability provides further insight into the short-term
dynamics of the system. Previous work by Buono et al. [31] has characterized the expected
seasonal behaviour of CO2 and δ13C-CO2 at the site, and over the period considered here
(1 March–20 April) both species exhibit patterns consistent with those established seasonal
cycles. For methane, the March diurnal cycle shows a more pronounced daytime decrease
in CH4 mole fractions. In contrast, δ13C-CH4 in March remains systematically less negative
than in April, with this behaviour persisting throughout most of the month. These diur-
nal features, although not the primary focus of the present study, are consistent with the
interpretation that oxidation processes may modulate the observed isotopic signatures.

One plausible mechanism involves the catalytic role of Fe-rich mineral dust in gener-
ating reactive Cl radicals (Cl•), which increases the oxidative capacity of the atmosphere
and preferentially removes lighter CH4 isotopes. Simultaneously, a light increase in atmo-
spheric CO2 concentrations was observed during the dust events. This rise is plausibly
associated with a temporary reduction in photosynthetic activity caused by diminished
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incoming solar radiation on the surface, itself a consequence of the elevated aerosol loads
documented from vertical profiles of aerosol optical properties over the observation period.
Correspondingly, δ13C–CO2 values show a noticeable decline, consistent with reduced up-
take of 12CO2 by plants. Since photosynthesis preferentially fixes the lighter isotope (12C),
diminished photosynthetic activity leads to less 12C being removed from the atmosphere.
As a result, the δ13C–CO2 values temporarily decline, reflecting the transient decrease in
photosynthetic carbon uptake. Outside of dust intrusion periods (10–26 March 2025), the
δ13C–CO2 trend displays a progressive increase, as illustrated in the corresponding figures,
which is consistent with the expected seasonal enhancement of photosynthetic activity
during this time of year [57].

To further investigate the isotopic source signatures associated with the dust-intrusion
periods, Keeling plots were generated for CO2 and CH4 across the three restricted time
windows. These analyses offer additional insight into mixing processes and potential
source contributions, influencing the observed isotopic variability. While the CO2 Keeling
plots display clearer linear relationships, the CH4 plots consistently show very weak cor-
relations, with low coefficients of determination. This contrast reflects the more complex
and regionally integrated atmospheric behavior of CH4, which rarely conforms to a simple
two-end-member mixing framework on which the Keeling plot approach relies [36]. More-
over, the markedly different atmospheric abundances of the two gases further contribute to
this divergence: CO2 is over two orders of magnitude more abundant than CH4, meaning
that small measurement uncertainties propagate very differently. As a result, the CH4

Keeling plots are inherently more sensitive to noise and variability, reinforcing the weaker
and less interpretable linear relationships observed during the dust-intrusion periods.
Although the weak correlations observed in the CH4 Keeling plots limit the robustness of
source apportionment, the consistently very negative intercepts remain compatible with
a predominantly biogenic CH4 signature. This interpretation is also consistent with the
well-documented [58,59] association between Saharan dust and long-range transport of mi-
crobial and organic material, which may contribute to the complex mixture of bio-mineral
particles influencing the isotopic composition of the sampled air masses. The Keeling
intercepts obtained for CO2 (−32.7‰, −28.5‰, and −26.8‰) fall within the typical range
of C3 ecosystem respiration [60] and indicate that, during the Saharan dust intrusions, the
isotopic signature of CO2 was dominated by local biogenic sources. The dust intrusions
do not introduce a characteristic CO2 isotopic signature of their own but instead modify
atmospheric mixing and surface processes, thereby influencing the apparent intercept.

Marteen et al. [19] proposed, also, that the MDSA mechanism plays a pivotal role in
regional-scale atmospheric chemistry, potentially driving ozone (O3) suppression, VOC
oxidation, secondary organic aerosol formation, and HCl production through heteroge-
neous reactions involving Cl. Furthermore, Bonasoni et al. [61] investigated the impact
of Saharan dust intrusions on tropospheric O3 levels at Mt. Cimone station in Northern
Italy. During 12 documented dust transport events between June and December 2000, they
observed a pronounced anticorrelation between coarse particle concentrations and surface
O3 mixing ratio. Specifically, southerly flows carrying mineral dust from North Africa
were associated with significant O3 reductions compared to background free-tropospheric
conditions. These findings suggest that elevated concentrations of mineral aerosol can
facilitate heterogeneous O3 destruction on particle surfaces, even at considerable distances
from the dust source regions.

Taken together, the process-based hypothesis of Marteen et al. [18] and the observa-
tional evidence from Bonasoni et al. [61] provide a coherent framework for interpreting
the O3 depletion events observed at Mt. Cimone. In our study, the isotopic shifts in
CH4 and CO2 observed during Saharan dust intrusion further support the occurrence of
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dust-induced chemical processing, likely involving Cl-mediated heterogeneous reactions
consistent with the MDSA mechanism. This convergence of chemical theory, observa-
tional data, and isotopic evidence reinforces the role of mineral dust as a key modulator of
tropospheric oxidizing capacity in the Mediterranean region.

5. Conclusions
This study provides preliminary evidence that Saharan dust intrusions can alter the

isotopic composition of atmospheric methane (CH4) and carbon dioxide (CO2), although
through distinct and partly independent mechanisms. The combined analysis of aerosol
optical properties, air mass trajectories, and continuous isotopic measurements shows
that dust-laden air masses can affect regional carbon dynamics by modifying both the
physical environment and the chemical reactivity of the atmosphere. For CH4, the observed
decreases in CH4 mole fractions accompanied by enrichments in δ13C–CH4 during dust
events suggest enhanced isotopic fractionation. Although CH4 Keeling plots did not yield
strong linear relationships, reflecting the complex, multi-source nature of atmospheric
CH4, the isotopic time series nonetheless indicates that dust intrusions can modulate CH4

isotopic composition. For CO2, the temporary increases in CO2 concentrations and con-
current declines in δ13C–CO2 are consistent with a short-term reduction in photosynthetic
uptake driven by dust-induced radiative suppression. In contrast to CH4, CO2 Keeling
plots displayed clearer mixing relationships, highlighting the stronger influence of local
processes on short-term CO2 variability during dust events. Taken together, these findings
demonstrate that Saharan dust intrusions exert a measurable influence on the isotopic
composition of both CH4 and CO2, acting through a combination of radiative, chemical,
and transport-related processes. Furthermore, the alignment with O3 depletion patterns
documented in previous studies reinforces the broader role of mineral dust in modulat-
ing tropospheric oxidative capacity across the Mediterranean basin. However, given the
complexity of the processes involved and the limited temporal resolution of the events
examined, these interpretations should be considered indicative rather than conclusive.
Future research should include extended observational campaigns and targeted in situ
chemical analyses to fully characterize the mechanisms driving aerosol–gas coupling and
their broader climatic implications.
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